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ABSTRACT

Control of ventilation distribution by selective
contraction of different muscle grou?s was studied in upright
and horizontal postures. Distribution of gas inspired at FRC
was more to depéﬁdent lung regions during Preferential con-
traction of the diaphragm, and to nondependent zones during
intercostal and accessory muscle activity. In the lateral
posture, voluntary diaphragmatic contractions decreased by 85%
the vertical gradient of alveolar expansion and decreased the
sequential pattern of lung emptying. Fatigue of inspiratéry
muscles was studied by measuring endurance time (tlim) while
bfeathing through various inspiratory resistances. The inspi-
ratory moﬁth pressure which could be generated indefinitely
(Pm it) at FRC was ca. 60% of maximal, equivalent to a power

cr

of 6.8 Kgm/min. At FRC + 1 inspiratory capacity,.Pmcrit de-

creased to 30% of maximal. The transdiaphragmatic pressure
(Pdi) that could be generated indefinitely (Pdicrit) was 40%

of maximal Pdi. Hypoxia shortened tlim when Pdi > Pdi

crit
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RESUME

Ie contrdle de la distribution de la ventilation par
contraction sélective des différents groupes musculaires fut
&tudié en position débout et horizantale. La distribution des
gaz inspir&s 3 CRF pré&omina aux régions déclives pulmonaires
pendant la conﬁraction préférentielle du diaphragme, et aux

zones non déclives au moment oll seuls les muscles intercostaux

et accessoires s'activérent. En position latérale, les contrac-

tions diaphragmatiques volontaires amoindrirent de 85% le gra-
dient vertical d'expansion alvé&olaire et diminu&rent le cycle
séquentiel de la vidange pulmonaire. La fatigue des muscles
inspiratoires fut &tudiée par la mesure du temps d'endurance

) pendant la respiration sous diverses résistances

t..
( lim
inspiratoires. La pression inspiratoire & la bouche indé&fini-

ment générée (Pmcrit) a CRF fut d'environ 60% de son maximum,
1'éguivalent d'une puissance de 6.8 Kgm/min. Ajoutant 3

capacité inspiratoire 3 la CRF, la Pmcrit diminua & 30% de son

maximum. La pression trans-diaphragmatique (Pdi) pouvant

étre générée indéfiniment (Pdicrit) fut de 40% de la Pdi

. ' . . _ . .
maximale. L'hypoxie a raccourci tlim quand Pdi > Pdlcrit'
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" PROLOGU

This thesis has been divided into four main
chaptefs. The introduction; or first chapter ,bdeals
with the genesis and evolution of some of the concepts
pertinent to this~work; while the review of the
literature is given at the beginning of chabters II and
IIT. The conclusions and claims of originality are
summarized in cﬁaéter Iv.

The option provided By section 7 of the guidelines
concerning thesis breparation has been utilized; thus
the experimental work of chapter II has already been
ﬁublished in the Journal of Applied Physiology in part
£40:417, 1976; Ibid 43:32, 1977) and partly in the
American Review of Respiratory Disease (116:457, 1977).
Similarly experiment 1 of chapter III has appeared in
the Journal of Applied Physiology (43:189, 1977), in
addition,the second experiment has been submitted for
'pubiication to the same journal. All of these papers
are included in this thesis with minor changes.

The units of measurement in this work are those
currently employed in the above mentioned journals, and
cross reference to the International System of Units
(Sﬁi;i is given in Abpendix I. Appendix II is combrised
of the list of abreviations used in the text

of this thesis.
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INTRODUCTION AND HISTORICAL REVIEW
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To such degree, it seems, is truth hedged
about with difficulty and hard to capture
by history, since those who come after the
events in question find that lapse of time
is an obstacle of their proper perception
of them; while the research of their contem--
poraries into men's deeds and lives, partly
through envious hatred and partly through
fawning flattery, defiles and distorts the
truth.

Plutarch



I. 1) From Fiction to Fact

Ancient Greeks regarded the diaphragm as the seat
of the soul which they called 'phrenes', a word whose etymo-
logy is not clearly known. However, for centuries 'phrenes'
meant 'soul' or 'mind'. Homer (1,2) stated that the spirit of
life was seated in the diaphragm, while Plato (3) and
Aristotle (4) (although considering the diaphragm as part of
the soul) attempted to assign to it a more specific function
in that pért of the body dealing with the psyche. Aristotle
(4) wrote in his work "On the Parts of Animals": "This
(diaphragm) divides off the heart and lungs and is called
'phrenes' in sanguinous animals.... for they require it to
divide the region of the heart from that of the stomach so
that the center, wherein abides the sensory soul, may be
undisturbed and not be overwhelmed directly when food is
taken, by its upstreaming vapor...". The metaphysical
aspects of the diaphragm bothered scientists and philosophers
until the Renaissance, at which time its anatomy and physiology
were greatly investigated.

Hippocrates (5) had already tried clearly and dogma-
tically to end the myths by stating: "The diaphragm has
a name due merely to chance and custom not to reality and
nature.I do not know what power the diaphragm has for thought
and intelligence. It can only be said that, if a man be
unexpectedly overjoyed or grieved, the diaphragm jumps and
causes him to start.... since it perceives nothing before

the other parts do, but is idly named as though it were the
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cause of perception; just like the parts by the heart called
‘ears'’ (auricles), though they contribute nothing to hearing".
Six centuries later, the other famous Greek physician and
philosopher, Galinos (Galen) from Pergamus of Asia Minor,
attributed to thé diaphragm the function of respiration. In
his work, "De causis respirationis", he wrote: "Of the muscles,
the diaphragm is the most useful to the organ of respiration".
Galinos cut the intercostal nerves and muscles as well as
other inspiratory muscles thus ensuring that the rib cage
was relaxed and observed that isolated contraction of the
diaphragm expanded the inferior parts of the thorax. 1In a
different series of experiments, Galinos cut both phrenic
nerves which resulted in a camplete paralysis of the diaphragm
while the auxiliary muscles of the upper thorax were instantly
set into action (6).

leonardo da Vinci (7) accurately portrayed the
relafion of the diaphragm to other organs and Vesalius (8)
wrote that the diaphragm "widens the inferior ribs, the
sixth and seventh ribs into the cartilages of which it is
inserted and it is because of that, that it dilates and
increases the capacity of the thorax®.

Magendie (9) and Beau and Miassiat (10) subsequently
also concluded that the diaphfagm lifts the diaphragmatic
ribs and displaces them outwards. Duchenne (11), in a rigorous
way, also studied the influence of diaphragmatic contraction

on the rib cage by stimulating the phrenic nerves in animals and



man. He experimentally produced an expansion of the transverse
and antero-posterior diameter of the rib cage. Since then,
the inflating action of the diaphragm was studied extensively
and its action is elegantly elaborated in the work of Goldman
and Mead (12). A brief summary of the latter is as fcllbws:
When in man, only the diaphragm contracts, it pushes down the
viscera and displaces the abdomen outward. It also lifts and
expands the rib cage to the extent that abdominal pressure
increases. Thus it seems likely that the diaphragm displaces
the relaxed rib cage through the agency of abdominal pressure (Pg),
while the fall in pleural pressure (Ppl) inflates the 1lung.

Duchenne (1ll1) also pointed out that in eviscerated
animals, phrenic stimulation may produce diaphragmatic con-
tractions which produce expiration rather than inspiration,
an action which subsequently has been confirmed by other
investigators (13,14,15,16). This is the case when the
diaphragmatic dome is low and the fibers are directed centrally
rather than in a cephalad direction. Contraction of the
diaphragm under these circumstances tends to pull the lower
part of the rib cage inwards. This is likely to be the case
at high lung volumes such as in normal subjects near TLC
and hyperinflated patients (Hoover's sign).

The intercostal muscles have greatly attracted the
attention of investigators throughout medical history. However,
the role and function of the intercostals have been a source
of controversy. Galinos (6) tightened the intercostal nerves

with threads in animals and noticed that the animals were



unable to utter any cries and the movements of the ribs were
largely decreased. When he subsequently loosened all the
strings, the respiratory movements of the ribs returned and
the animals recovered their voices. Since his experiments,
the specific actions of the external and internal inter-
costals have been wholly disputed (10,11,17,18) and onl§
recently was the issue largely resolved by Taylor (19) and
Tokizane et al (20) using bipolar needle electrodes. With
this technique, it was found that in healthy subjects the
external intercostal muscles contract during inspiration.
Thus they are called inspiratory, whereas the internal inter-
costals contract during expiration and they are called expira-
tory, except for the parasternal intercartilaginous muscles
which are inspiratory.

Of all the other muscles which are generally thought
to act as accessory muscles of inspiration, only the scaleni
and sternocleidomastoids show significant activity in man (21).
The abdominal muscles normally are considered as expiratory
muscles (21); However, Grimby, Goldman and Mead (22) have
emphasized that these muscles may play an inspiratory role
as well. The rationale for this being that if the increase
in Pg with abdominal muscle contraction inflates the rib
cage in the same way that the diaphragm inflates the rib
cage through the abdominal pressure, then it is conceivable
that abdominal muscle contraction might inflate the lung.

If one were to inspire entirely with the inter-

costal and accessory muscles keeping the diaphragm and



abdominal muscle relaxed, transdiaphragmatic pressure (Pdi)
would be zero and abdominal pressure would be equal to pleural
pressure until the diaphragm'develqped a passive tension,
Thus, with each inspiration the fall in Ppl would nét on ly
expand the lung but also suck in the abdomen which would
oppose the inflation of the lung. It is clear that breathing
in this way is most inefficient (22,23,24).

Although the isolated inspiratory action of the
diaphragm and intercostals is clearly understood today, the
interaction of both of them is the source of a lively contro-
versy between Goldman, Mead and their associates (12,22,24) and
Macklem, myself and our colleagues (25). Macklem et al (25)
maintain that if the diaphragm contracts isometrically, it
cannot perform any external woik and all the work along with
the pressures necessary to perform it must be developed by
intercostal/accessory muscles (Pic). Fof example, when the
abdominal pressure remains unchanged and the abdominal muscles
‘remain relaxed, Macklem et al (25) argu& that the diaphragm
contracfs quasi-isometrically and thus Pic is the total
pressure developed across the rib cage pathway, that is, it
has supplied the pressure neceséary both to inflate the lung
and displace the rib cage. The diaphragm has contracted,
hawever, aﬂd in such a breath Pdi équals the pressure required
tb inflate the lung and thus the sum of Pdi and Pic is greater
than the total pressure developed across the lungs and rib
cage. It follows in Macklem et al's approach that because

the diaphragm has performed no work, the diaphragm is acting



as a fixator preventing the transmission of Ppl in the abdo-
men, and expiratory inward abdominal displacement that would result
In contrast, Goldman and Mead's analysis considers the
diaphragm always actiné as an agonist. All of the pressure
developed by the diaphragm at its pleural surface contributes
to the inflation of the lung and performs exterﬁal work.
Thus, under the circﬁmstances of an inspiration with the
abdaminal muscles relaxed and no change in Pg , they conclude
that the diaphragm has produced the pressure to inflate the
lung, while the intercostal/accessory muscles have produced
the pressure to displace the rib cage. The sum of Pdi and
Pic thus equals the pressures developed across rib cage and
lung. Predictably, following one or the other approach in
calculating the work performed'by the diaphragm and inter-

costals, will give different results.

I. 2) Topographical Gas Distribution and Physiotherapy
Davy, in 1800 (26), using hydrogen in a closed
lung-spirometer system was the first to invéstigate the
distribution of gas within the lung. He concluded that
respiration produced a uniform mixture of residual gas with
the gas inspired. The earliest di;ecﬁ method of obtaining
information about the function of a region of the lungs
"consisted of inserting a tube into the bronchus. Such an
attempt was undertaken first by Wolffberg, in 1871 (27),

using a catheter with two concentric tubes and subsequently

by Bernard (28) and Head (29).



Keith, in 1909 (30), stated that the lungs during
inspiration do not expand equally like a rubber bag, but
expand in a regulated manner, like the opening of a Japanese
fan. He defined "root", "intermediate" and "outer" zones of
the lung. Differences in topographical distribution were also
maintained by Rauwerda (31) who thought that the basal, lateral
and frontal parts of the lung were better ventilated than
the apical, mediastinal and hilar parts. In 1932, Kwiet (32)
showed that the basal lung regions expand more than the apical
ones over the vital capacity range. His work was based on the
comparison of chest X-rays taken under identical conditions
at both residual volume and at total lung capacity. He quanti-
tated the densitometric changes in each radiography along lines
spanning from the apex to the base of the lung.

The influence of selective use of the respiratory
muscles on ventilation distribution appeared early in this
century when Wenckenback (33) claimed that diaphragmatic
motion mainly ventilates portions of the lung which are
within the area of the paravertebral gutter and close to the
hilum. Since then, breathing exercises have been advocated
as a therapeutic tool in patients with respiratory insufficiency
and Hofbauer (34) introduced diaphragmatic breathing in chronic
obstructive pulmenary disease patients.

The first systematic clinical study of breathing
exercises was that of Livingston and Gillespie (35) who
claimed improvement in some patients with allergic or

bronchitic asthma. Miller (36) introduced diaphragmatic
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breathing training for three months to patients with chronic
airways obstruction and reported improvement in pulmonary
function tests including blood gases. However, Sinclair (37)
in a similar study did not find any differencg. Barach and
Dulfano (38) introduced,in addition to the diaphragmatic
exercises, leaning the upper body forward to relax the acces-
sory respiratory muscles of the neck and reported decreased
minute ventilation and respiratory rate with an increase in
tidal volume. Similar findings were reported by Petty and
Guthrie (39) by introducing various augmented breathing maneu-
vers. Campbell and Friend (40), by monitoring the abdominal
and accessory muscle activity, lﬁng volumes, and distribution
of ventilation, found that during the period of exercise,
the poorly ventilated regions were not influenced. The authors
concluded that "The breathing exercises produced no effect
upon ventilatorY’function". A lack of beneficial effects has
been reported by other workers as well (41) who studied
breathing exercises by comparing their effect on patients
with chronic airways obstruction to the effect observed in
a control group of patients. |

The major advance in the investigation of the topo-
graphical distribution of yentila;ion was_the introduction.
ofﬂradioactiveftracer gases by Knipping et al (42).. Thus,
the first quantitative measurement of- ventilation distribuf
tion with rafioactive gas was reported by West and Dollery (43)
using radioactive 150 and qubsequently.by Ball et al (44)
and Dollfuss et al (45) using radioactive 133Xe. The 133Xe

technique has proven'very fruitful in understanding the topo-
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graphical distribution of ventilation and the studies over the
last ten years on the topography of regional lung volumes
and distribution of inspired gas, are based on these techniques.

They will be discussed in detail in the next chapter.

I. 3) Respiratory Muscles as a Failing Pump

In 1901, Rehns (46) observed that after injecting
a soluble salt of paraphenylenediamine into mice, the diaphragm
oxidized the salt and remained black for life, while almost
all the other muscles had to be exposed to "oxygéne d4'atmos-
phére" in order to oxidize the salt. Based on these observa-
tions, Rehns concluded that the diaphragm is peculiar among
muscles regarding its ability to possess a superabundant supply
of oxygen. Furthermore, Rehns attributed to this property,
the resistance of the diaphragm to be paralyzed by curare and
its ability to maintain its contractility longer than the other
muscles. Lee et al,in 1916 (47) performed a comparative
study of several physiological properties of four skeletal
muscles of the cat (diaphragm, extensor longus digitorum,
sartorius and soleus) and concluded that "the diaphragm to
most of the properties stands by itself in the lead of all
the others; a peculiarity that is not yet explained, but may
possibly be associated with the greater power of the diaphragm
to utilize oxygen". In the work of Lee et al (47), it was
found that the diaphragm was less deleteriously affected

when the body was subjected to high heat and high humidity,

submitted last to the action of curare, worked for a longer
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period and accomplished more work per cross-sectional area
than any of the other muscles receiving the same stimulus. It
was superior in absolute power, and by extreme inanition,
the total working period of the excised diaphragm was shorten-
ed far less than the others.

Davies, Haldane and Priestley (48) pointed out
that breathing through excessive resistance may lead to fati-
gue of the central control system of respiration. The occur-
rence of fatigue, according to these authors, is responsible
for the fast shallow breathing observed towards the end of
a run, after breathing through resistances. The same authors
tested the influence of breathing 10.2% oxygen in the inspired
gas, and they found that the "onset" of fatigue and consequent
shallowness of respiration was very rapid and sudden. The
authors were fascinated by their findings, and they stated:
"The phenomena in question are of great importance in practi-
cal medicine. They throw quite a new light on failure of the
respiratory centré as a common perhaps the commonest immediate
cause of death...". 8Six years later,Davies, Brow and Binger
(49) brought up, for the first time in respiratory medicine,
the possibility of respiratory muscle fatigue. The authors
measured ventilation during successive periods of rebreathing
and found that ventilation fell after several rebreathing

tests at high CO2 percentages and increased at low CO, per-

2
centages. Based on these observations, Davies et al suggested
that the respiratory fatigue consists of twc elements: 1) neural,

manifesting itself in increased excitability of the respiratory
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center and a more marked response to a normal stimulus when
the demand for pulmonary ventilation is small and 2) muscular,
where the muscles of respiration are unable to respond
adequately when the demand for pulmonary ventilation is
high. Similar conclusions were drawn later by Killick (50)
when she studied the effect of inspiratory resistances in man.
The question, whether the respiratory muscles may
fatigue and be responsible in cases of respiratory failure,
has been asked since the beginning of the century, time and
time again. Yet, few studies have appeared attempting to
answer the question and those that have, have only been
published in the last 15 years. One of the objects in these
studies was to determine under normocapnic conditions the
level of ventilation below which subjects could breathe
indefinitely. Zocche et al,in 1960 (51), found that normal
subjects were capable of maintaining a ventilatory level of
53% of maximum voluntary wentilation (MvV} for 15 minutes while
Tenney and Reese, later in 1968 (52),and Freedman, in 1970
(53L estimated the ventilation that can be maintained more
or less indefinitely to be 50-55% of MVV., On the other hand,
Shephard (54) and most recently Leith and Bradley (55)
found that normal subjects could ventilate at 70-80% of MVV
for 15 minutes. No obvious reason can explain the discre-
pancy in the various studies but the inconsistency could be
related to differences in respiratory rate and depth in the
different studies. Apart from these few studies, I have been

unable to find any reports in the literature describing loads



sufficient to cause respiratory muscle fatigue in either

normal subjects or patients.
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VENTILATION DISTRIBUTION
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II. 1. Review of the Literature
ITI. 1. 1) Regional and Overall Lung Volumes

It was only in 1966 that the first clear evidence
appeared that there is a vertical gradient in alveolar size.
Milic-Emili et al (56), Kaneko et al (57) and Sutherland et
al (58) using radioactive 133Xe, demonstrated that at all
overall lung volumes except at total lung capacity where
the alveolar size was assumed to be equal, the nondependent

lung regions are more expanded than the dépendent ones. On
the contrary, no significant differences were found among
lung regions in the same horizontal plane both in':the upright
and in the horizontal postures (56,57,59,60). The magnitude
of the vertical lung volume gradient bears some relation to
body posture. Milic-Emili (61) has reported more uniform
vertical lung expansion in the head-down position than in
the upright position. Furthermore, Kaneko et al (57) showed
slightly greater vertical lung expansion in the lateral
posture compared to prone or supine postures.

Confirmation for the existence of the vertical
gradient of the lung expansion was obtained later by freez-
ing whole dogs. Glazier et al (62),using morphometric techni-
ques, found a significant alveolar size gradient at FRC in
head-up frozen dogs. Measuring the lung density, Hogg and
Nepszy (63) also confirmed the vertical gradient of luhg
expansion. The only contradictory finding is cited in the

study by Glazier et al (62) where it was found that the

alveoli of the lung apices in head-up dogs were smaller at
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an inflating pressure of 30 cmHZO, compared to their size at
functional residual capacity. However, these findings were
neither confirmed by Hogg and Nepszy (63) nor by D'Angelo (64).
Small pneumothoraces at the apices due to the inflating pres-
sure of 30 cmH20 that Glazier et al (62) applied, may account
for this paradox. The morphometric studies of Glazier et al
at high inflating pressure (30 cmH20) confirmed another pre-
diction of Milic-Emili et al (56) regarding the alveolar size
at TIC. That is, for the exception of the apical alveoli,

the rest of the lung was uniformly exparided.

From the work of Sutherland et al (58) the vertical
gradient of alveolar expansion seems to be unaffected by the
previous volume history. In the work of Milic-Emili et al (56)
and Kaneko et al (S7L this gradient is practically linear
for lung volumes above 46% TLC while for lower lung volumes
it is alinear. The.alinearity was attributed to the airway
closure of the dependent lung regions. Burger and Macklem
(65) and Engel et al (66) subsequently produced strong evidence

in favour of closure.

II. 1. 2) Topdgraphy of Pleural Pressure-

An early attempt to meésure directly the pleural
pressure (Ppl) in man was conducted by Parodi iﬁ 1933 (67)
producing small pneumothoraces. Similar approaches were
undertaken later by Prinzmetal and Kounfz (68) -and Daly and
Bondurant (69). They observed that the nondependent lung

regions were surrounded by more negatiwe Ppl than the
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dependent ones. The vertical pleural pressure gradient
(dPpl/dD) was subsequently investigated both in humans and
animals using different techniques. Krueger et al (70)
using a small balloon in the pleural space in head-up dogs,
found a vertical gradient of end expiratory pleural pressure,
approximately 0.21 cmHZO/cm height. MacMahon et al (71)
by the meané of Starling resistors found in dogs a gradient
of 0.20 cmH20/cm in the head-ﬁp posture and 0.31 cmHZO/cm
in the head-down posture. Hoppin et al (72) using multiple
flat balloons found a top to bottom gradient of 0.30 cmHZO/cm.
The most systematic exploration regarding the topography
of the pleural pressure in animals was undertaken by‘Agostoni,
D'Angelo, Miserocchi and their co-workers using the counter
pressure technique that they developed (73,74,75,76,77).

One of the great advantages of this technique
was that it made feasible the simultaneous measurements over
most of the ihtercostal and diaphragmatic regions without
separating the two pleural surfaces. The existence of the
pleural pressure gradient was repeatedly confirmed in their
work using dogs, rabbits, rats and rams as experimental
animals. Important conclusions that may be drawn from
their work are: 1) the overall dPpl/dD decreases as the size
of the animal increases (73), 2) the dPpl/dD in lateral pos-
ture is greater than in other postures(73,78); for example,
in small dogs being 0.82 cmHZO/cm in lateral ocompared to 0.45 CﬁHZO/Qn in
head-up position, 3) when the respiratory system was expanded

by the action of its muscles up to at least 10-12 cmH,0
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transpulmonary pressure, the del/dD-af the end of inspiration
was not significantly different from that at the end of
expiration; in contrast, when the relaxed respiratory system
was artificially expanded, the dPpl/dD decreased and eventual-
ly became nil in supine and head-up postures (76,77), 4) at

a given height in the cranio-caudal direction, in supine
posture, no systematic difference in pleural surface pressure
was found (77), 5) gravity affects the topography of

pleural pressure mainly by acting on the chest wall, the

shape of which is changed (74,75).

Parodi, in 1933 (67), reported in man the uniformity
of pleural pressure at the same horizontal plane. Similar
conclusions were later drawn indirectly using radioactive
133Xe in man (56, 57). Furthermore, the same investigators
computed the relationship between lung height and pleural
surface pressure at different postures. This was achieved
on the principle that the regional distribution of the
pleural pressure can be derived by assuming that the elastic
properties of each region were identical, and by knowing
the static pressure-volume characteristics of the whole lung
and the static regional distribution of volumes. Thus,
Milic-Emili et al (56) found an average gradient of 0.20
cmHZO/cm in upright man and Kaneko“et al (57) found a
vertical pressure gradient ranging from 0.16 to 0.18 cmH,0

2
in prone, supine and lateral postures.
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IT. 1. 3) Relationship of Regional Lung Volume and Pleé!al Pressure

In 1972, D'Angelo (64) measured local alveolar size
and transpulmonary pressure in intact rabbits and in isolated
rabbit lungs. In his elegant work, D'Angelo demonstrated
that in a variety of conditions all his measurements in situ
fit the pressure-volume (V-P) relationship of the isolated lung.
He also demonstrated that the geometry of alveoli in situ
was very similar to that observed in the isolated lung. Thus,
D'Angelo demonstrated in his work that the relationship
between alveolar size,geometry and transpulmonary pressure (Pr)
remains unique for each lung lobe tested both in isolated
and in situ lung preparation.

In man, Sutherland et al (58) in 1968 related
regional lung volume measured by the 133Xe technique to
local transpulmonary pressure using the esophageal balloon
technique (79,80). In this work it was shown that all lung
regions (upper,middle and lower) have similar volume-pressure
relationships'at least during expiration. However, the results
of Bake et al (60) who studied the regional distribution on
inspired gas in supine man, do not support the notion that
all lung lobes have the same intrinsic static mechanical pro-
perties. They argue that there may be differences in human
upper and lower lobes similar to that observed in rabbits (64)
and dogs (8l1). Definite conclusions from this study, however,
cannot be drawn because the number of subjects is small, and

there may be substantial interindividual differences.
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ITI. 1. 4) Quasi-static Distribution of Inspired Gas.

The distribution of inspired gas can be explained
with a simple mechanical model proposed by Milic-Emili (61)
accepting two premises: a) that the elastic properties of
the lung are uniform, and b) that the dPpl/dD remains
constant. It is implicit that a constant dPpl/dD neces-
sitates equal changes of Ppl with changes in lung volume.
Thus, all regions in the same horizontal plane are expanded
to the same degree whereas vertically distributed regions
exhibit a gradient of expansion corresponding to the verti-
cal gradient of transpulmonary pressure. During slow inspira-
tion, when all airways are open, the lower lung regions
operate on a steeper part of the static volume-pressure curve
because they are less expanded than the upper lung regions.
Thus, for the same change of Ppl they must receive more venti-
lation. In this way, the distribution of the gas may be
accounted for by the distribution of regional pulmonary com-
pPliance. It follows that the distribution of ventilation tends
to be preferential to the dependent lung zones. A different
situation pertains during an inspiration which commences
from residual volume. In this case, the bottom of the lung
with the closed airway  receives none of the inspired gas
until the closed airways reopen. Under these conditions the
inhaled gas is preferentially distributed to the nondependent
lung units.

In the described model, it is evident that for lung

volumes above the closing volume, filling and emptying of all
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lung regions is uniform. In reality, however, this is not

the case. Dependent regions are seen to empty preferential-
ly at higher lung volumes and‘this sequential emptying is
gravity dependent (82). Three mechanisms proposed by Suther-
land et al (58) may explain this fact: 1) differences 'in
lobar volume-pressure (V-P) curves; however, in the prone
posture in man where the upper lobes are located below theA
lower ldbes the gravity dependent sequential emptying still
remains, 2) nonmonoexponential V-P curve of the lung, as was
proposed by Paiva et al (83)’in contrast to a single exponential
curve proposed by others (84, 85), 3) regional differences in
applied pleﬁral pressure; during an expiration greater. changes
of applied pressure over the dependent lung regions at high
lung volumes and over the'nondependent regions at low lung
volumes will result in sequential emptying. This notion will
be extensively discussed in the subsequent section and it
will be an importantjccncept'in my work on the influence of

the action of the respiratory muscles on ventilation distri-

bution.

IT. 1. 5) Influence of Respiratory Muscle Action on the
Topography of Pleural Pressure and Regional Gas
Distribution

Contractiom of the respiratory muscles may alter
both the dimensions and the shape of the chest wall. If the
thorax were filled with liquid, the dPpl/dD would remain
constant and the pressure swings would be every-

where equal, regardless of the shape of the chest wall.
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However, a material resistant to deformation may affect
the gradient, the pressure swings and, therefore, regional
alveolar size and ventilation. The real situation is complex
and great controversy exists in the literature regarding
the nature of the pleural pressure gradient.

First, Wirz in 1923 (86), later Rohrer in 1925
(87), and then Parodi in 1933 (67))pointed out that the
weight of the lung can produce a gradient of transpulmonary
pressure. Krueger et al, in 1961 (70), having found that the
lung density is 0.22 gr/ml which is very close to the overall
gradient of the transpulmonary pressure, hypothesized that
the lung behaves as a homogeneous fluid so that the pleural
pressure gradient was hydrostatic and was the result of the
effect of gravity on the thoracic contents.

The hypothesis that the lung behaves like a
liquid was also advocated by Milic-Emili and his coworkers
(56). They based their reasoning on two findings: 1) the
transpulmonary gradient that they found was similar to
the lung density reported by Krueger et al (70) and 2) the
transpulmonary pressure gradient increased with accelera-
Eion and became nil if the data were extrapolated to zero
(88). Similar approaches were taken by Proctor et al (89)
and Glaister (90,91).

Vawter et al (92), working on a theoretical model
of the lung by using finite element analysis of a homoge-
neous isotropic material, concluded that the weight of the

lung is the major determinant of the regional differences in
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pleural pressure. The investigators predicted, however, that
the lung will have a vertical gradient of alveolar size
when the lung is assumed to be supported at its periphery
inside a container, the chest wall. However, experimental
findings failed to prove the validity of this prediction.
Excised lungs supported by the base or by the apex show no
such gradient (93). Vawter et al (92) also predicted that
differences between apex and base are directly proportional
to the height of the lung. This alse did not prove to be the
case among species of different sizes (73). On the other
hand,the prediction that at zero gravity the transpulmonary
pressure gradient will be abolished was recently confirmed
during short periods of zero gravity (94). However, one may
argue that the effect of gravity in this study was eliminated
mainly from the chest wall whose shape might have been
altered sufficiently to abolish the gradient,

In 1954, Duomarco et al (95) and later Mead in
1961 (96), and Turner 1in 1962 (97) considered that besides
the lung weight, differences in the shape of the lung and
of the chest wall could be responsible for regional differ-
ences of transpulmonary pressure. Hoppin et al (72) tested
the influence of shape changes in dogs at FRC and they
concluded that the gradient may be relatively independent
of the chest wall shape. The same authors, however, found
that at high lung volumes, the vertical gradient significant-
ly decreases. Thus, Hoppin et al (72) and Mead (98) maintained
that at low and middle lung volumes, the lung behaves almost

as a liquid, whereas at high lung volumes resistance to shear
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of the lung tissue is marked and the lung behaves less like
a liquid.

Agostoni, D'Angelo and their coworkers have provided
impressive evidence that mismatching of the shape of the lung
and chest wall is the most important cause of the topography
of the pleural pressure in animals. Furthermore, they claim
that although gravity affects the dPpl/dD, this occurs via
the change of the chest wall shape. Agostoni et al (74)
determined the topography of pleural surface pressure after
evisceration and compared their results with those obtained
under normal conditions. Their results showed that the
gradient decreased. This effect was particularly marked
in the horizontal posture. - They concluded that this pheno-
menon was due to the Verticél gradient of abdominal pressure.
D'Angelo et al (99) measured the pleural surface pressure
at various heights in rabbits after changing the lung weight,
eviscerating the animals, and removing the diaphragm. Ex-
sanguination produced a decrease in lung weight but the
del/dD'remained unchanged,uwhereas evisceration and removal
of the diaphragm decreased the dPpl/dD. The authors argued
that removal of the diaphragm abolished the interaction
between diaphragm and rib cage which consequently produced
changes in chest wall shape. However, even after removal of
the diaphragm a dPpl/dD still persisted. To evaluate the degree
that the lung weight contributes to this gradient, D'Angelo et al

(99) performed the same experiments in prone suspended posture. The
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rationale of this experiment was that if the gradient of
pleural pressure which remained after the removal of the dia-
phragm were due to the shape in the supine posture, then in
the prone suspended position this residual gradient should
be the reverse of that observed in the supine. In fact, it
was the same. They concluded that this residual pleural pres-
sure gradient was due to the lung weight and accounted for
20-25% of the total gradient. In their work, they postulated
that the effect of gravity on the chest wall remained essen-
tially the same in the supine and the prone postures. However,
such an assumption may not be correct in small animals with
very distortable rib cages. If this were the case, the pro-
portion attributable to the lung weight might be even less.
Predictably, altering the shape of the chest wall
or modifying the effect of gravity in the chest wall will
also change the topography of the pleural pressure. Agostoni
and his coworkers undertook impressively convincing experi-
mental work in animals along these lines (75,100,101). An
important finding was that by altering the effect of gravity
on the chest wall shape, the pleural surface pressure in the
costal region may be markedly different at a given height
and in a given posture. Agostoni and D'Angelo (75) decreased
the pressure over the caudal part of the abdomen of supihe
rabbits and dogs at FRC, and found that the pleural surface
pressure in the cranial region decreased more than in the
caudal, at the same horizontal plane. Thus, a craniocaudal

gradient was produced similar to the one in the head-up posi-
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tion. In the same experiments, in head-down posture, when
the abdominal pressure was decreased to such an extent as to
increase the lung volume as in the head-up posture at FRC,
the vertical gradient was reversed and it became almost
equal to that in the head-up posture at FRC. Furthermore,
Agostoni et al (74) determined the distribution of Ppl after
evisceration and compared these data with those obtained under
normal conditions. It was found that the dPpl/dD decreased
markedly after evisceration. D'Angelo and Agostoni (102)
examined also the effect of lung stiffness on the pleural
pressure distribution, the notion being that the stiffer the
lung the greater its resistance to distortion and consequent-
ly the matching of lung and chest wall shape will require
greater pressures. Their experiments fulfilled their predic-
tion. They found increased gradient both in the upright and
the supine postures after histamine inhalation. Thus, these
experimental findings contradict the prediction of West and
Matthews (103) from their finite element model analysis, that
if the gradient were due to the weight of the lung it would
become smaller with increased lung stiffness.

Greene et al (104) studied the effect of gravity
on the chest wall in seated man immersed up to the xiphoid and
in air, at matched lung volumes, namely FRC and 73% TLC.
The rationale was that immersion in water would eliminate
the effect of abdominal weight. The latter might alter the
chest wall shape and consequently the distribution of lung
volume, without affecting the lung weight. Their findings

did not support the experimental conclusions in animals.
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In fact, they did not find any differences in the two
conditions. Thus, this study brings up the possibility

that a difference exists between humans and animals, as

far as the effect of gravity on dPpl/dD is concerned. How-
ever, a difference in behaviour between animals and man waé
reported earlier by Lemelin et al (105). They found that,
in man, the vertical gradient of regional lung volumes was
not abolished as it was in animals (76), when the respiratory
system was passively expanded. Further substantiation of

the difference between man and small animals regarding the
influence of chest wall shape on the regional lung volumes
and pleural pressure was offered by Grassino et al (106) and
Bake et al (107). They showed that varying the volume distri-
bution between rib cage and abdomen by voluntary shape
changes of the chest wall, had no effect on regional lung
volume distribution. Furthermore, Grassino and Anthonisen
(108) showed that application of negative pressure on the
human abdomen in the supine posture did not affect the apico-
caudal regional lung volume distribution. This was in con-
trast to the finding of Agostoni and D'Angelo in animals (75).
Grassino and Anthonisen, however, were able to produce
regional differences in lung volume when the respiratory
system was distorted by strong lateral compression of the
lower rib cage (108). Grassino et al (106) attributed these
results to the differences in rib cage compliance between
man and small animals. In fact, they provided some evidence
that such is the case} by showing that the rib cage in

humans is more rigid and behaves in a homogeneous manner.
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They measured the change in cross-sectional areas of the rib
cage at different levels and found that it decreased or in-
creased by the same percentage during their maneuvers (belly-
in, belly-out) or when they applied negative pressure on the
abdomen. In contrast, Agostoni and D'Angelo (75) showed that
application of negative pressure on the abdomen in supihe
rabbits produces a greater decrease of the cross-sectional
area of the caudal part of the rib cage than that of the
cranial part.

It becomes apparent that, in man, the changes in
shape of the chest wall of the magnitude created by Grassino
et al (106) do not have as striking an effect as in small
animals. To stir up the issue more, Grassino and Anthonisen
(109) performed an extremely important experiment in which
they measured the thoracoabdominal configuration and regional
lung volumes at FRC during increased gravity in seated man.
They reported minor changes in the rib cage and abdominal
configuration with small decreases in A-P diameter and
increases in the lateral diameter of the rib cage and abdo-
men, whereas the vertical gradient of the regional lung
volumes markedly increased. In contrast, during Mueller
like maneuvers, they found similar changes in chest wall
shape but opposite effects on the vertical gradient of region-
al lung volumes. Therefore, from the experiments of Grassino
and his coworkers (106,108,109» it follows that both the
shape of the chest wall and the weight of the lung can be

important on the distribution of the lung volumes and probably
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the net effect is the relative magnitude between them.

An important question that remains to be examined
is whether the respiratory muscles can significantly alter
the shape of the chest wall configuration and consequently
the regional lung volumes and pleural pressure or the distri-
bution of inspired gas. D'Angelo et al (110) showed in
animals that phrenic nerve stimulation in dogs caused a
greater change in the Ppl in the lower intercostal spaces
than in the upper intercostal spaces. In fact, the greatest
change was recorded over the diaphragmatic surface. In con-
trast, after phrenicotomy, the swings in pleural pressure were
greater in the upper than in the lower interspaces which were
in turn greater than those measured over the diaphragmatic
area. They concluded that "the greater changes in pressure
are localized where the respiratory muscles act". Minh et al
(111) independently measured the changes in dPpl/dD in head-up
dogs during bilateral phrenic stimulation and found that
dPpl/dD became reversed. Furthermore, they observed that the
apicobasal lung dimension increased whereas the lateral dimen-
sions decreased. Similarly, in supine posture, they found
that ipsilateral phrenic stimulation produced greater changes
in Ppl over the basal than over the apical zones. This seemed
to imply that, in dogs, selective contraction of the diaphragm
may result in greater basal ventilation, a prediction that
was not confirmed by the same investigators (112). In these
experiments, Minh et al (112) measured the alveolar ventila-
tion (GA), dead space (Vp) and dead space to tidal breath

ratio (Vp/Vr) after they ligated the lower and middle lobe
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pulmonary arteries, under two conditions: . 1) during bilateral
electrophrenic respiration and 2) during positive pressure
assisted ventilation. In the former case, both A-P and

lateral diameters of the rib cage decreased at all levels of
thoracic vertebrae whereas the thoracic cephalocaudal dimension
greatly increased. In the latter case, all dimensions increas-
ed. Despite the great differences in configuration between

the two conditions, no differences were found in GA, Vp, and
Vp/V. The authors explained their results due to lobar
interdependence. "The preferential expansion of the base of
the chest results in an inflation of the lower lobes. With

the lower lobes inflated , the pleural pressure surrounding

it (facing the rib cage as well as the interlobar tissue)
increases in negativity. Exposed to more negative Ppl at the
interlobar tissue, the middle lobes inflate. By a similar
mechanism the upper lobes inflate from the increase in nega-
tivity of the Ppl in the interlobar tissue facing the middle
lobe...". However, this explanation contradicts their finding
during phrenic stimulation. Should this interpretation be
correct, they should not have found greater changes in Ppl over
basal compared to apical regions (111).

In man, sélective contraction of the respiratory
muscles produceschanges in the dPpl/dD similar to those
observed in animals (113). It was shown in this work that
the esophageal pressure gradient in upright man is enhanced
during Mueller maneuvers performed mainly with the intercostal
accessory muscles, whereas similar efforts produced by dia-

phragmatic contraction resulted in little change or had the
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opposite effect. Indirect evidence that the ventilation of
the inspired gas may be directed selectively to different
lung regions, is found in the work of Froese and Bryan (114).
They reported that during spontaneous breathing in the hori-
zontal posture, diaphragmatic motion was greater over the
dependent regions whereas in anesthetized paralyzed subjects
who were artificially ventilated, diaphragmatic motion was
greater over the nondependent region. These observations
indicate that diaphragmatic tone.may affect regional lung
ventilation. The contraction and relaxation, preferential
probably in the lower part during breathing, may produce
greater pleural pressure swings in the lower lung regions and
therefore greater ventilation in the dependent lung. Direct
measurements in spontaneous breathing supine dogs by Farhi
et al (115) indeed showed that the pleural pressure swings
were greater in the diaphragmatic sinus at the posterior
vertebral sulcus than they were at other sites over the
costal surface of the lung. However, there is no evidence in
the literature that at FRC, breathing exercise alters the
distribution of inspired gas either in normal subjects or in
patients with obstructive pulmonary disease (107, 1ll6, 117,
118, 119). The only report that mentions preferential dis-
tribution of the inspired gas towards the bottom of the lung
during "diaphragmatic" type breathing starting at residual
volume is by Sackner et al (117) in which five out of eight
normal subjects were tested. They measured the topographical

distribution of a bolus of 133

10-~15 mCi 133Xe) inspired at residual lung volume. However,

Xe (5 ml of air containing
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the authors do not provide any direct experimental evidence
that the subjects commenced their inspiration from residual
volume. An inspiration commencing above residual volume in
these subjects may account for the preferential distribution

of the bases.
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IT. 2. Experiments
IT. 2. 1) Diaphragmatic Contraction and Vertical Lung
Ex?ansion in Horizontal Manv
a) Summary
Using 133le we measured the vertical distribution

of regional volume in four subjects in the lateral decubitus
posture at 20, 40, 60 and 80% of vital capacity (VC), when
transdiaphragmatic pressure (Pdi) was low (RD = 'relaxed’
diaphragm) or during voluntary dia?hragmatic contraction
(VDC) achieved without changing lung volume by simultaneously
tensing the abdominal muscles. Under both conditions the
gradient of alveolar expansion tended to be curvilinear, and
in all lung volumes the difference in regional volumes between
dependent and nondependent lung regions was less during VDC.
than during RD. At 70% VC this difference was six fold.
"In six other subjects the washout of a bolus of helium
(inhaled from residual volume) during relaxed expiration

(RE) through a resistance was compared with that during
expiration with VDC (VDCE) while maintaining constant expira-~
tory flow (0.4 1/s). Phase IV during RE started at 58 *1.6%
vital capacity (VC) (mean *SE). During VDCE when Pdi exceeded

30 cmH,0, phase IV commenced at 8.2 +0.8% VC. The expired

2
He concentration (FEHe) at lung volumes 70% VC was 1.3 +0.05
times that during RE. In supine subjects VDCE flattened the
slope of the alveolar plateau and decreased closing volume
by 3.7 + 0.4 % VC. In conclusion, diaphragmatic tension

decreases the gradient in pleural pressure and regional

volumes and broduces more homogeneous lung emptying by modi-
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fying the transmission of the abdominal hydrostatic pressure
gradient to the thorax and,in addition, in lateral posture by

an upward displacement of the mediastinum.

b) Introduction

Several observations have led us to question the
validity of the assumption that only regional pulmonary
compliance determines the distribution of ventilation at low
flow rates in the horizontal posture. In particular, Froese
and Bryan (114) reported that in subjects in the supine and
lateral positions, inspiratory diaphragmatic motion was
quite different when breathing spontaneously from that in
paralyzed, artificially ventilated subjects. In the former
condition, the greater dis?lacement was in the inferior
part of the diaphragm; in the latter, it was in the superior
part. This suggested that the distribution of ventilation
is preferential to lower zones when the diaphragm is contract-
ing, and preferential to upper zones during artificial venti-
lation when the diaphragm is paralyzed. The authors
hypothesized that the relaxed diaphragm transmits the hydro-
static pressure gradient in the abdomen to the pleural surface
better than does the contracted diaphragm. We wondered whether
in conscious, spontaneously breathing subjects, mild degrees
of diaphragmatic tone may not modify the transmission of
intra-abdominal pressure to the pleural surface, with result-
ing changes in diaphragmatic dis?lacement, pleural pressure

gradient and ventilation distribution.
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To test our hypothesis that in the horizontal subjeét
the vertical gradient of alveolar distention, and hence of |
pleural ?ressure; might bPe influenced by diaphragmatic con-
traction, we made some preliminary observations. The results
of two radiqgrabhs, taken at the same lung volume, of a sub-
ject in the lateral position with the diaphragm relaxed
and with it contracted are shown in Fig. 1. When the subject
relaxed, the dePendent hemi-dia?hragm was more cephalad and
the mediastinum encroached more upon the dependent lung than
was the case when he contracted the diaphragm. With diaphrag-
matic contraction, the lower lung inflated and the upper lung
deflated. It follows that the contraction increased the
mean transpulmonary pressure across the dependent lung and
decreased it over the,ubper lung. Consequently, the vertical
difference in alveolar size and pleural pressure must have
decreased. Furthermore, if indeed diaphragmatic contraction
decreases both the gradient in alveolar size and in pleural
pressure, then the washout also of a bolus of tracer gas
inhaled at RV should be different when performed with the
diaphragm relaxed from that obtained with the diaphragm con-
tracted. 1In the former case, with a large gradient in
pleural pressure, the degree of sequential emptying might
be greater and the onset of Phase IV earlier than it would

be with the diaphragm contracted.

c) Methods

133Xe: Four normal male subjects

were studied in the right lateral decubitus posture. The
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Figure 1l: Diagrammatic representation of two chest radiographs
at the same iung volume (functiomal residual capacity, FRC) of a
subject in the lateral decubitus position. Brcken line: position
of the diaphragm and mediastinum with diaphragm relaxed (low
transdiaphragmatic pressure, Pdi). Solid line: position of the
diaphragm and mediastinum with contracted diaphragm (high Pdi).
Arrows show the motion of the diaphragm and mediastinum when

the diaphragm is contracted.
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distribution of regional volume was measured at four overall
lung volumes (approximating 20, 40, 60 and 80% vital
capacity , VC) under conditions when the diaphragm was
'relaxed' and when it was voluntarily contracted. The latter
was- achieved hy tensing the abdominal muscles with the
glottis open. Each subject performed identical maneuvers
(Fig. 2). After breathing quietly at functional residual
capacity (FRC), he expired to residual volume, and then insp-
ired to total lung capacity (TLC), in order to achieve a
standard volume history. The subsequent part of the maneuver
was performed in one of two ways. In one case/the subject
contracted his abdominal musecles with the glottis open neces-
sitating the contraction of tﬁe diaphragm to maintain lung
volume unchanged. Then, while maintaining a high trans-
diaphragmatic pressure (Pdi), he expired to a predetermined
lung volume (approximately 20, 40, 60 or 80% VC) from which
he inspired a gas mixture labeled with 133Xe, up to TLC,
(Fig. 2). Regional count rates were measured during a 10-20 s
breathhold at TLC,. The subject then expired slowly to

2
residual volume (RV) in a natural manner while 133

Xe count
rates were measured at the mouth.

In the second type of maneuver, after a similar
volume history, the subject expired from TLC,; with the
diaphragm 'relaxed' down to the predetermined lung volume.
(Fig. 2). ‘He then inspired a 133Xe labeled gas mixture using
mainly the intercostal and accessory muscles, so that Pdi

did not increase during the inhalation of the first 0.5 liter
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FRC

Xe Inspiration

Figure 2: Experimental procedure during each maneuver. Before

TILC, volume history was always the same; quiet breathing at FRC,

expiration to RV and inspiration to TILC;. 133Xe labeled gas was

inhaled fram different lung volumes up to TLC All regional

2°

count rates were cobtained at TLCZ. See Methods for details.
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of 133

Xe gas. The remainder of the inspiration to TLC, was
performed spontaneously and the measurement of regional

count rates as well as the subsequent exéiration to RV was
identical to that during the first tyPe of maneuver. Thus
the main difference between the two tyﬁes of maneuvers was

in the degree of contraction of the diaphragm and abdominal
muscles during and ?rior to the inhalation of l33Xe. The

two different patterns of deflation from TLCl to the volume
in question were performed in order to achieve an appropriate
volume history for all lung regions prior to each inhalation.
All volume changes were at a rate of less than

0.5 1/s, and the subjects performed the maneuvers aided by

a display of Pdi on an oscilloscope in front of them. 1In
133
Xe

addition, each subject was Passively inflated with
labeled gas from two different lung volumes. The purpose
of this maneuver was to test whether a further decrease of
Pdi achieved by passive inflation had any effect on regional
volume. In fact,the Pdi with passive inflation was 5-10 cm H20
less than during an inspiration with intercostal and
accessory muscles. In some cases the subjects were completely
unable to relax the diaphragm during the positive pressure
inflation and these maneuvers were rejected. Although Pdi
was zero in only one instance, in all passive inflations it
was less than during the active 'relaxed' diaphragm infla-
tions.

At each lung volume the inspired 133%e concentra-
tion was adjusted so that the mean 133Xe concentration in

the lung at TLC was approximately constant. This facilitated



41

the comparison of expired 133%e versus volume curves during
the subsequent exéiration; All regional count rates were
related to correSPonding measurements made during equilibra-
tion with a known. concentration of 133Xe'gas (44).
The subjects breathed through a lead-shielded
§1astic cuvette which contained a scintillation counter and
was connecped to a two-way tap. The latter could be opened
either to room air or to a valved bag-box sbirometer circuit.
The subjects'inséired from the bag and exbired into the box,
the volume excursion being measured by a spirometer (Stead-Wells).

133Xe concentration was recorded by the counter in

Expired
the cuvette, which was connected to a digital rate meter
whose analog output drove 6ne ordinate of an XYY' reéorder;
On the abscissa,volume was obtained éotentiometrically, while
the other ordinate represented expiratory flow rate obtained.
by differentiating the volume Signal;

. The regional count rates were measured with 6 pairs
of horizontal scintillation counters fitted with 16.5 cm.
slit lead collimators. The counters were positioned verti—~-
cally, 5 cm apart; Behind the thorax. Thus, the wpermost 2 pairs
of counters faced the nondependent'(left) lung, the lowemocst 2
pairs faced the deﬁéndéht (right) "lung, whereas the media-
stinum influencea'm§53ﬁrements‘ﬁadé by the middle 2 pairs of
counters. Skin markings made on the chest of éach éubject
ensured constancy of position during counting at TLC;

Regionai volumes were calculated using the @ethod

of Milic-Emili et‘al'(56); Data analysis was ?erformed.

on-line by a-cbmputer (Data General) with off-line ?lotting
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of the analog output from each counter.

washouts were studied in six subjects in the lateral decubi-
tus and supine positions. Each expired to RV and then inhaled
150 ml1 of He followed by air at a constant flow (0.5 1/s),
- up to total lung capacity (TLC). The subsequent expiration
to RV was performed at a constant low flow rate (0.4 1/s) as
follows:
i)Relaxed expiration (RE). The subject controlled
expiratory»flow~with_the'helﬁ of a resistance.
ii)Expiration with voluntary diaphragmatic contrac-~
tion (VDCE). In this maneuver, the subjects voluntarily
contracted their abdominal muscles while keeﬁing expiratory
flow constant. This necessitated contraction of the diaphragm
to oﬁpose the exéiratory effect of abdominal muscle contraction.
TransdiabhragmatiC’pressures (Pdi) were maintained above
30 cmH20 throughout the expiration.‘
iii)Ex?iration*with step changes in Pdi. During
" RE, subjects increased their Pdi abruptly without changing
flow, finishing’the"expiration with the diaphragm contracted.
Alternatjwely, during a VDCE, they decreased the Pdi abruptly,
- the remainder of the expiration being similar to an RE -
maneuver. These changes were performed at lung volumes of
either 65-80% or 20-~55% vital capacity (vC).
Three subjects inhaled a bolus at different lung
volumes (15a50%'VCI; then exhaled frOm TLC with the diaphragm

relaxed (low Pdi).
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Each of these maneuvers -was executed in the
lateral decubitus Position at least three times by each
subject. Numbers I and II were also studied in five supine
subjects.

We sampled the expired gas close to the lips and
measured the concentration of He (FEHe) with a mass spectro-
meter (Perkin-Elmer). We measured flow rate with a Fleisch
pneumotachograph and a Validyne differential pressure trans-
ducer whose signal was integrated to measure changes in
volumes. The flow and He signals were recorded against
volume on the ordinates of an XYY' recorder. The total
amount of He expired during each maneuver was calculated

by electrically integrating the FEye Signal with volume.

3) Pressure Measurements: Transdiaphragmatic pres-

sure was defined as the difference between gastric and esopha-
geal pressures. These were measured by means of two thin-walled
latex balioons (5 cm long and 3 cm in circumference), one
positioned in thé stomach and the other in the middle third

of the esophagus. The esophageal balloon was connected by

a polyethylene catheter and a Y-tube to one side of each

of two pressure transducers (Sanborn 267B), the other sides
having attached to them, respectively, the gastric balloon

and a catheter that measured mouth pressure. The first
transducer recorded Pdi; the second measured transpulmonary
pressure. In the u?right posture aAgastroesoéhageal pressure
difference of abbroximately 11 cmH20 is measured during

voluntary relaxation against an obstructed airway above
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20% yC (120). This is subtracted from all measurements of
gastroesophageal pressure differences to obtain Pdi. In the
lateral posture;vgastroesophageal pressure differences during
voluntary relaxation against an obstructed airway at high
lung volumes were only 0; 2, 0, and 3,cmH20 in the four
subjects, respectively. We, therefore, assumed that the
recorded pressure difference didg in fact reflect Pdi at
all lung volumes provided that the gastric balloon remained
at the same horizontal plane. Complete relaxation of the
diaphragm was never achieved at the onset of inspiration
despite the voluntary attempts at diaphragmatic relaxation.
Mean values of Pdi recorded at 20, 40, 60 and 80% VC with
the diaphragm 'relaxed' were 8, 9, 10 and 15 cmH20, respectively.
All signals were recorded on a Hewlett-Packard
strip-chart recorder, and Pdi and flow were both displayed

on a large oscilloscope in front of the subject.

d) Results

1) Regional Lung Volumes: No systematic differences

were apparent between any two counters at the same vertical
level. Consequently, measurements of regional volume obtained
from each pair of counters situated at a given vertical
height, were averaged. A representative distribution of
regional lung expansion at four different lung volumes is
shown in Fig. 3. The upper panel represents the pattern of
regional alveolar expansion when the diaﬁhragm is 'relaxed'

(low Pdi). The lower éanel shows the distribution of regional
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Figure 3: Vertical distribution of regional volume in me subject
at four different lung volumes when diaphragm is 'relaxed' (upper
panel) and when it is voluntarily contracted (lower panel).
Numbers on top of each panel denote cverall lung volume (8TLC) at
which measurements were made. Note: 1) Gradient of alveolar expan-
sion is greater when Pdi ié lover (upper panel) than when Pdi is
high (lower panel). 2) Gradients in regional volﬁme are neither
linear nor continuocus in that they cannot be easily represented

by single smooth curves.
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volumes at the same four overall lung volumes when the
diaphragm was voluntarily contracted (high Pdi). Except for
the measurements at the high lung volume it is apparent that
the vertical difference in alveolar expansion between the
uppermost and lowermost two counterfields was greater when
Pdi was low than when Pdi was high. Furthermore, the
~gradient in regional volume of the upper lung, represented
by the upper 3 pairs of counters, and that of the lower
lung, represented by the lower 3 ﬁéirs of counters are not
linear and cannot be easily represented by a single smooth
curve. This was observed in each subject. When Pdi was

low the dependent lung as a whole appeared very much less
expanded than the nondependent lung, especially in the
midrange of lung volumes.

The relationship between regional lung volume,
expressed as a fraction of regional TLC, and overall lung
volume in each of the four subjects is shown in Figs. 4,5,

6 and 7, respectively. Panels A and C in each figure
represent the uppermost and lowermost lung regions ( 5 cm
and 30 cm from the top) under conditions of low Pdi and high
Pdi, respectively. Panels B and D represent lung regions

10 cm and 25 cm from the top under conditions of low Pdi
and high Pdi, respectively. In each subject measurements of
regional volumes following passive inflation ffom a given
overall lung volume did not differ from measurements made
after active inspiration with predominantly intercostal and
accessory muscles (low Pdi). The ?ooled results of all four

subjects for the means of the upper 2 bairs of counters and
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Figures 4-7: (Fig. 4,p.48; Fig.5,p.49; Fig. 6,p.530; Fig. 7,p.51)
Relationship between regional lung volume expressed as % of
regimal TLC (TLCr) and overall lung volume expressed as %

of TLC. A and C: uppermost (solid dots) and lowermost (crosses)
lung regions ( 5 cm and 30 cm from the top). B and D: lung
regions 10 cm (solid dots) and 20 cm (crosses) fram the top.

A and B: alveolar expansion when Pdi is low. C and D: alveolar
expansion when Pdi is high. Note substantially smaller gradient
in alveolar expansion when Pdi is high than when Pdi is low.
Open circles and open triangles in A and B denote measurements

cbtained after passive inflation.
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the lower 2 pairs of counters are shown in Fig. 8. At all
lung volumes the vertical gradient of alveolar expansion was
greater when the diaéhragm was 'relaxed' than when it was
voluntarily contracted. At 70% TLC, the vertical difference
In alveolar expansion between the u?per and the lower lung
regions decreased from 19.7 + 1.7 (mean 1 SE) % TLC, when

Pdi was low, to 3.9+1.5 % TLCr when Pdi was high.

- Curves: Because of an appropriate adjustment of the 133Xe

concentration inspired from the different lung volumes, the
mean expired 133Xe count rates were similar éfter each
maneuver. Consequently, the expired alveolar plateaus were
comparable. Figure 9 shows the results from one subject with
the plateaus displaced for visual clarity. The slope of the

133Xe from

expired plateau was steeper when inspiration of
each of the four lung volumes was performed with the diaphragm
relaxed than under conditions when the diaphragm was volun-

tarily contracted. The difference was greatest at the midrange

of lung volume (40 and 60% VC). Qualitatively similar results

were obtained in each subject.

3) Helium Washout Curves:

a) Lateral position.
i)Relaxed expiration. The He washout during
an RE maneuver showed the characteristic Fhases I, II, and
III. The FEy  rose abru?tly at 58 +1.6% VC (means *1 SE)

in all subjects and continued to rise as RV was approached
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Figure 8: Regional lung volume plotted against overall lung volume.
A: low Pdi; B: high Pdi. Bars indiéate 1 SE on either side of
mean. Axes as in Figs. 4-7. —e— Mean values of upper 2 pairs of
counters. — x — Mean values of lower 2 pairs of counters. At

all lung volumes vertical gradient of alveolar expansion was

greater when Pdi was low than when Pdi was high.
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(Fig. 10A). This portion of the expired tracing, which might
be interpreted as a Phase IV, could be divided in some sub-
jects into two separate segments, Wwhich were separa-

ted by a second inflection point at a volume correspond-
ing to 10.6 +1.0% VC.

During RE, the Pdi fell from approximately 40 cmH20
at TLC to 5-10 cmH20 at 80% VC. It remained at this wvalue
over most of the midlung volume range and rose gradually
as RV was approached (Fig. 10a). The quasi-static pressure-
volume (V-P) curve obtained during the He washout was similar
to that of the erect subject.

ii)Expiration with voluntary diaphragmatic
contraction. When the Pdi was maintained in excess of 30 cmH20,
the pattern of He washout differed consistently from that
seen during RE. The alveolar plateau had a constant slope
down to 8.2 +0.8 % VC, where an abrupt increase in FEHe
constituted the onset of Phase IV (Fig. 10B). The FEye
on the alveolar plateau at lung volumes above 70% VC was
approximately 1.3 £0.05 (mean *1 SE) times higher during
VDCE than during RE (Fig. 11) but at lower volumes it was
lower, with the result that the total amounts of He expired
during VDCE and RE were the same. The quasi-static V-P
curve was not systematically different from that obtained
during RE. In every subject, the am?litude‘of the cardio-
~genic oscillations (AHe) was greater during VDCE than during

RE. This difference was more marked at low lung volumes

(Fig. 12).
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Difference between_RE

and VDCE in pattern of the washout curves (middle panels) is

related to different transdiaphragmatic pressure (upper panels),

the expiratory flow rate during RE and VDCE (lower panels)

having been similar.
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Figure 12: Amplitude of cardiogenic oscillations (A He%) during
expiration with voluntary diaphragmatic contraction (high trans-
diaphragmatic pressure. P3di) was consistently greater than it
was during relaxed expiration (low Pdi), at both high and low

lung volumes. Symbols as in Fig. 11.
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In one subject in whom VDCE was performed at varying
levels of Pdi, the slope of Phase IV progressively flattened
as Pdi was increased up to 60 cmH,0. Higher values of Pdi,
maintained throughout expiration, did not change the washout.

iii)Expiration with step changes in Pdi. A
step increase in Pdi during RE resulted in an abrupt and
transient rise in FEHe (Fig. 13), but a step decrease during
VDCE was followed by an abrupt and transient fall. Expiratory
flow did not change. The FEHe‘after the rise or fall was
not the same as it was before the changes in Pdi, and it
differed at different lung volumes. Between 65 and 80%

VC, following the transient rise, it was higher after a

step increase in Pdi (Fig. 13), whereas between 20 and

55% vC, it dropped after the transient rise to a value
smaller than that at the same volume during RE (Fig. 13).
Step decreases in Pdi had the opposite effect on it at the
respective lung volumes. Pooled data af the changes in FEpe
(not including the transient deflections) produced by step
changes in Pdi are shown in Fig. 14 for each of the two lung
volume ranges.

In the three subjects who inhaled He boluses at
different lung volumes, the slope of Phase IV became opposite
to that seen after inhalation of a bolus at RV, even though
the lung volume at which it was inspired was less than 50%
YC. The tendency for Phase IV to flatten or reverse became
~greater in each subject as the lung volume at which the

bolus was inspired became higher.
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Figure 13: Effect—of step increase in transdiaphragmatic pressure
(Pdi) upon He washout. A: at high lung volume . B: at low lung
volume. Ini§oth cases, the step increase in Pdi (upper panel)
resulted in an-abrupt and transient rise in expired He concen-
trationw(FEHé)f(middle panel%ﬁfwhich'ét high—~Yung volume (A) was
followed by a higher and at lower lung volume (B) by a lower

FEHé than it was during a relaxed expiration (RE) maneuver.

See text. _ ' _ -
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expired concentration without step change in Pdi. Symbols

as in Fig. 11.
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b) Supine position.

During RE the slobe of the alveolar plateau
remained constant at 0.36 + 0.08 % He/ liter down to a closing
volume of 15.4 +0.8 % VC. In contrast, during VDCE the
slope of Phase III was 0.12 £+0.05 & He/ liter (P <0.05;

Fig. 15) and closing volume decreased by 3.7 £0.4 % VC

(P <0.05; Fig. 16).

e) Discussion

The studies with 133

Xe indicate that in the lateral
decubitus posture the vertical gradient of alveolar expan-
sion is markedly influenced by the magnitude of diaphragma-
tic tone (Fig.1l6). Assuming that contraction of the diaphfagm
does not change the elastic properties of the lung, a
reduced vertical gradient of regional expansion implies a
reduced gradient of pleural pressure. When lung expansion

is not isotropic, the calculation of pleural pressures from
measurements of regional expansion may not be accurate.
Nevertheless, a semi-quantitative assessment of the changes
in pleural pressure gradient can be obtained by assuming a
uniform distribution of elastic properties throughout the
lung, and relating the changes in regional volume to the
measured pressure volume curve in each subject. The calcu-
lated vertical pleural pressure difference at 70% TLC was
divided by the distance between the respective counterfields
and the result expressed as a pleural pressure_gradient.
Voluntary contraction of the diaphragm decreased the gradient

from 0.23 +0.03 cmH20/cm to 0.04 £0.01 cmH20/cm, a factor of
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matic pressure (Pdi) slope of Phase III was higher than it was

during expiration with contracted diaphragm (high Pdi). Symbols

as in Fig. 11.
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Figure 1l6: Effect of diaphragmatic tone on closing volume (CV)
in supine subjects. CV was consistently lower during expiration
with contracted diaphragm (high transdiaphragmatic pressure, Pdi)
than it was during relaxed expiration (low Pdi). Symbols as

in Fig. 11.
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six.

In the horizontal subject, the factors determining
dPpl/dD are 1) the weight of the lung (61), 2) the weight
of abdominal contents (74), 3) the relationship between the
shape of the rib cagé and the shabe of the lung (75,96),

4) the elastic properties of the lung (102), and 5) the effect
of gravity on the chest wall shape (75). It is most unlikely
that during VDCE either the elastic properties or the weight
of the lung changes. However, the influence of the abdominal
contents must differ. The diaphragm separates the abdomen
and its contents from the thoracic cavity. When the subject
is horizontal and relaxed, the dia?hragm provides a highly
compliant partition allowing the weight of the abdomen to

act on the rib cage. Agostoni et al (75) demonstrated that
dPpl/dD measured in horizontal animals decreased two-to-
threefold after evisceration. 1In man, the diaphragm during
contraction becomes rigid, effectively isolating the thoracic
cavity from the influence of the abdomen. Thus with the
diaphragm contracted, the influence of the abdominal contents
on the dPpl/dD and hence on the regional lung volume and

the pattern of lung emptyirng may be substantially reduced.

In addition, contraction of the diaphragm may have
also a direct effect on the rib cage, tending to flare the
caudal ribs outward. This would decrease the Ppl over the
corresponding portions of the lung, as seen in horizontal
animals during electroﬁhrenic stimulatioen (110,111). If,
due to gravity; the deﬁendent part of the rib cage were less

expanded when the subject is relaxed, then, during diaphragma-
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tic contraction when the chest wall is more rigid,the change
in pleural éressure cauéed by exéansion of the rib cage would
be greatér over deéendent lung regions. This would constitute
a decrease in the dPpl/dD, as suggested in our studies.

Finally, it is conceivable that if the weight of
the mediastinum contributes to the pleural pressure over the
lower lung regions, then, duiing diaphragmatic contraction,
tensing of the mediastinum may result in iower applied
pressure over the mediastinai surface of the dependent lung.
This would decrease dPél/dD. Radiological observations
support this possibility. The mediastinum is 1lifted up
during each inspiration when the subject is in the lateral
decubitus position (121), and during diaphragmatic contraction
as performed in our study, the mediastinum was elevated
in relation to its relaxed position (Fig. 1). The observa-
tion that- cardiogenic oscillations increased dgring VDCE
(Fig.’12);could,begexplained on the basis of greater tension
of the méaiastinum. Tight mediastinal tissues would facili-
tate the transmission of the cardiac impulse to the lungs.

In small anesthetized animals, the gradient in
pleural surface pressure in the lateral decubitus posture is
much greater than in the head-up ?osition (78). We
speculated that thié might also be true in human éubjects
however, that the calculated pleural éressurevgradient was
similar to that seen in the erect éosture (56) . Further-
more; if the weight of the abdominal contents results in a

hydrostatic gradient of pressure ( 1 cmH,0/cm) which is
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applied to.the.dia§hragmatic surface, why does the lung not
reflect this gradient? There are several possible explana-
tions: First, our measurements indicate that the 'relaxed'
diaphragm may in fact be under tension. This could be due
to persistent tonic reflex muscle activity and/or a passive
stretching of the diaphragm particularly in 'the dependent
diaphragmatic regions, which might be more stretchéd than
the nondependent. Consistent with the former is the obser-
vation that in anesthetized, paralyzed subjects in the
lateral decubitus posture the deﬁendent diaﬁhragm is dis-
placed ce?halad relative to its position in the awake

state (114). In either case, in the presence of tension,
the smaller radius of curvature of the dependent hemidiaphragm
could result in the development of a greater pressure
opposing the hydrostatic pressure in the abdomen. A tense
diaphragm could thus impede the transmission of the abdomi-
nal pressure gradient to the thoracic cavity. It should be
noted that to the degree that the weight of the mediastinum
contributes to the gradient of alveolar expansion, not all
of the calculated pleural pressure gradient is due to the
transmission of the abdominal pressure gradient to the
thorax.

Our measurements of the vertical distribution of
regional volumes with 'relaxed' diaphragm differ from those
of several ?revious studies. In contrast to Kaneko et al (57L
we did not.rePresent the relationship between regional volume
and vertical distance from the top of the lung by a linear

regression, but joined the data points with a smooth curve.
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We felt this representation was more realistic and allowed

us to make several interesting observations. From Fig. 3 it
is apparent that the vertical gradient of expansion is inter-
rupted at the level of the mediastinum so that the two lungs
have qualitatively similar but discontinuous distributions of
regional volume. At mid-lung volumes, this discontinuity is
particularly marked. In both lungs the middle region is

the most expanded. The reason for this is not entirely
clear. The weight of the mediastinum could account for the
relative deflation of the uppermost region of the dependent
lung, but a similar pattern in the nondependent lung cannot
be easily explained in this way. The behavior of the lungs
as two relatively independent units is further illustrated

by their response to diaphragmatic contraction (Fig. 3).

The vertical gradient of expansion in the dependent lung

was abolished or even reversed} whereas the gradient in

the upper lung was diminished to a smaller degree. The
volume redistribution between the two lungs must have been
substantial.

When the diaphragm is 'relaxed' the relationship
between regional volume and overall lung volume is alinear
(Fig. 7A) indicating that the relative volume changes of
different lung regions are not constant, even ébove FRC.
This is in agreement with the measurements of Rehder et al (122)
in anesthetized‘and paralyzed normal subjects, but differs
from the conclusions of Kaneko et al (57). The ratio of
the slopes of the two curves in Figl 8 has been plotted

against overall lung volume (Fig. 17). The blot reflects
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Figure 17: Relative volume changes of upper and lower lung
regions plotted against overall lung volumes. Ordinate is
equivalent to ratio of slopes of two pairs of curves in Fig. 8
calculated at intervals of 5% TIC. With low Pdi, ratio

increases abruptly at approximately 60% VC, indicating relatively
smaller volume changes of dependent lung regions. With high

Pdi, relative changes in regional volumes are constant over

most of VC.
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- the relative rates of change of upper and lower luné regions

| 6:2 at different lung volumes. A surprisingly abrupt change in
the ratio is seen at approximately 60% VC. At lower lung
volumes the ratiq progressively increages, indicating
progressively smaller relative changes in volume of dependent
lung regions. This élot bears a remarkable similarity to
tracings of expired He concentration élotted against expired
volume, after inhalation of a bolus of He at RV (Fig. 10a).
. When the diaphragm is voluntarily contracted, the
relative changes in regional volumesare constant over most
of the volume range, as indicated by a relatively constant
ratio of theée two slopes (Fig. 17). Again, tﬁe ratio plot
bears a close similarity to He bolus washout$ performed

with a contracted diaphragm (Fig; 10B), Thus, the

expired He versus volume tracings can be accounted for by
the vertical sequence of emptying of tobographically
distributed lung regions both when the diaphragm_is relaxed -
and when it is-voluntarily contracted. ‘

In analyzing the He data, we assumed that any -

stratified iﬁlﬁﬁéégnei_ty p;cesep_i:_ in the lungs would be -.
-uninfluenced by the state'of‘diaﬁhraématic“contraction. Since -
the amount of He inhaled at RV as well as the inspiratory,
ufiow were identical:-in the maneuvers, we assumed that the
vertical He concentration gtadient at the begihning 6f
expiration was alwéys the same. _Therefore any differences in

the He washout between RE amd VDCE must have been due to

differences in lung emptying.

Inhalation of a bolus of 133Xe at RV by subjects

in the lateral position produces very mudh greater l33Xe
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concentrations at the top of the lung than at the bottom (82).

133

Correlation of regional Xe concentration with expired

133Xe washouts indicates that the lowermost lung regions tend
to empty first, whereas the uppermost contribute more aﬁ
lower lung volumes. Furthermore; this pattern of sequential
emptying is gravity-—dependent (82). Similar conclusions are
deduced from Fig. 9. In the present study, the increase in
the slope of the FEye at 58% VC during RE indicates a progres-
sive increase in the contributions from the He-rich uppermost
lung regions. This observation is similar to that of other
investigators (82, 123). However, during VDCE the pattern

of lung emptying was radically different. The higher FEue
during the first portion of the expiration indicates that
the fractional contribution from the He~rich upper lung
regions was greater, but the decreased FEHe during the latter
part of the expiration suggested an increased contribution
from the lowermost zones. This signified a considerable
decrease in the degree of sequential emptying, the different
lung regions contributing more uniformly to the expirate.

133Xe washout curves

of Fig. 9, which show that the distribution of inspired 133Xe,

Similar conclusions can be drawn from the

or of regional volume, was more homogeneous at all lung
volumes when the diaphragm was contracted than when it was
relaxed.

The changes in FEpe following step changes in
transdiaphragmatic pressure (Pdi) confirmed the influence
of diaphragmatic contraction on the ?attern of lung emptying

(Fig. 6). An understanding of the topographical basis for
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these changes may be gained from a two—comparément model analy-
sis in which regional volume of each compartment is plotted
against overall lung volume (56,57). Because of the gradient
in pleural pressure, the uéper region is always more expanded
than the lower one (Fig. 18). If Pdi is increased over a
small volume interval EF; during RE, then at a high lung
volume, the distribution of regional volumes changes from

a and b to ¢ and 4. During this change, all of the expirate
will come from the up?er region, resulting in a transient
large increase in FEHe (Fig. 13). Subsequently, at lung
volumes smaller than F, the FEhe will be greater than it

was in the early part of the expiration because of the greater
contribution of the total ex?irate from the He—~ rich upper
compartment.

A step increase in Pdi (Fig. 18) at a low lung
volume, E' (below 58%, VC), will also produce a transient
increase in FEyg due to the redistribution of regional
volume (a' and b' to ¢' and d'). However, following this
transient, the FEHe will be less than it was during RE at
the same lung volume. This is because the He-poor dependent
regions now contribute more to the expirate (dashed lines
in Fig. 18). Similarly, step decreases in Pdi during VDCE
will be associated with changes in regional volume and in
regional emptying opposite in direction to those discussed
above.

The distribution of regional volume from a and
b to ¢ and'd; as well as from a' and b' to c' and d' when

Pdi is increased constitutes a decrease in the vertical
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Figure 18: Two-compartment model representation of upper and
lower lung regional volumes relative to overall lung volume

(after Milic-Emili et al, 56 ). Solid lines: regional volumes

during relaxed expiration. Broken lines: regional volumes
during expiration with contracted diaphragm. Diagonal solid
thin line: line of identity. Arrows between solid and broken
lines show the change of regicmnal volume during step increase
in transdiaphragmatic pressure. See Discussion for further

details.
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gradient of alveolar expansion, as is shown with our 133Xe

studies (Fig. 8) , and it is consistent with the changes in
the topographical distribution of alveolar distention
observed at FRC in our preliminary radiological study (Fig. 1).
During VDCE in the suﬁine subject, the slope of
Phase III was consistently less and the closing volume was
smaller than it was during RE (Figs. 15 & 16). These results
are also consistent with the hypothesis that diaphragmatic
tone influences the pattern of lung emptying in the supine
posture in a manner similar to that in the lateral position.
The conclusion that voluntary diaphragmatic con-
traction changes the pattern of ventilation distribution, and
hence dPpl/dD, raises the possibility that during spontaneous
tidal breathing in the horizontal subject, dP?l/dD during
inspiration, when the diaphragm is atively contracted,
may differ from that during expiration, when the diaphragm
1s relaxed. There is considerable experimental as well as
theoretical evidence to support this.hypothesis. In the
one subject in whom He washouts were performed during VDCE
with Pdi maintained at different constant values, the pattern
of lung emptying differed from that during RE, even when
Pdi was held at 20 cmH,0. This indicates that even mild
degrees of diaphragmatic contraction influence ventilation
distribution in the lateral decubitus position. Direct
measurements in spontareously breathing suéine dogs by
Farhi et al (115) showed that the swings of pleural pressure
were greater in the dia@hragmatic sinus at the pbsterior

vertebral gutter than they were at other sites over the
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costal surface of the lung. Similar measurements have not
been made in man. However, Pdi rises during each inspira-
tion and falls during expiration, reflecting the degree of
contraction of the diaphragm. If during expiration the
relaxed diaphragm allows greater deflation of dependent
lung regions because of greater transmission of the hydro-
static pressure_gradient of the abdomen, then upon inspira-
tion, when the diaphragm is contracting, the influence of the
abdomen on the lung will be diminished. Consequently, depen-
dent zones will be exposed to a greater change in pleural
pressure than nondependent regions and ventilation will be
preferentially distributed to deéendent zones to a greater
extent than that ?redicted by the regional pulmonary compliance.
The reversal of Phase IV seen when the bolus was
inhaled at a lung volume less than 50% VC would not have
been consistent with airways closing at higher lung volumes
in erect subjects (45). However, if as we believe, dPpl/dD
decreases during inspiration and increases upon expiration,
then theoretically the possibility that airways close at
58% VC cannot be excluded from these observations. During
inspiration, the pleural pressure over the dependent lung
regions may decrease markedly, exceeding the critical opening
pressures, with consequent inflation of the lung. Thus,
due to a greater swing in pleural pressure, the lower lung
zones may be the first to inflate and the first to deflate.
This explanation would be consistent with the fact that the
de?endent lung is better ventilated and contributes more

to overall gas exchange (56, 124, 125, 126) even if the
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closing volume exceeds FRC (127). However, a marked increase
of closing volume in the lateral decubitus position seems
unlikely. The volume of the dependent iung at FRC is the same
as that in the supine subject (124, 128) despite the change
in overall FRC. Since supine closing volume is similar to
that in seated subjects (129), it is difficult to explain

‘a marked increase in the lateral decubitus posture. Further-
more we did not obsexve any inflectioﬁ point on the V-P

curve at high lung volume which is suggested to be an indica-
tion of airway closure (85, 130). Finally our results with
133Xe suggest that massive closure of airways in the dependent
regions does not occur at high lung volume (58% VC) even

when the diaphragm is 'relaxed'. Were this the case, then

the lowermost lung region would not change its volume measurably
between 50% and 20% VC. (Figs. 4~7). Yet only in subject

MC (Fig. 4) was there a tendency for the volume of the
lowermost_region to remain-constant- between 40%and 20% VC.-~
Our conclusion is consistent with the demonstration that

in the lateral posture,N, closing volumés measured independent-

ly—=in each-lung are-not-greater than in the erect position

(131).
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IT. 2. 2) Voluntary Factors Influencing the Distribution of
Inspired Gas.
a) Summary

This study was designed to assess the influence of
voluntary patterns of respiratory muscle contraction on the
distribution of inspired gas at low flows (0.4 liter per sec).
Three types of inséiration were studied in 9 normal subjects
in upright, supine, and lateral decubitus posture: (1) natural,
(2) intercostal, during which rib cage expansion was accen-
tuated by preferential use of intercostal and accessory
muscles, and (3) abdominal, during which abdominal motion
was enhanced. The types of inspiration were assessed by
monitoring transdiaphragmatic pressure and the anteroposterior
diameter of the rib cage and abdomén. Distribution of inhaled
gas was measured directly in 4 seated subjects using Xenon 133
as tracer gas, and indirectly, by inference from helium bolus
washouts in 5 subjects in upright, supine, and lateral
postures. 1In all postures,the tracer gas inhaled at functional
residual capacity could be distributed preferentially to
dependent lung regions by an abdominal inspiration, whereas
an intercostal inspiration resulted in a more even distribu-
tion, or one preferentially to the nondependent zones. When
the tracer gas was inhaled at residual volume, differences
in distribution between abdominal and intercostal inspira—
tions were detected only in the lateral posture. Thus, in
normal subjects distribution of inséired gas may be altered

by voluntary use of different muscle groups. This implies
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unequal regional pleural pressure swings that differ in the

various breathing maneuvers.

b) Introduction

There is little evidence that the various breathing
patterns alter the distribution of inspired_gas. In fact,
several studies have shown that topographic distribution of
ventilation is unaltered, both in normal subjects and in
patients with obstructive lung disease when different
breathing patterné'are used (107,116, 117,118).

In the previous experiment, it was shown that in the
horizontal posture,the tension of the diaphragm substantially
influences the vertical gradient of alveolar expansion and
the pattern of lung emptying. Furthermore, both in upright
and horizontal postures,different sequences of thoraco-
abdominal motion measurably alter the pattern of lung emptying
(132,133) . These results suggested to us that intrapulmonary
distribution of inspired gas may be sensitive to alterations
of lung shape (134). We therefore systematically studied
the distribution of inspired gas in different body positions
after inspirations initiated by different muscle groups. Our
results clearly show that specific voluntary patterns of
respiratory muscle contraction substantially change the
regional distribution of inspired gas in all postures.
Furthermore, this voluntary influence is most marked and
is easily achieved in the horizontal éosition, where its
Potential application to patients with lung disease may

be most wvaluable.
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cl.Methpds
We studied 8 normal men and 1 normal woman 30 to 45
years of age. Subjects were studied upright, supine , and in
the right decubitus ?osture; however, not all of the subjects
were studied in each of the 3 positions. Distribution of
inspired gas in the lung was determined directly , using

133Xe) as the tracer gas, or ,indirectly, by

Xenon 133 (
inference from single-breath washouts of helium (He) (see

following).

inspired in each of 3 different ways in each posture, and
at least 2 runs were performed for each maneuver.

i)Natural inspiration. The subject inspired a
predetermined volume of tracer gas at a constant flow of .
less than 0.5 liter per sec; continuing the inspiration to
total lung capacity (TLC). He inspired naturally, inasmuch
as he made no voluntary effort to influence the shape of
the chest wall or the pattern of respiratory muscle contrac-
tion. Each inspiration was preceded by a constant-volume
history consisting of an inspiration to TLC followed by 3 tidal
breaths (Fig. 1).

ii)Intercostal inspiration. After a similar

volume history, the subject inspired the tracer gas at a
constant flow (< 0.5 liter per sec) using predominantly the
intercostal and accessory muscles of the rib cage. In parti-
cular, he attembted to relax his dia?hragm and abdominal

muscles so that the abdomen was drawn inward during the
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Figure l: Experimental procedure during each maneuver.

At the beginning of the slow inspiration either a bolus (4 ml
of Xenon 133 (133Xe) - arrow; 150 ml of helium (He,stippled
area) or a tidal volume of tracer gas (500 to 600 ml of 133Xe
or He , dashed area) was inhaled. See Methods for further

details. TLC = total lung capacity, FRC = functional residual

capacity, RV = residual volume.
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initial part of the inspiration (Fig. 2). The subjects were
aided by an oscillosco?ic display of the anteroposterior
diameters of the rib cage and abdomen on an X~Y plot (135,136)
as well as by a visual display of transdiaphragmatic
pressure (Pdi), which had to remain unchanged during the first
600 ml of the'insﬁiration. If Pdi increased significantly,
the run was discarded. We interpreted an unchanging Pdi as
signifying a 'relaxed' diaphragm so that pleural and abdominal
pressures decreased by equivalent amounts, and the diaphragm
was drawn upward. After a volume greater than 600 ml had
been inspired, the subject continued to TLC using all respira-
tory muscles.

iii)Abdominal inspiration. After a similar volume
history, the subject ins@ired the tracer gas at a constant
flow 0.5 liter per sec) by contracting his diaphragm and
?ushing out the abdominal wall. This was associated with a
large increase in Pdi and in the anteroposterior diameter
of the abdomen, whereas the anteroposterior diameter of the
rib cage remained uncﬂanged, or decreased, during the first
part of the inspiration (Fig. 2). When these changes in
anteroposterior diameters were not observed, the run was
discarded,because an increase in Pdi can be obtained without
significant abdominal motion by simultaneous contraction of
the diabhragm and abdominal muscles. After at least 600 ml
had been inspired, the subject continued to TLC using all
inspiratory muscles.

Similar types of inspiration were'performed when

the tracer gas was inhaled from residual volume (RV). How-
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Figure 2: Diagrammatic representation of thoracoabdominal

shape (136) , during relaxation against obstructed airway (dashed
line), during inspiration initiated mainly with intercostal

and accessory muscles (IC in), and during inspiration initiated
with enhanced abdominal motion (Ab in). A -P = anteroposterior,

FRC = functional residual capacity, RV = residual volume.
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ever, in that position we only monitored rib cage and

abdominal anteroposterior diameters whose changes were

similar to those obtained at functional residual capacity (FRC) .
The Pdi was not monitored because the esophageal pressure near

RV may not accurately represent pleural pressure.

2) Typelof‘E§piration: When distribution of

inspired gas was measured indirectly, by inference from
expired volume versus He concentration curves, the pattern
of expiration was rigorously standardized. Expiratory flows
were kept constant at €0.5 liter per sec with the aid of

an expiratory resistance, and a fixed sequence of thoraco-
abdominal motion was used. The subjects exéired from TLC

to mid-vital capacity (VC) by decreasing the anteroposterior
diameter of the abdomen while actively maintaining rib cage
expansion. Subsequently, both rib cage and abdominal
anteroposterior d%ameters were allowed to diminish as
expiration to RV was continued. Just as during inspiration,
the subjects were aided by an oscilloscopic display of

the anteroposterior diameters of the rib cage and abdomen

on an X-Y plot (10). A standardized sequence of thoraco-
abdominal motion increased the reproducibility of the expired
gas concentrations and allowed for a better resolution of
differences in distribution of the inspired He. We have
previously shown that the pattern of lung emptying is
influenced by the sequence of thoracoabdominal motion, and
that the pattern described previously results in a more

linear and steeﬁer alveolar plateau both in the upright
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posture (132) and in the horizontal posture (133). The Pdi
remains low during most of the exéiration, increasing
as RV is approached, as in an ordinary normal slow expira-

tion.

3)'Studiest'ing'l3 enon: Four male seated

133Xe

subjects inspired at FRC either a bolus of 4 ml of
labeled gas (~ 1 mCi) injected into the mouthpiece, or a

500 ml tidal volume (Vp) of ~>°

Xe-labelled gas (~2 mCi per
liter), followed by air to TLC. Intercostal and abdominal
inspirations were randomized and at least 2 runs were
obtained with each ty@e, both for bolus and Vp inspirations.

3Xe labeled

For technical reasons, the distribution of 13
Vr breaths was not measured in one of the 4 subjects. At
TLC, the subject held his breath with a closed glottis while

133Xe count rates were measured with 6 pairs

the regional
of horizontal scintillation detectors positioned 5 cm apart
vertically behind the chest. Skin markings made on the chest
of each subject assured constancy of position during counting
at TLC. An additional scintillation detector, positioned
over the trachea, recorded the passage of 133Xe-Lxﬁlled gas
through the trachea during inspiration. This allowed us

to determine the volumetric dispersion of the tracer at the
level of the trachea both when a bolus and when a Vqp was
inspired. Regional concentrations after each inspiration
were calculated from the regional count rates by comparison
with those obtained after equilibration with a known 133Xe

concentration (44). Regional concentrations were expressed
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as percentages of those that would be measured after uniform
distribution of the tracer gas (137). Data analysis was
performed on-line by a Data General computer with off-line
plotting of all regional count rates for data storage.
Flow was measured by a pneumotachOgra§h and a Validyne
differential pressure transducer whose signal was .integrated
to measure volume. The Pdi and gastric pressure were obtained
as is described in the methods of experimént II.2.1.

The anteroposterior diameters of the rib cage
and abdomen were measured with 2 pairs of linearized magne-
tometers (135,136). One pair was positioned half-way
between the angle of Louis and the xiphoid cartilage, and
the other pair was just cephalad to the umbilicus. The
magnetometers were calibrated during isovolume maneuvers
(136) to produce equal signals for equivalent volume changes
of the rib cage and abdomen. The signals were displayed
on X and Y coordinates of an oscilloscope as well as on
an 8-channel strip chart recorder. The latter also recorded
gastric.pressure, Pdi, flow, Qolume, and the count rates

from the scintillation detector over the trachea.

4) Studies Using He: We recorded single-breath

He washouts in the upright, supine, and lateral decubitus
postures in 5 subjects inspiring the tracer gas from either

FRC or RV.
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1) Inspiration from FRC. After a volume history

33Xe studies, each subject in-.

similar to that used during 1
haled either 150 ml (bolus) or 600 ml (Vq) of 100 ﬁer cent He,
followed by air to TLCl Natural, intercostal, and abdominal
inspirations were randomized, but at least 2 of each were
Performed by each subject in each bosture. During.the sub-
sequent standardized exﬁiration (See brevious descriptionb

He concentration (FEHe) was nmeasured at the mouth.

ii) Inspiration from RV. After exhaling to RV,

each subject inhaled a 150 ml bolus of He followed by air

. to TLC. At least 2 runs were made with a natural, inter-

costal, or abdominal type of inspiration. During the subse-

quent VC,expiration FEje Was recorded at the lips in the same

" manner as after inspirations from FRC. During these studies

particular attention was paid to ensure that each subject
inhaled the He bolus from true RV. Only when the ins?ired
and expired VC matched to within 100 ml (~ 2 per cent VC)
were the maneuvers accebted as satisfactory.

Measurements of flow, volume, gastric pressure,

Pdi, and anteroposterior diameters of the rib cage and abdo-

"men were made in exactly the same way as described for the.

133Xe studies. The magnetometers were calibrated in the upright

bosture. ‘In addition, FEy, Vas measured with a mass spectro-
meter (Perkin—Elmer) and was Yecorded, together with
expiratory flow, on the 2 ordinates of an XYY' recorder
against exéired volume on the abscissa. We calculated the
amount of He exhaled during each maneuver from the Fg.

and volume signals using an electrical product integrator.
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This served as a check to ensure a constant bolus size and
to permit quantitative comparison of the slopes of the alveo-

lar plateau.

d) Results

1)'Distribuﬁioh ofvl33

" Posture: There were no systematic differences in the

count rates between the 2 counters of each pair situated
at a given vertical height. Consequently, measurements

obtained from each pair of counters were averaged.

A representative distribution of regional 133%e

concentration in one subject is shown in Fig. 3. After

an intercostal inspiration of a bolus of 133

more 133Xe was distributed to the up?er and midlung zones

Xe, relatively

and less was distributed to the bases than after an abdominal
inspiration. We quantified these differences by caiculating
the ratio of the mean 133Xe concentration in the uppermost

2 pairs of counters to that of the lowermost 2 pairs of
counters (U/L). After an intercostal insPiration U/L in
every subject was substantially greater (means+ 1 SE, 0.89 %
0.12) than after an abdominal breath (0.60 +0.10, P < 0.0l).
Similarly, the U/L of a Vq of l33Xe labeled gas was con-

sistently greater after an intercostal inspiration than

after an abdominal inspiration (P <0.05) (Fig, 4). The
difference in distribution between intercostal and ab@ominal

breaths, however, was smaller when a Vp was inspired than

when a bolus was inhaled.
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Figure 3: Regional distribution of a bolus 0f Xenon 133 (133x

e)
inhaled at 0.4 liter per sec fram functional residual capacity in
1 seated subject. Upper panel. Inspiration using predominantly
intercostal and accessory muscles (IC). Lower panel. Inspiration
with enhanced abdominal motion (Ab). Different symbols indicate

duplicate measurements. Abscissa is normalized alveolar 133Xe
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Figure 4: Relative distribution of Xenon 133 (133Xe) between
the 2 uppermost and the 2 lowermost counterfields (U/L ratio)
in seated subjects. After an abdominal (Ab) inspiration, de-
pendent lung regions received greater proportion of inspired
tracer gas (4 ml left; 500 to 600 ml, right) than after an
intercostal (IC) inspiration. Different symbols represent
different subjects. Horizontal bars are mean values. Flows

were <0.4 liter per sec.
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i)Inséiration from FRC. A representative
example of a tracing obtained during expiration is shown
in Fig. 5. This is a washout obtained in the right
lateral decubitus posture after inhalation of 600 ml of
tfacer‘gas. The slope of the linear éortion of the alveo-
lar plateau after an intercostal insﬁiration is positive,
whereas that after an abdominal inspiration is negative.
In fact, in each of the 3 postures, in every subject, the
slope of Phase III of the He washout (expressed as per cent
He per liter of expired volume) was greater after intercostal
than after abdominal inspirations (P<£ 0.05). After a natural
inspiration, the magnitude of the slope was intermediate
between those of the other 2 maneuvers. Pooled results
from 5 subjects in the upright posture are shown in Figure 6.

In the horizontal postures, the results were

qualitatively similar to those in the seated position. 1In
5 subjects who inspired 600 ml of He in the supipe posture,
the slope of the alveolar plateau was 0.29 ¥ 0.02 per' cent
He per liter after intercostal inspiration, 0.05%£0.12 per
cent He per liter after a natural inspiration, and -0.10%
0.14 per cent He per liter after an abdominal inspiration
(Fig. 7). Considerably greater differences were observed
in the same 5 subjects in the right lateral decubitus posi-
tion (Figs. 5 and 8). The slopes after an intercostal,
a natural, and an abdominal inspiration of 600 ml of He
were, resi)'ectivel‘y,' 0.3240.13, ~0.65 -_"'_'0.31; and -1.66 * 0.21

per cent He per liter. Distribution of a smaller volume
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Figure 5: Expired helium concentration (FEHe) vs. volume curves
after inhalation of 600 ml of He from functional residual capacity
in 1 gubject in the lateral decubitus posture. Note differences
in slopes of alveolar plateau at constant expiratory flows
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cessory muscles. B. With enhanced abdominal (Ab) motion.
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Figure 6: Effect of different patterns of inspiration on the

slope of the helium (He) plateau in seated subjects; 150 ml of
He were inhaled at 0.5 liter per sec fram functional residual
capacity (FRC). Different symbols represent different subjects.
Horizontal bars are mean values. Slopes were most positive
after intercostal (IC) inspiration, most negative after
abdominal (Ab) inspiration, and intermediate after normal

(N) inspiration.
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Figuré 7: Influence of pattern of inspiration on slope of
helium (He) plateau in supine subjects; 600 ml of He were
inhaled at 0.5 liter per sec from functional residual
capacity. Different symbols represent different subjects.
Slopes are most positive after intercostal (IC) inspiration,
most negative after abdominal (Ab) inspirations, and inter-
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of He (150 ml) also showed differences reflected in the slope
of the alveolar plateau (Fig. 9), that after intercostal
inspiration (0.31 :0.11 per liter), peing greater than that
after abdominal ins?iration (-0.37 *0.11 per cent He per
liter; P <0.05).

ii)Inspiration from RV. In both upright and
supine postures there were no significant differences in the
He bolus washouts among intercostal, natural, and abdominal
inspirations. In contrast, in the right lateral decubitus
position, substantial differences in the configuration of
the He bolus washout were présent between intercostal and
abdominal inspirations. Because of the alinearity of the
washouts, we quantified the differences in distribution by
taking the difference iﬁ FEﬁe between 75 and 25 per ceAt
of VC (Fig, 10). = After an intercostal inspiration,this
difference was greater (1.85 +0.33 per‘cent'ﬁef than after:

an abdominal inspiration (0.75 *0.28 per cent He; P <0.01).

e) Discussion

The results of the 133

Xe experiments clearly show

that in upright subjects the distribution of inspired gas may
be altered from that during a-natural inspiration by voluntary
changes in the pattern of respiratory muscle contraction. We
have drawn the same conclusion from the results of experiﬁ;nts
using He as the tracer gas. The interpretation of the

latter is as follows. During a slow VC expiration from TLC,

in the 3 bostures studied, lung regions distributed vertically



96

0-6 Lateral Decubitus
o4l (FRC - Bolus)
o2} R
PhaseIll | g e
% He /L
-0-2}F
-0-4k
-0-6}
-0-8F
IC ab

Type of Inspiration

Figure 9: Influence of pattern of inspiration on slope of
helium (He) plateau in lateral decubitus posture; 150 ml of
He were inhaled at < 0.5 liter per sec from functional residual
capacity (FRC). Different symbols represent different subjects.

IC = intercostal inspiration, Ab = abdominal inspiration.
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Figure 10: Influence of pattern of inspiration on the differ-

ence in helium concentration (He 5) between 75 and 25

75-2
percent of the vital capacity of the alveolar plateau; 150 ml

of He were inhaled at < 0.5 liter per sec from residual

volume (RV). The decrease in He éfter abdominal (Ab)

75~25
| inspiration reflects a more even distribution of the bolus.

IC = intercostal inspiration.
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in the gravity field empty sequentially, such that the
dependent zones empty breferentially~at high lung volumes,
whereas nondebendent zones empty preferentially at low lung
volumes (82, 138). Thus, an uﬁward—sloping alveolar plateau
suggests higher concentrations of the tracer gas in nonde-
pendent lung regions, whereas a downward-sloping plateau
indicates higher concentrations in dependent regions. Al-
though intraregional inhomogeneity contributes substantially
to the slope of the plateau (139,140% we assumed that changes
in the slope produced by different muscle contractions during
inspiration do not change the intraregional component. This
is reasonable, because voluntary changes in the shape of

the chest wall are unlikely to alter mechanical properties
within small lung regioné. Furthermore, because the expira-
tion in our‘experiment was always the same in terms of flow,‘
sequence of thoracoabdominal motion, and changes in diaphragma-
tic tension (as reflected in Pdi), differences in the slope
of the alveolar plateau should have been due to different
distributions of the inspired He. Indeed, in the upright -
posture the changes in distribution of inspired He boluses,
as inferred from the washouts, matched gualitatively the

changes in distribution of 133

Xe boluses, measured directly
with external chest counters.

Our results indicate therefore that in all postures
studied, gas distribution may be voluntarily altered without
changing flows. An inspiration from FRC, during which mainly

intercostal muscles are used, increases the distribution of
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gas to nondependent lung regions. An inspiration during
which abdominal motion is enhanced increases distribution of
inspired gas to debendent lung zones. WNatural inspirations
generally produce an intermediate distribution pattern, more
similar to that of abdominal breaths than to that of inter-
costal inspirations. These observations are true both

in the upright and in the horizontal postures and apply to
Vp as well as boluses of gas. Gas inspired from RV is pre-
ferentially distributed to nondependent regions in all postures,
and only in the lateral decubitus position were we able to
change measurably the distribution by different patterns of
muscular contraction.

For understanding the topographic distribution of
~gas inspired at low flows, the model éro@osed by Milic-Emili
(61) as described in Chapter II. 1, has been very useful.

In this model the lung is assumed to be subjected to an essen-
tially linear vertical gradient in pleural pressure in the
gravity field. Indeed, some direct measurements in animals
support this assumption (77).

Our results do not invalidate the usefulness of
this model; however, they strongly suggest that changes in
pleural pressure need not be the same over the whole surface
of the lung but may differ systematically over different lung
regions. Because flows were keét low, the different gas dis-
tribution is unlikely to have been caused by changes in
regional resistances or time constants. We therefore conclude
that the voluntarily induced shape Changes in the chest

wall influenced the distribution of the inspired tracer



100

by increasing or decreasing the regional.pleural pfessure.
This is a departure from the model in which topographic‘gas
distribution at low flows depends solely on regional pulmo-
nary compliance. The conclusions are consistent with pre-
vious observations that Mueller maneuvers performed at FRC,
using predominantly intercostal muscles, increase the eso-
phageal pressure gradient, whereas similar mouth pressures

(-15 cmHzo),achieved by contracting predominantly the dia-
phragm , ﬁroduce no change or a decrease in the gradient (113).

Our conclusions are also consistent with observa-
tions made in animal experiments. Electrophrenic stimula-
tion in dogs results in more markedly negative pleural
surface pressures over the lower lobes than over the upper
lobes both in head~up and horizontal postures (110,111) . In
contrast, after phrenicotomy, pleural pressure during spon-
taneous breathing is greatest over the upper lobes (110).

The effect of voluntary contraction of different
fespiratory muscles on the distribution of inspired gas to
upper and lower lung regions is shown schematically in Fig. 11.
The solid lines represent the regional volumes at different
overall lung volumes, when the latter are achieved in a natural
manner (after Milic-Emili, 61). The dashed lines represent
the regional volumes during an intercostal inspiration from
FRC. The change in shape of the chest wall due to selective
contraction of intercostal muscles occurs Predominantly in
the volume range ac and bd. If the shabe,change is maintained

during the remainder of the inspiration, the regional volumes
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Figure 1ll: Two-compartment model representation of upper and

lower lung regional volumes relative to overall lung volume, after
Milic-Emili (61l). Solid lines represent regional volumes

during a natural inspiration; broken lines, regiocnal volumes
during an inspiration with the intercostals; diagonal solid

line, line of identity. Arrows ac and bd show the change of
regimal volume during a bolus inspiration. Arrows ace and

bdf show the change of regional volume during a tidal

volume., (See Discussion for details). TLC = total lung

capacity.
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are represented by ceT and dfT. A holus of tracer gas inhaled
from FRC will be inspired in the first part of the range

ac and bd, and will be more evenly distributed to the 2 lung
regions than during a natural inspiration (solid lines).

The inspiration of a tidal or larger volume of tracer gas may
be considered as occurring in 2 stages. During the first part,
ac and bd, the upper region receives more and the lower region
less of the inspirate rélative to the corresponding volume
change during a natural inspiration. During the second

part, ce and df, the lower region receives relatively more-
and the upper region relatively less. Thus, the greater
apicobasal gradient in tracer gas concentration achieved early
in inspiration decreases during the second part of the inspira-
tion. Predictably, the greater the second part of the
inspiration or the larger the breath, the smaller is the
effect of the shaﬁe change due to an intercostal inspiration
on gas distribution. A similar reasoning applies to an
abdominal breath. This explains the smaller influence of

the different patterns of inspiration on the distribution of

a Vr of tracer gas than on a bolus of the tracer.

From this analysis, it is apparent that for shape
changes causing even very small alterations in regional
volume, distribution of a bolus of tracer gas only during
the shape change is a sensitive detector of this change.

The fact that Grassino and co-workers (106) observed no
change in the apicobasal distribution of regional volume
"in upright man during a variety of submaximal shape changes

is consistent with this hypothesis.
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Grassino and co-workers (106) , however, limited chest
wall deformation to those that would not ' exceed one degree
of freedom. We placed no such restriction on the subjects,
so that the deformations during our experiments may have been
more extreme. A similar explanation may account for the differ-
ence in our results from those of Bake and associates (107).
Furthermore, the exact nature of shape changes may be impor-
tant. Although Bake and associates (107) did not provide
details of chest wall configuration in the study cited, in a
study by Grimby and associates (116) the subjects augmented
abdominal breathing predominantly or exclusively in the expired
direction. This differs from the enhanced abdominal motion
of our subjects, which was entirely in the inspiratory
direction (Fig- 2).

Although the results of our studies in upright
subjects do not prové that pleural pressure swings are unequal
during natural inspirations, other evidence suggests that
this may be so, at least in some subjects. Direct measure-
ments of pleural pressure in man during quiet breathing
showed that the swing of pleural pressure at the lung
bases is greater than that over the upper lung zones (69).
Sybrecht and associates (141) calculated that very small dif-
ferences in Pleural pressure are sufficient to substantially
alter the distribution of inspired gas. Indeed, in some

133

persons, quasi-static distribution of Xe boluses departs

substantially from that predicted from regional pulmonary
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compliances (24). The calculation is ﬁade from the subjects'
regional volume distribution and the y-p curve of the
lung (61).

Surprisingly, there are no ?ublished studies of
the effect of voluntary shaée changes of the rib cage and
abdomen on the vertical distribution of regional ventilation
in horizontal postures. In the upright posture, the rela-
tive stiffness of the human rib cage may exﬁlain the rather
small changes in the apicobasal distribution of gas inspired
at FRC, as well as the minute changes in inferred pleural
pressure gradient secondary to external deforming forces
applied to the rib cage (106, 108). Indeed, in some studies,
substantial external force did not measurably alter the
apicobasal distribution of regional volume (106) or of venti-
lation (Bake , B., Dempsey, J., and Grimby, G.: Personal
communications). These results contrast with those in rabbits
and dogs, in which externally induced deformation of the
thoracoabdomen - altered the gradient in pleural pressure (75},
in alveolar size (64) and, by inference, in gas distribution;
however, the stiffness of the human rib cage may have little
bearing on the vertical distribution of gas or of pleural
pressure in the suPine subject. Here, it is the diaphragm
that constitutes a vertical boundary, and its stiffness is
variable, aepending on its tension. At end*expiration the
hydrostatic gradient of pressure in the abdomen deforms the
relaxed diaéhragm such that the dependent parts.are dis-
élaced relatively more into the thorax. Consequently; the

vertical gradient of regional distension reflects to some
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degree the abdominal hydraulics. During an intercostal
inspiration, inflation of the'deéendent regions is opéosed
by the greater hydrostatic pressure in the abdomen. At

FRC the elastic recoil of the nondependent,,more expanded
lung regions may be less than that of the diaphragm-abdomen
over the dependent lung zones. Consequently, gas distribu-
tion is preferentially to the nondependent regions, as shown
in this study. During an abdominal inspiration, the dependent
part of the diaphragm moves more, probably due to its greater
initial length and smaller radius of curvature. Furthermore,
contraction of the diaphragm turns it into a relatively

rigid partition that effectively isolates the thorax from

the abdominal hydrostatic pressure gradient. Both of these
mechanisms result in a greater expansion of dependent lung
regions and consequently, a basal distribution of inspired
gas (Fig. 7).

The concept described is similar to that arising
from comparison of diaphragmatic motion during spontaneous
breathing with that during artificial ventilation of anes-
thetized and paralyzed subjects (114). Similarly, a parallel
may be drawn with the differences in regional distribution
of inspired gas between awake, spontaneously breathing
subjects, and ?aralyzed artificially ventilated subjects (122).
In fact; our results suggest that the different distribution
of ingpired gas in anesthetized paralyzed subjects is entirely
explicable on the basis of chest wall mechanics and, in

particular,diaphragmatic tension.
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All of these considerations also apply to the
lateral decuhitus~§osture, in which; due to the greater
vertical height of the thorax, the abdominal and pleural pres-
sure differenceS'are’magnified; Indeed, the largest
voluntary changes in gas distribution were seen in this
posture (Figs. 8 and 9). 1In addition, the weight of the
mediastinum probablx acts to deflate the dependent lung.
During an intercostal inspiration, inflation of the dependent
lung is impeded by the weight of the mediastinum as well as
by the hydrostatic pressure in the abdomen. Hence, the
inspired gas goes preferentially to the upper lung. During
an abdominal inspiration, the contracting diaphragm tenses
the mediastinum, elevating it (121; see Cha?ter 11, 2.1i.,
Fig. 1ll1l) so that the dependent lung is exbanded. Together
with the greater motion of the dependent hemidiaphragm, this
results in preferential distribution of inspifed gas to the
dependent lung.

If the lung deformations due to different patterns
of respiratory muscle contraction were'transient, occurring
only at the onset of each breath, a bolus of tracer gas
could be distributed differently but without any measurable
change in the distribution of a Vp. It was to test this hypo-
thesis that we also studied the distribution of Vr of 500

to 600 ml. During inspiration of 500 to 600 ml of 133Xe-

133Xe in the

labelled gas, the tracheal detector indicated
first 800 ml of gas flowing past in the trachea. Neverthe-
less, measurable differences in regional distribution

were observed after different types of inspiration (Fig. 4).
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This suggests that differences in pleural pressure must have
been maintained during a major portion of the tidal breath.
In contrast to breaths taken from FRC, the boluses
inspired at RV were distributed to apical lung zones in
seated subjects. Furthermore, different patterns of respira-
tory muscle contraction failed to alter gas distribution
measurably; however, we did notice that tracer gas distribu-
tion was very sensitive to the lung volume at which the
bolus was inhaled. Inspiration of the latter from a lung
volume only slightly greater than RV substantially decreased
the preferential distribution to the apex. Our results are
consistent with the findings that regional volume distribu-
tion is less sensitive to external deforming forces at RV
than at FRC (108). Presumably; the contracted rib cage
and diaphragm/abdomen musculature result in a stiffer chest
wall that is less deformable than that at FRC. Furthermore,
at RV the lung itself may be less deformable due to airway
closure. Conceivably, greater deformations due to increased
efforts, especially in subjects with less extensive airway
closure, could result in different distributions. This may
account for the differences observed in some subjects (117,119).
In the horizontal posture subjects were unable to
alter bolus distribution at RV when su?ine, but measurable
changes were observed in the lateral decubitus posture.
Although bolus distribution at RV was always greater to non-
dependent lung regions; during abdominal inspiration the
distribution became more even (Fig, 10). | Presumably, the

voluntary redistribution of inspired gas at RV in the lateral
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posture was related to the large hydrostatic pressure gradient
in the abdomen and the subjects' ability to alter the shape
of the 2 hemidiaphragms.

Different patterns of breathing (36, 38, 39) have

been advocated without objective evidence that distribution
of inspired gas may be altered. 1Indeed, several studies

have shown that at FRC the conventional breathing patterns
advocated by physical therapists do not alter the distribu-
tion of inspired gas either in patients with chronic obstruc-
tive . pulmonary disease (116,117) or in normal subjects
(107, 119). The results of this study show that in normal
subjects certain clearly specified patterns of respiratory
muscle contraction can distribute inspired gas differently
in all postures. Furthermore, these patterns of inspiration
were relatively easy to achieve, and none of the subjects
had much difficulty in mastering the required maneuvers in
10 to 15mins of training. We believe that these studies are
important, because they potentially place a specific physio-
therapeutic approach on a valid scientific basis. Applica-
tion of these approaches to patients with various types of
lung disease as well as to normal subjects exposé& to high-
~gravity fields may constitute a valuable preventive and/or

therapeutic measure that needs evaluation.
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CHAPTER 111

RESPIRATORY MUSCLE FATIGUE
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...and the ventilation increases excessively.
This is harmful because it dries the lungs,
causes discomfort in the hypochondria and

hypogastrium and fatigues the diaphragn.

Hippocrates
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ITI. 1. Review of the Literature

The word "fatigue" has been widely used by
psychologists, clinicians, and physiologists. Despite an
extensive investigation on "fatigue" over the past century,
it is still difficult to find a commonly acceptable defini-
tion of "fatigque", and practically impossible to find a
common agreement on the mechanism and loéatibn of "fatigue".
In this literature review, I will emphasize those articles
which have made major advances on this subject and those which

point out the complexity of the problem.

III. 1. 1) Site of Fatigue

We will define "fatigue" as the failure to generate
the required or expected force during sustained or repeated
contraction (142). The site where the changes responsible
for the failure to generate force occurs can be theoretically
located either in the central nervous system (central fatigue)
or in the periphery (peripheral fatigue), involving perhaﬁs
the neuromuscular junction, the excitation-contraction
coupling and/or the metabolic and energetic aspects of the
muscle. The most extensive early experiments regarding
the localization of voluntary fatigue were performed byl
Reid (143). He measured voluntary fatigue of the flexor
sublimis digitorum during rhythmic isotonic and isometric
contractions and compared the force of contractions of |
the muscle with that observed during indirect (median nerve)

and direct stimulation. The initial contraction force of
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maximum voluntary stimulation was identical to that obtained

with artificial stimulation. However, after a period of time
when voluntary fatigue was complete (practically zero force),

artificial stimulation produced sizable force output and in
some instances identical to the initial one. Thus, Reid
located the site of fatigue primarily in the CNS, a conclusion
that previous workers (144,145,146,147) had also reached,
without specifically excluding transmission fatigue and
muscular fatigue as contributing factors. Fatigque, in the
mind, or at least in the CNS was supported more recently by
Bigland-Ritchie et al (148). They compared the force of
voluntary contractions of the quadriceps with electrically

stimialated contractions in well-motivated subjects and

concluded that "central fatigue" explained their results.

In contrast to these reports are the results of
Merton in 1954 (149). He tested the adductor pollicis,
He chose this muscle to be tested since it is the only one
supplied by the ulnar nerve, thereby providing confidence that
it can be excited by voluntary as well aé electrical stimu-
lation. Thus, he compared maximum voluntary tension of the
adductor pollicis in man with maximum tension developed on
electrical stimulation. He found that the fall in twitch
tension was identical in both situations during a maximum
static contraction leading to fatigue in severél minutes.
Merton thus concluded that fatigue is peripheral. Further-
more, he did not consider transmission fatigue as a possibi-
lity because the amplitude of muscle action currents of

maximal electrical shocks superimposed on the maximum
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voluntary contractioh did not decréase throughout the expéri—
ment, Finally, Merton (150) stimulated directly the muscle
with 20 mA/cm2 and observed that the fatigued muscle did not
res?ond whereas before the run a much weaker current had
elicited a large contraction. Thus, the conclusion of Merton
was that fatigue is due to the inability of the muscle fiber
to respond to action currents, namely, the muscle fibers are
responsible for the decline in the force output of a muscle
during fatiguing work and that fatigue was not due to a
transmission block of the stimulus to the muscle.

Similar conclusions that fatigue is peripheral
were drawn by Naess and Storm-Mathisen (151). However, in
contrast to Merton (149) they observed a decrease in the
amplitude of the action currents parallel to the decrease
in contraction force.

Different results were obtained by Ikai et al (152)
performing the same experiments as Merton on the identical
muscle except that the stimulation of the nerve was more
central. They fbund that the force of contraction diminished
faster with voluntary contractions than with contractions
elicited by electrical stimulation. Evidently, the difference
of the force output generated in the two situations increased
with the development of fatigue. The authors concluded that
the difference in their results from the findings of Merton
(149,150) and Ngess and Storm-Mathisen (151) is probably due
to a different location of the stimulating electrode. One
can argue that it may well be due to the decrease in the

neural drive due to psychological reasons, since in other
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motivated subjects (149,151) such a discrepancy does not
exist. Furthermore, they concluded that the increasing
difference between force output with voluntary as opposed

to electrically stimulated contraction, reflects central
nervous system fatigue. The fact that the force output of
contraction with electrical stimulation also declined through-
out the experiment implies peripheral fatigue as well.

The importance of peripheral fatigue was emphasized
finally by Merton's experiments under ischaemic conditions(149).
He observed that ischaemia produces a faster decrease in the
force and recovery is delayed. This finding led him to
conclude further that only peripheral fatigue exists.

Edwards and his associates (142) most recently
produced impressive work showing that peripheral fatigue
can assume two forms according to the response tc a stimulus
of low and high frequencies ("low" frequency fatigue énd "high"
frequency fatigue). Edwards et al (153) produced fatigue
experimentally at low frequencies of stimulation 6 although
the maximum tension achieved with high frequency stimula-
tion was essentially unchanged. The authors hypothesized
that this "low" frequency fatigue is due to alteration in
excitation-contraction coupling with less force per membrane
action potential. Clinically, this impairment in excitation-
contraction coupling is thought to cause the weakness of
familial hypokalaemic periodic paralysis (154) and of some
forms of myotonia (155). Similarly, fatigue may be obtained
at high frequencies while the maximum force output is intact

at low frequencies (142). The primary block in "high"
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frequency fatigue is hypothesized to be at the neuromuscular
junction observed clinically as occurring in myasthenia gravis,
myotonia (156), partial curarization (156) and during ischaemia

(142).

IIT. 1. 2) - Histochemical Basis of Fatigue

The histochemical, biochemical and physiological
characteristics of muscle fibers kave been greatly studied
in the last ten years and profoundly contributed to the
understanding of some of the underlying mechanisms of fatigue.
Burke et al, in 1971 (157) opened a new era in the pathoge-
nesis of fatigue using intracellular micropipettes to stimﬁ—
late individual motor units in cat gastrocnemius. They
identified motor units in which some muscle fibers fatigued
rapidly, some fatigued slowly, and some did not fatigue at
all. Biochemical characteristics of isolated contractile
proteins (158) and contractile properties of motor units (157)
support the identification of fast and slow fibers based
on the histochemical demonstration of myofibrillar ATPase
at pH of 9.4. Furthermore, according to their oxidation
capacity (mainly on succinic acid dehydrogenase-SDH), the
muscle fibers are categorized as high oxidative and low
oxidative (159,160). Thus, the muscle fibers can be cate-
gorized as low oxidative fast-twitch (LFT) fibers, high
oxidatiVe fast-twitch (HFT) fibers and high oxidative slow
twitch (HST) fibers.

Resistance to fatigue of single muscle units (161)

in cats and rats is directly carrelated with the intensity of the
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oxidative capacity of the fibers. Furthermore, the oxida-
tive capacity is closely related,firstly, with the density

of mitochondria in the fibers (162,163) and secondly, with
the richness of fiber capillary supply (164,165). It follows
that oxidative enzyme capacity as it is tested histochemically
and biochemically may be the determinant of the fatiguability
of the fibers. In fact, the HST and HFT are resistant to
fatigue whereas the LFT are easily fatiguable. However,

this distinction is not completely clear cut. The content

of other oxidative enzymes and of cytochrome "C" which is
another index of mitochondrial content, sometimes appears

to be less in the extremely fatigue-resistant HST fibers

than in HFT fibers. This is particularly so in the soleus
muscle of the rat (159,166,167,168). These findings are very
indicative that the oxidative enzyme capacity as it is

tested today may not be the only factor which determines

the resistance to fatique. However, it is an important

factor which provides a useful index of this muscular modality.
Endurance training for instance does not alter the speed of
contraction of the muscle (169), but the muscle becomes more
resistant to fatigue and exhibits an increased number of mito-
chondria and increased O2 uptake per gram net weight (170).
Furthermore, the HFT fibers in chronically exercised animals
have a significantly greater number of capillaries as

compared to HFT fibers in sedentary animals (164). Thus,

it seems likely that fibers increase their oxidative capacity
and can be 'converted' by endurance training from LFT to HFT

fibers. This conversion is evidently reversible over aperiod



116

of several months following cessation of exercise (171).

With regard to the diaphragm in particular,histo-
chemical studies of this muscle in guinea pigs and humans
by Lieberman et al (172) have shown that 76% of the fibers
are high oxidative in type and 24% are low oxidative fibers.
The authors hypothesized that the decrease in maximum volun-
tary ventilation (MVV) over a lengthy test period may be
directly related to fatigue of LFT fibers and that the maxi-
mum sustainable MVV represents the contribution of HST fibers
in the diaphragm. Keens et al (174) have also studied
the fiber type composition of the diaphragm and intercostals
in rats and they found 54.9% HST fibers in the diaphragm and
65.2% in the intercostals. Hence, the fact that with appro-
priate training the maximum sustainable MVV increases markedly
(55) may suggest that the diaphragm, like other skeletal
muscles, is capable of increasing its oxidative capacity.
Indeed,Keens et al (174) have shown that the diaphragm
and intercostals of the rats increased their oxidative capacity

after imposing on the animals chronic inspiratory loads.

ITI. 1. 3} Metabolic Aspects of Fatigue
a) Fuel Depletion
The duration for which strenuous exercise (long
distance running or bicycling) can be maintained seems
likely to be determined by the concentration of glycogen
in the muscles at the beginning of exercise and the rate at
which the glycogen stores are depleted (175,176,177,178,179,180).

Studies in which serial biopsies of the gquadriceps muscle
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were obtained from men performing prolonged strenuous
exercise have provided evidence that the complete failure
of the muscle as a force generator coincides with the
depletion of muscle glycogen stores (176,178). The relation
of glycogen depletion.in the various fiber types during
different work intensity has further increased our under-
standing of the patterns of muscle fiber involvement in
diffgrent types of exercise and the development of fatigue.

Gillespie et al (181l) have shown that HFT fibers
in bushbaby (Galago senegalensis, a small lower primate)
becomes depleted of glycogen prior to depietion in LFT
fibers when the énimal is exercised on a treadmill at a
steady walk, whereas the pattern of glycogen depletion is
reversed when the animal is required to move in forceful
repeated leaps. In man (179,182), glycogen depletion in the
vastus lateralis after submaximal bicycle exercise occurs
first in HST fibers and later in LFT fibers. It is of great
interest that when all fibers were depleted of glycogen at
a given load the subjects were unable to continue the work
at the initial level, which suggests that the loss of muscle
glycogen was related to the fatigue produced in these experi-
ments. Similar experiments at higher work loads showed an
initial and more prominent glycogen depletion in LFT fibers
than in HST fibers.

During prolonged exercise, the liver can provide
significant amounts of glucose to the blood and glucose is

taken up by active muscles (183). Baldwin et al (183) have
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shown that in rats subjected to prolonged exercise, the
liver may*be a very important source of energy. It was
observed that the liver glycogen of the rats decreased by
up to 85% of the initial value after 2 hours of exercise
while in the various skeletal muscles glyéogen decreased
to 42 - 72% of its initial value.

Changes in blood sugar during muscular work have
received considerable attention by many investigators.
Among the several works in this subject Bergstrgﬁ et al (178)
found a significant drop in blood sugar during heavy
aerobic work dependent on the diet while Christensen and
Hansen (184) had reported earlier that acute ingestion of
glucose reversed the hypoglycemia and allowed the work to
be prolonged. Furthermore,xstrand (185) observed hypoglycemic
symptoms in cross country skiers after 13 hours exercise. An
interesting question that remains to be answered is whether
the hypoglycemia has its primary fatiguing action in the CNS
or in the muscle. Along these lines, Spande and Scholtelius
(186) provided substantial evidence that the glucose level
in an isolated muscle affects its performance. Decrease
or removal of glucose from the bath solution of the isolated
mouse soleus muscle showed that the tension developed for
a given stimulus decreased but returned to baseline values
after re-addition of glucose to the bath. However, regard-
less of the site of its action (peripheral or central) it
remains important that a drop in glucose concentration is
related to thé failure of generating the required or

expected force.
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With continued, prolonged heavy work, muscles
utilize their own fatty acids (183,187,188) and take up
fiee fatty acids (FFA) from the blood. Today, it is well
documented that-during- moderate work substantial amount of
the needed energy is derived from fat as time progresses
(189,190,191,192). The concentration of the FFA in the blood
may increase manyfold towards the end of exercise compared |
to the values at thé start of exercise (189,191,192), suggest-
ing that there is a high output of FFA from adipose tissue
in order to meet the energy demands of the muscle.
Whether the supply of FFA ever becomes limited is question-
able;~ Adipose tissue is a-practically inexhaustible source
of FFA although in some situations, such as severe and
prolonged starvation and/or decreased blood flow, the
supply of FFA to the muscle may potentially diminish.

" Hultman, Bergstrgm and Anderson (193), in 1967,
studied the breakdown and resynthesis of phosphocreatiner-
(PC) and adenosine triphosphate (ATP) in human muséles
during heavy work. They‘demonstrated that at very high
loads, the PC c¢oncentration decreased rapidly down to zero
and the contractile capacity 6ffthe musclesﬂfceésed.'
Furthermore, they observed that the ATP concéntration also
decreased and when the- level of PC is near zero the ATP
drop 1s approximately to 40% of its initial value. The rela-
tion of PC to fatigue has also been studied in isolated
mouse soleus muscles by Spande and Schottelius (186). They
stimulated the muscle tetanically for 1 sec every 20 secs

for 3 hours, and they found an excellent linear relationship
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between the terminal isometric £ension and the terminal PC
concentration. Edwards et al (153) related the force of
maximum voluntary contraction of the quadriceps muscle in
humans to the muscle content of phosphagen at the end of static
and dynamic exercises. It was observed that the force of maxi-
mum voluntary contraction was reduced to zero and to 8% in

two subjects, and the muscle content of phosphagen was
reduced to about 10% of the normal value. During recovery,

the phosphagen was resynthesized (when the circulation was
intact) in a fashion that approximately followed recovery

in force (153, 194).

b) Accumulation of Lactic Acid

Lactic acid accumulation in the muscle has been
considered for many years as a potential underlying cause
of fatigue. Most of the evidence of this hypothesis came
from the étudies of Hill and Kupalov (195), who observed that
the frog sartorius muscle stops contracting when the concen-
tration of lactic acid in the muscle rises to 0.3%;corres-
ponding to 33 pmoles/g. They maintained that fatigue appears
at concentrations above 9 umoles/g. Since then, the biblio-
graphy is enormous regarding the role of lactic acid but
surprisingly, the relationship between intramuscular lactic acid
concentration and muscle fatigue was not studied until recently.
Fitts and Holloszy (196) attempted to determine whether there
was a close correlation between lactic acid concentration and
twitch tension in frog sartorius muscle. The isolated

sartorius muscles were stimulated at a rate of 30 per min

with supramaximal pulses while immersed in a glucose containing
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Ringer's solution under anaerobic conditions. It was observed
that the concentration of lactic acid in the muscles increased
and the isometric twitch tension fell prpgressively. Further-
more, the increase in lactic acid was inversely proportional
to the decrease in contractile force (r = -0.99, p<0.000001).

In the same study, the recovery from fatigue was
also investigated and it was found that there was also a
significant inverse correlation between lactic acid concen-
tration and contractile force during the recovery period
(r = =0.92, p<0.00001). However, recovery of contractile
force lagged behind the decrease in lactate; a given concen-
tration of muscle lactate was associated with higher contrac-
tile force early during development of fatigue rather than
later during recovery. This observation led the authors to
postulate that some secondary effeét induced by increased
lactate must persist while lactate concentration is decreas-
ing.

The role of lactic acid to fatigue during isometric
contraction (197) and during normal exercise in man has been
also studied (198). Karlssn and Saltin (198) measured
lactate concentration in quadriceps muscle biopsy samples
and in the blood during exhausting bicycle exercise of 2,

6 and 16 minutes duration. The accumulation of lactate in
the blood and in the muscle increased continuously until
exhaustion. In the muscle tissue, both at the highest and
medium loads, lactate averaged 16.1 m moles/Kg but only

12.0 m moles/Kg wet muscle at the lowest load. It was con-
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cluded by these investigators that since the concomitant
changes in glycogen and high enexrgy phosphate which they also
measured were not sufficient to explain the exhaustion of

the muscle, then the concentration of lactic acid in the
muscle might have been responsible for the development of ’
fatigue for the two high loads. However, the question
remains why exhaustion occurred at the lowest load with the lower
lactic acid level — a question which again suggests that the
mechanism of fatigue is multifactorial. Although the notion
that the accumulation of lactic acid in the muscle is respon-
sible for fatigue has great interest, the underlying mechani-
sms are not yvet clearly known. The reduction in pH dﬁe to
lactic acid accumulation may produce a decrease in the number
of calcium ions bound to troponin during excditation-contraction
coupling. This will result in a decrease in contractile
force. Furthermore, the drop in pH inhibits the activity

of phosphofructokinase, which could cause inhibition ofv
glycolysis during intense mﬁscular work resulting in a
decrease in ATP supply (199). However, it must be stated
that the available evidence that lactic acid is responsible
for fatigue seems highly suggestive and very appealing,

but still remains to be further proven.

ITI. 1. 4) Effect of Hypoxia on Muscle Endurance

Hypoxia may predis?ose to fatigue in isolated
muscles (186) and certainly influences overall human perfor-
mance (200). In the studies of Spande and Schottelius (186)

in which the fatiguability of isolated mouse soleus muscles
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was measured by tetanic stimulation for 1 sec every 20 secs for
3 hours, the influence of anoxia was studied by removing oxygen
from the bath. The tension that the muscle was able to produce
under anaerobic conditions was substantially inferior than

when the muscle environment was rich in oxygen.

The maximal oxygen uptake per minute (vOZmax) and
physical performance under hypoxic conditions has been
extensively studied in man. It is generally agreed that
both VOZ max and maximum physical performance decrease
during hypoxic hypoxia or when the oxygen carrying capacity
of the blood is reduced either by inhalation of carbon mono-
xide (201,202) or by anemia (203), or by hemodilﬁtion (204)
because the maximum cardiac output is relatively unchanged
(205,206,207). It is predictable, therefore, that by decreas-
ing the oxygen content of the blood while not increasing the
cardiac output, the V02 max and performance will decrease.
However, the information that is available regarding the
effect of hypoxia on endurance of a single muscle or sméll
groups of muscles in man are scanty and conflicting. Kaijser
(208) has shown that the endurance time to exhaustion during
dynamic forearm work at 150% of the maximum work load which

the subject could sustain for 6 minutes (W

s signi-
max 6) wa g

ficantly lower breathing 10% oxygen than the corresponding
values obtained during air breathing (p <.05). Furthermore,
breathing 10% oxygen he reported higher values of lactic
acid in the samples of blood from the working arm at the end
of exercise than when the subjects breathed air. 1In

contrast to this result, Monod (209) did not find any differ-
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ence between the endurance time of biceps during dynamic work
while the subjects were breathing 8% oxygen compared to their
breathing air; " Differences in frequency of contraction may
well account for this discrepancy. Indeed, in Kaijser's
experiments the frequency of contraction was 60/min as opposed
to a frequency of 10/min in Monod's experiments. Therefore,
it is likely that in Monod's study, compensation of the oxygen
content could have been achieved by increased blood flow to
the muscle while in Kaijser 's experiments such compensation
could not be obtained. Increased frequency of contraction
for a constant duration of contraction will decrease the time
interval between contractions. This will probably decrease
the blood flow " to the muscle. The blood flow reaches the
highest level during the intervals between contractions,
while during contractions exceeding 15% of the maximal
strength of the muscles, the flow is impeded (210); Thus,
another=-factor that-affects the blood flow to the muscle is
the degree-of contraction. It-ismknown*that~there~is a
érogressively greater interruption of blood flow to active
muscles (211,212) for tensions between 15 and 70% of maximum
and that at 70% of the maximum the vasculature is completely
occluded. It is concéivable, therefore, that up to a certain
level_of;frequency,:duration.and degree of contfaction in_
intermittent work,the overall increase of blood flow (213,214)
is such-that it can meet the muscular‘demands even if oxygen
content or other substrates are low in the circulation.
However, any further increment in work will result in oxygen

or fuel debt to the muscle. ‘



125

The influence of hypoxia on the endurance of the
respiratory muscles has not been studied extensively. There
is only the work of Tenney and Reese (52) in which the
investigators examined the effects of hypoxia (9% in N,) on
the endurance times at different levels of MVV, while the
Pco2 was kept constant. Comparing endurance times at the
same % MVV, it appears from this study that ambient hypoxia
?ad little, if any, effect. Furthermore, during the breath-
ing test, Tenney and Reese's subjects performed mild exercise
with the idea of depriving the respiratory muscles of some of
the available oxygen, viz, by increasing the demand of the
leg muscles. Comparing the endurance times at the same % of
MvVv, it was found that there was no difference in results

obtained during room air breathing or 9% 0, breathing.

IIT. 1. 5) Force-Length Relationship

Wilkie demonstrated that the maximum force that
a muscle can develop is a function of its length (215). At
rest, if a muscle is stretched passively it opposes the
exerting stretch by an opposite force that increases slowly
at the beginning and faster with increased stretch. If the
muscle is fixed at the resting length (the length that it
keeps in the body) and is electrically stimulated in order
to produce tetanus, it develops the greatest force. This
force will decrease with the same stimulus if the length
of the muscle increases or decreases. However, the total

force increases with large stretch, but this is due to the
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large contribution of the passive tension. Most skeletal
muscles shorten only to about 60% of resting length when
stimulated to contract isotonicaily and at this length in
isometric contraction they do not exert any tension. The
diaphragm differs in two senses from this behaviour (216);
its maximum contraction is exerted at approximately 130% of
its resting length and stops developing any tension under
Isometric conditions, at approximately 36% of its resting
length (Fig. 1 ).

It is explicit from the force-length relationship
of the muscle, that for a given stimulation, if a given force
is developed at resting length this force will decrease when
the muscle length is shortened. Thus, in order to achieve
the expected or required force, the stimulation has to
increase. However, if the shortening is great, even
supramaximal stimulation may not be sufficient to compen-
sate for the force loss. Thus, for any given tension
developed, a muscle with a shorter fiber length will require
greater excitation and, therefore, greater energy consumption
than a muscle with a larger fiber length.

In the respiratory system, the inspiratory muscles
shorten as lung volume increases. Although we do not
measure the force of the inspiratory muscles, we can measure
the pressures that the muscles can‘ develop, which can be
considered as an index of their force. Thus, the relation-
ship between maximum inspiratory pressures and lung volume is
a measure 0f the force-length properties of the

inspiratory muscles. Based on the force-length relationship,
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Figure 1l: Diagrammatic representation of active, passive
and total length-tension of the diaphragm (After Kim et al, 216).
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" determined by the first appearance of passive tension.
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the maximum inspiratory pressures should decrease as lung
volume increases which, in fact; Rohrer (217) and Rahn
et al (218) have shown to be the case. Furthermore, Marshall
(219) showed that intrapleural pressure diminished as lung
volume increased during a constant stimulation of the phrenic
nerves. Similarly, Pengelly et al (220) stimulated the
phrenic nerves in man and cats and found that for a given
stimulﬁs, with increasing volume, transdiaphragmatic pres-
sure decreased at a constant inspiratory flow.

Geometric factors méy also play a role for the maximum
pressure volume relationship of the insﬁiratory muscles. As
the lung volume increases, the radius of curvature of the
diaphragm becomes greater and, therefore, the transdiaphragma-
tic pressure becomes less for a given tension. The signifi-
cance of the effect of both the geometry and the lung
volume on the transdiaphragmatic pressure was elegantly-
studied by Kimwét al (216). They concluded that the influence
of volume on diaphragmatic curvature and on the conversion
of diaphragmatic force-into pressure was much smaller than
the influence of length on force. Thése findings'indicate
that the diaphragm durin§ breathing moves caudally and -
ce?hally like a piston, preserving more or less its geometry..
The effect—of the chest wall geometry on the relationship
of diaphragmatic activity and pressure developed was studied
by Grassino et al (221) for a constant volume at different
thoracoabdominal configurations. They showed that at the
same lung volume, for a given electromyogram of the '

diaphragm (Edi), Pdi increased as volume was displaced from
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the abdominal compartment to the rib cage compartment. They
explained it by the lengthening of the diaphragm and/or changes
in diaphragmatic curvature. They concluded that volume is
only a very approximate index of diaphragmatic length. Con-
ceivably, for any change in volume with a given Pdi, the
average energy expenditure will be different depending on
the length and curvature of the diaphragm.

In the context of the force-length relationship,
an important question arises. Does a muscle fatigue faster
at a 9given tension or'at a given percentage of the maximum
tension as its length shortens? I was unable to find a study
that dealt with this question in either the English or the
French literature. However, some predictions may be drawn.
If a muscle fails as a force generator at a given percentage
of the maximum strength and this percentage remains constant
at all lengths, it is conceivable that a given force may not
be fatiguing at resting length but it may well be fatiguing
at a shorter length. The energy demands at shorter lengths

will be‘higher and may well exceed the energy supply.

IITI. 1. 6) A Muscle as a Mechanical Model

A muscle consumes chemical energy and generates
mechanical energy work. Therefore, a muscle is an engine.
The direct source of energy in the muscle is adenosine
triphosphate (ATP) which during contraction splits into
adenosine diphosphate (ADP) and phosphoric acid . A
muscle , however, contains only very small quantities of

ATP. Thus, after a few contractions it would exhaust its
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supply and would stop contracting if ATP were not conti-
nuously resynthesized. The resynthesis of ATP needs
enerqgy, the most direct supply of which is creatine phos-
phate (PC). The amount of PC in muscle is greater than ATP
but even so, the total store of energy in a muscle is not
large enough to provide for prolonged activity. Creatine
Phosphate, in the process of restoring ATP, is split into
creatine and phosporic acid. Thus, if muscular activity is
to be prolonged, it is necessary that phosphagen (ATP+PCQ)
be continuously resynthesized. The resynthesis of phos-
phagen requires energy which is supplied to the system
via two fundamental reactions: combustion of food and
glycolysis (222,223). ‘It has been hypothesized (149,224)
that fatigue results from a depletion of phosphagen and
that phosphagen depletion takes place when its consumption
occurs at a rate faster than its resynthesis. However, even
if this process is not as simple as is energy depletion, it
is generally considered as an underlying one in the develop-
ment of muscle fatigue (142). It is possible, therefore, that
the energetic process of the muscles regardless of their
complexity can be represented in a simplistic form with
various mechanical models, the usefulness of which is to
understand better the physiological events and to make
predictions and test them.

Margaria (223) has proposed an hydraulic model of
the energetic processes in muscles shown in Fig. 2. The fluid
in vessel P (representing phosphagen) is directly connected

to the outside through the tap T, which can control the flow
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which represents energy expenditure. When this tap is closed,
the upper level of fluid in P is the same as in the communi-

cating reservoir of 0, which has infinite capacity. This

2
reservoir is the source of oxidative energy. When the

tap allows liquid from vessel P to flow outside (energy
expenditure or phosphagen breakdown), the level of fluid

in P will fall. At the same time, fluid from vessel 0,
flows to vessel P since the level of the fluid in vessel Oé
is higher than the 'level in vessel P. If energy expenditure
is not very high (low flow through the tap T) the level in
vessel P will be lower than at rest, but will reach an
equilibrium value as fluid continuously flows from vessel

02 through the resistance Rj. The.flow through R} (corres-
ponding to the oxygen consumption 602) will depend on the
pressure difference between the two vessels (02, P) which in
turn will depend on the flow through the tap (rate of energy
consumption). However, when there is a high rate of energy
consumption (the tap is open so wide that the flow through T
is higher than through R1), the level in P falls below the
level of R]. In this case, the flow of liquid from vessel
0, to vessel P reaches a constant maximum value (maximum

oxygen uptake, V0 ) which is independent of the level

2 max

in vessel P. Under these circumstances, V0., is only deter-

2
mined by the height of the fluid in 0, and by the resistance
of Ry. The decrease of the level of the fluid in vessel P
below R} produces influx into vessel P from the vessel LA

(lactic acid formation) through a resistance R2 and a one-way
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Figure 2: A hydraulic model of energy sources in muscular

activity (223). (For explanation see text).
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valve allowing flow from vessel LA to vessel P only. The flow
from vessel LA to vessel P will be regulated according to the
different levels of fluid in the two compartments (P, LA) and
to the resistance of the communicating channel Rp. If the
flow through T is not extremely high, a steady level of the
fluid in vessel P can be obtained below the level of Rl’ but
only for a limited time because the container LA only has a
finite capacity. After a while, due to the decreased level
of fluid in vessel LA, the new steady éondition will be
disrupted and as vessel P empties, vessel LA will become
nearly empty and tap T will suddenly shut (time of exhaustion).
If tap T is fully opened (maximum energy consumption), the
resistance Ry though lower than the resistance Rl' is higher
than the resistance of tap T when fully opened, so that
maximum flow through T cannot be maintained even if a large
amount of fluid exists in vessel LA. Again vessel P will
sooner or later become empty and tap T will shut (exhaustion).
This model, despite its complexities does not deal with all
energetic factors in details. For example anaerobic energy
appears in this model after the QOzmax is reached while in
reality anaerobic metabolism appears before vozmax'
Based on experimental findings obtained during
dynamic work of biceps and guadriceps muscles at different
levels of intensity, Monod and Scherrer (225) stated that the
total énergy (C) consumed during work, leading to exhaustion
at a given period of time (tlim) is equal to the rate of
energy supply to the muscle (B8) times the total time of

work (tlim) and to the energv stored in the nmuscle ( o).
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o *+ B
C = tlim (1)
or C = Coe + B (2)
t1im
- o
or tim : (3)
cC - 8

where é = rate of energy consumption;
In the analysis of Monod and Scherrer, o is equivalent to
the fluid of vessel P (phosphagen)and Bto the flow from the
vessels 0, and LA of Margaria's model.

This mathematical model (Egs. 1-3) is a unifying
concept. It explains why fatigue is well-correlated with so
many different things and it becomes helpful in approaching
and examining the phenomenon of fatigue in at least some
circumstances. Thus, we will analyse our findings in the
light of this mathematical model, which will be commented

upon in detail in the following discussions.



135

III. 2. Experiments
III. 2. 1) Diaphragmatic Fatigue in Man
a) Summary

The time-required (tlim) to produce fétigue of the
diaphragm was determined in three normal seated subjects,
breathing through a variety of high,alinear, inspiratory
resistances. During each breath in all experimental runs the
subject generated a transdiaphragmatic pressure (Pdi) which
was a predetermined fraction of his maximum inspiratory Pdi
(Pdi . ) at functional residual capacity(FRC). The~breathing test
was performed until the subject was unable to generate this
Pdi. The relationship between Pdi/Pdimax and tlim was curvi-

linear so that when Pdl/Pdlmax was small,t1im increased marked-

ly for 1little changes in Pdl/Pdlmax. The value of Pd:./PdJ.max

) was around 0.4.

that could be generated indefinitely—(Pdicrit

Hyéoxia a?pearaito have no influence on Pdi but probably

crit’

led to a reduction in t.... at.-Pdi > Pdi for equal rates ..

lim crit _
of energy consumption. Insofar as the behaviour of the dia-
bhragm~reflects"that of other respiratory muscles,it appears
that quite high inspiratory loads can be tolerated indefiniteiy.
However, when the energy consﬁmption of the respiratory
muscles-exceeds a critical level, fatigue should develop.

N

This may be ‘a mechanism of respiratory failure in a variety
. .
of lung diseases.

b) Introduction

Respiratory failure is attributed in most instances

to lung disease, alteration of ventilatory control mechanisms,
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or neuromuscular disorders. An important question is whether
or not respiratory muscle fatigue can cause respiratory

failure due to lung disease when the system must overcome

.resistive or elastic pulmonary loads, or due to neuromuscular

disease when the muscles are weakened. Although it has been
speculated that respiratory failure in some conditions (e.qg.,
asthma) might be due to fatigue, the existence of resp%ratory
muscle fatigue as a cause of respiratory failure has never
been substantiated.

Clark et al (226) showed that in patients with
certain types of pulmonary diseases,ventilation limits exer-
cise. However, the role of respiratory muscle fatigue has
not been delineated. Moreover, Freedman et al (53) questioned
whether respiratory muscle fatigue can ever limit the perfor-
mance of exercise in athletes.r Yet Tenney and Reese (52)
demonstrated that the maximum indefinitely sustained venti-
latory level is around 55% of maximum breathing capacity,
which is close to the ventilation seen in maximum tolerable
steady-state exercise (53). At higher levels of ventila-
tion/Riley (227) and Ouellet et al (228) have postulated
that the "cost of breathing would dominate the total cost
of tissue maintenance" and could be considered the limiting
factor of exercising muscles.

The purpose of this study was to investigate the
dynamic performance of the diaphragm at various rates of
work under normoxic and hypoxic conditions to determine the
time required to produce diaphragmatic fatigue, and hence

to estimate the maximum pressure the diaphragm can produce



137

indefinitely without becoming fatigued. In this way
we hoped to produce information relevant to the role of
respiratory muscle fatigue in respiratory failure and in

exercise limitation.

c) Methods

Three normal male subjects were studied in the sit-
ting position at functional residual capacity (FRC). Constancy
of end-expiratory lung volume was monitored by observing
end-expiratory transpulmonary pressure. The subject breathed
through a Hans-Rudolf valve (Fig. l).. The inspiratory inlet
of the valve was connected with a small rubber tube on which
different resistances could be applied during inspiration.
Expiration was performed without added resistance. All
resistances were alinear and varied from 50 to 200 cmHZO/l/s
The different resistances helped the subject achieve
a predetermined fraction of his maximum inspiratory trans-
diaphragmatic pressure (Pdimax) at FRC with each breath.
Transdiaphragmatic pressure (Pdi) was defined as the difference
between gastric and esophageal pressures. These were measured
by means of two thin-walled latex balloons (5 cm long and 3 cm
in circumference) one positioned in the stomach and the other
in the middle third of the esophagus. The gastric balloon
was connected by a polyethylene catheter and a Y-tube to one
side of each of two pressure transducers (Sanborn 267B).
The esophageal balloon was connected by a polyethylene cathe-
ter and a Y-tube to the other side of one of the transducers

to which the gastric balloon was connected, and to a third
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pressure transducer. To prevent unpleasant sensations dur-
ing the run due to irritation of the pharynx and the nasal
mucosa by the polyethylene tubes, a local anesthetic
(Xylocaine 2%) was aﬁplied to the oro- and nasopharynx before
each experiment. A fourth pressure transducer was connected
through a polyethylene tube with the mouthpiece. The first
transducer measured gastric pressure (Pg), the second re-
corded Pdi, the third esophageal pressure (Ppl), and the
fourth measured mouth pressure (Pm). Exeept for Pdi, all
pressures were measured relative to atmospheric pressure. We
sampled the expired gas at the mouthpiece and measured the
concentrations of CO, and O2 with a mass spectrometer (Perkin
Elmer). We measured flow rate with a Fleisch pneumotachograph
and a Validyne differential pressure transducer whose signal
was integrated to measure changes in volume. All signals
were recorded on a Hewlett-Packard strip-chart recorder.
Prior to each run.,the subject contracted his dia-
phragm maximally at FRC, by performing a diaphragmatic
inspiratory effort with the upper airways closed (Mueller
maneuver)(generating a Pdimax‘ The subject performed the
diaphragmatic Mueller maneuver by attempting to achieve
abdominal motion rather than rib cage expansion. This Pdi
was very reproducible in each subject and invariably greater
than the Pdi obtained at FRC during an expulsive maneuver
by the same subject. Thus the value that we obtained in
two subjects was 180-190 cmH,0 and in the third 275-285 cmH20.

2
The maximum value reported by Agostoni and Mead during an
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expulsive maneuver was 200 cmH20 (229) . The subject subsequent-
ly breathed through the inspiratory resistances generating a
Pdi which was a predetermined fraction of Pdimax. The Pdi
signal was displayed on an oscilloscope in front of the
subject (Fig. 1) who attempted to sustain the'predetermined
Pdi throughout the whole inspiration of each breath until
exhaustion. The subject Was aliowed to choose his own

tidal volume and frequency. The end point (endurance tiﬁe,
tyim) Was determined by the time the subject could tolerate
the procedure no longer and came off the mouthpiece. This
occurred 2-5 breaths after he was unable to achieve and
sustain the predetermined Pdi.

The experiments were done first inspiring room air
and in another series, in two subjects, inspiring'a mixture
of-13% 02~inrN2. In the latter experiments the subjects
inspired the hyéoxic mixture for 10-15 mhw’before the
resistance was applied so as -to achieve a steady-state .
condition. The ECG was. monitored cntinuously during'thése
runs. |

The experiments were done in no particular order
on each individual. Each subject perfdrmed one fatiguing
run per day and occasionally two runs the same day (one
run early in the morning and one late in the afternoon).

Since the end point could be infiuenced by subjec-
tive factors,-motivation was a serious consiéeration. There-
fore the spirit of cooperation was judged to be important

and competition between individuals was introduced. Further-

more, so that the subjects did not know how they were "expected"



140

OSCILLOSCOPE

406 % of
- 50 Pdi max

Lo J at FRC

Insp.Resistance
Pneumotachograph

Figure 1l: Diagrammatic representation of the experimental design.
An inspiratory resistance helped subject breathe at a given pre-
determined transdiaphragmatic pressure (Pdi). Pdi measured with
two balloons was displayed on vertical axis, and tidal volume or

time on abscissa of an oscilloscope.
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to perform, they did not know either the percentage of Pdimax
that they had to achieve with.eéch breath, or the percentage

of oxygen that they were inspiring.

d) Results

During the fatigue runs, in every subject the minute
ventilation ranged from 10 to 15 1/min and the breathing
frequency ranged from 10 to 15 breaths/min. This minute
ventilation was chosen by each individual. The end tidal
Pco, remained constant or slightly increased throughout
each run but the increase never exceeded 3-4 torr. Fig. 2
shows tracings obtained during a run with the subject generat-

ing about 75% of PdimaX while breathing 13% O The tracings

9
on the left are those obtained at the beginning of the run
and those at the right were obtained at the end. They are
typical of all runs. At the beginning, Pm, Ppl, Pg, and Pdi
were similar during each inspiration. At the end, the
swings in Ppl and Pm became greater while the swings in Pg
became smaller. The Pdi was not sustained for as long a
period during each inspiration and the duration of inspira-
tion was reduced. Eventually a point was reached when the
subject became unable to generate the predetermined Pdi. At
this point, the ventilatory pattern became irregular and
disorganized. There were transient and rapid changes in Pdi
and the subjects experienced a "cogwheel" type of breathing
in which inspiration was accomplished in steps. Shortly

thereafter the subject could not tolerate the procedure and

came off the mouth@iece. The duration from the onset of the
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Figure 2: Recorded measurements of an experimental run at 75%
of maximum transdiaphragmatic pressure (Pdimax) breathing  13%

0 Left: first 29 s of performance . Right: last 39 s of

2
the maneuver, which lasted altogether 132 s. Except for Pdi,
all pressures were measured relative to atmospheric pressure.
Beginning of run (left), all measurements remained similar
with each breath. At the end (right); swings in esophageal
pressure and mouth pressure increased, while swings in gastric

pressure became smaller. Pdi did not reach predetermined value

and was not sustained for as long a period with each breath.
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run to the point where the subject came off the mouthpiece was

designated t

lim®

Three interesting sensations were exguienced during
these runs. In most runs the subjects felt a dull subcos-
tal pain toward the end. One subject frequently developed
severe unilateral or bilateral abdominal pain identical to
"stitches" experienced during running. Two subjects clearly
experienced "second wind" during prolonged runs. They felt
that they had almost reached the end point and that they would
soon have to come off the mouthpiece. This sensation sudden-
ly disappeared and the subjects were able to continue
breathing against the resistive loads generating the appro-
priate Pdi for considerably longer periods of time. Unfortu-
nately, the subjects did not signal this sensation to the
operator so that it was impossible to determine in retrospect
if there had been any change in the pressure tracings. Al-
though Pdi remained constant with each breath, it is possible
that reciprocal changes in Pg and Ppl occurred,signaling
recruitment of other respiratory muscles (see below).

We plotted transdiaphragmatic pressure in percent

of maximum Pdi at FRC against t (Fig. 3). The relation

lim
is curvilinear. The range of Pdi/Pdimax within which the
subject performed the maneuvers was 0.4-0.9. Fig, 4
shows a plot of Pdi/Pdima# against the reciprocal of tlim'
The resulting curve has an intercept which is the value of
Pdi (Pdicrit) that the individual can more or less sustain
indefinitely. This was found to be about 40% of the maximum

transdiaphragmatic pressure for all three subjects. 1In the
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Figuré 3: Relationship between transdiaphragmatic pressure
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(Pdlmax) and endurance time (tlim). anh point represents an
individual run from each subject. Overall relationship is

curvilinear.
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two subjects who had the same maximum Pdi (#185 cmH20) the

Pdic was 75 cmH,0 and in the third subject (with a maxi-

rit 2
mum Pdi of 280 cmiH,0) the Pdi . was 110 cmH,O0.
2 crit 2
A plot of the product of Pdi times total inspiratory
time (tin) during each run versus tiim (Fig. 5) reveals a
curvilinear relationship. The best-fit line by eye is drawn
through the data points. This relationship as discussed
below may give insight into the energy consumption of the
diaphragm during each run.
The influence of hypoxia on endurance time is
shown in Pig. 6 in which the relationship between Pdi/Pdim

ax

and t is shown in the two subjects breathing either air

lim
or 13% 0,. End-tidal Po, was approximately 50 torr during

the hypoxic runs. The comparison reveals that hypoxia had

little if any effect on t at high (920%) and low (40%)

lim
percentage of the maximum transdiaphragmatic pressure, but
had a large effect between these two extremes. Fig. 7

shows the relationship between Pdi/Pdimax and 1/t during

lim
the hypoxic runs. It appears that the intercept Pdicrit
is the same as during normoxia. Fig. 8 gives the rela-
tionship between the Pdi - tin product and tlim during
hypoxia. This is linear and the regression line has a
correlation coefficient of 0.99. In contrast, during air
breathing the rélationship was curvilinear. In both this
figure and Fig. 5, data points for tiim? 15 mins are not
included as they were insufficient to categorize the rela-

tionship. In Fig. 9 t o during air breathing is plotted

1i
against tim during hypoxia at equal values of Pdi . tie
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Figure 6: Influence of hypoxia on tlim in two subjects in whom
this was measured. Crosses denote the relationship of Pdi/Pdimax
with tlim breathing air and closed circles, breathing 13% 02.

The tlim is shorter during hypogla for any Pdl/Pdlmax.



149

IOOF
x
. b3 1 3
80r .
pdf L4 . X x
Pdimax . * x b
60 . x X x
v °/o X °
X x X 0.
40E . *
20F
0 ! 1 A ] ! | }
C n.2 0-4 06 08 -0 -2 -4

|/t lim (mm")

Figure 7: Relationship between Pdl/Pdlmax and l/tlim during
13% 02 breathing , Intercept Pdicrit is not different fram

that breathing room air (Fig. 4).



150

i,

!

!
1000
800
L
600 -

Pdi « tjn
*
cmHZO' min
400}
(]
200} . o
[ ]
.I
- .,
1 | I b 1 1 t I 1
2 4 6 8 10 12 14 16
tim {min) ¢
i

Figure 8: Relationship between the product Pdi . tin and

tl' during 13% O2 breathing. Pooled data from both subjects
im

are shown. Linear regression coefficient is drawn (r= 0.99).

For further explanation see text.



151

16
12 .
t . o :0 A
m 8 |- °
(13% 0, | ° %
4 O%O
b °§
° | | | | ] | | L
0 4 8 12 16

Figure 9: Relationship between tlim breathing air and

Breathing 13% O2 at equal values of Pdi - tine Solid

line: line of identity.



152

In contrast to Fig. 6, t im during hypoxia was slightly but

1i
significantly increased (P <0.001) at equal Pdi - tin' The
apparent discrepancy between Figs. 6 and 9 is due in part to

differences in the ratio tin/t ketween air and hypoxia at a

1im
given Edl/PdlmaX. Thus the mean.value of tin/tlim in air
was 0.501 + 0.012 (mean = ] SE) and in hypoxia 0.600 + 0.014

(P<0.005). As a result the ratio Pdi . tin/tlim at equal

values of Pdi/Pdimax was substantially greater during hypoxia

as shown in Fig. 10.

e) Discussion

Muscle fatigue has been defined as the inability
to maintain a prédetermined force. Whether or not this is
due to motivatibn, failure of central neurological control,
impaired transmission at the motor end plate, accumulation
of waste products within the muscle cell, expenditures of
energy which exceed supplies or other factors has been and
still is the subject of considerable speculation and
experimentation. We cannot be certain which of the factors
contributed to fatigue in our experiments. We went to
considerable length in the present'and subsequent experi-
ment to exclude motivation as the cause by introducing
competition between subjects and only using subjects who
were highly motivated. In other skeletal muscles, Merton
(149) has shown that in humans when a muscle diminishes its
maximum developed tension while it contracts voluntarily, a
tetanic stimulation of the nerve of the muscle does not

produce greater tension. Furthermore, he has shown that
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during fatigue the action potentials do not diminish in
amplitude. Thus; in his experiments the site of fatigue
seemed to be primarily in the muscle. Useful predictions
about endurance times can be made by assuming that the
energy utilization is greater than the energy supply. Since
the experiments reported herein were completed, we have
measured the electromyogram (EMG) of the intercostal muscles and
the diaphragm while breathing with constant Pdi or constant
mouth pressure against fatiguing and non-fatiguing loads
(230,231). We have shown that there is a shift in the power
- spectrum of the EMG of these muscles to lower frequencies
when they are performing fatiguing work and that this shift
occurs long before tlim’ Such shift in the power spectrum
of the EMG has been correlated with the fatigue of other
skeletal muscles (232, 233). No shift was observed during
non-fatiguing work. For these reasons we believe that
the fatigue we observed in both studies (diaphragmatic
fatigue and the subseyuent one) is due to physiological changes
in the muscles, rather than due to motivation or alterations
in central control.

Our results indicate that wheﬂ the end-tidal
level is at FRC and the diaphragm generates a pressure with
each breath of about 40% or more of the maximum inspiratory
pressure it can generate at FRC,it will eventually become
fatigued. It can continue to generate pressures less than
about 40% (Pdicrit) of maximum indefinitely. This conclusion

would not be justified if the end-ex?iratory‘lung volume
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varied significantly during the fatigue runs. That this
did not occur was demonstrated by the constancy of end-
expiratory transpulmonary pressure which did not change
during the runs.

Our estimate that the diaphragm can continue to
contract at 40% of maximum without becoming fatigued is in
~general agreement with other data in the literature which
suggest that intermittently contracting skeletal muscles
can continue to generate tensions of less than 40% of
maximum tension without developing fatigue if contraction
and relaxation times are approximately equal (234). Further-
more, Lieberman et al (172) found that 40% of the fibers
in the guinea pig diaphragm were of the slow=-twitch high-
oxidative type which, it is hypothesized, do not become fati-
gued. Thus, they found that during fatiguing stimuli the
tension developed by the diaphragm diminished and plateaued
at 40% of maximum. The same authors also found that 55%
of the fibers in the human diaphragm were of the slow-twitch
high-oxidative type. Although, the sampling was obtained
from only one site, our results are consistent with their
data.

Important questions are 1) whether or not Pdicrit
is ever repeatedly exceeded during breathing, and 2) whether
respiratory muscle fatigue ever occurs under physiological
or pathological conditions. Although our results do not
provide an answer to these questions, they establish that
" the diaphragm can become fatigued in man. In this context

we shall now discuss how recruitment of other inspiratory
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muscles may influence tﬁe development of fatigue and the
effect of hyboxia: We then discuss some ?ractical implica-
tions of respiratory muscle fatigue both in disease states
and exercise physiology.

We have studied fatigue of the diaphragm alone
and did so by assigning the diaphragm a particular task to
perform with each inspiration. However, in most instances,
in which subjects breathe against increased loads, the
respiratory muscles do not necessarily generate the same
tension with each breath. The muscles may be coordinated
in such a way that they are protected against fatigue. In
our experiments in which Pdi remained constant during a given
run, the components of Pdi (Ppl and Pg) did not remain
constant. Toward the end of a run, as illustrated in Fig. 2,
the increase in Pg that was prominent at the beginning was
small or absent, and therefore the diaphragm was no longer
displacing the chest wall (12). Accordingly, more of the
pressure developed by the diaphragm was applied to the lung
and the swings in Ppl increased in amplitude. These were
- relatively ineffective in increasing flow and ventilation
because of the alinearity of the resistance at the mouth.
We interpret these results as indicating that the subject
had recruited other inspiratory muscles and that these were
sharing the work of breathing with the diaphragm. To prove
that recruitment of other inspiratory muscles could influence
the onset of fatigue we performed a few runs in which the
subject was told to maintain ventilation.by any means when

he reached the point at which he was unable to generate the
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predetermined Pdi. When this occurred the subject was able
to maintain ventilation for several minutes, although -

the Pdi generated with each breath became much less. Thus he
tended to relax his diaphragm and to recrﬁit other muscles,
delaying the onset of inspiratory muscle fatigue.

A reduction in endurance time as a result of
hypoxia might be expected if fatigue results from a failure
of metabolic regenerative process in the muscle fiber (224,
149) . Lieberman et al (172) related the development of
fatigue in the diaphragm to the histochemical characteristics
of myofibrillar ATPase and SDH activity suggesting that the
rate of ATP depletion was faster than the rate of ATP
synthesis. If so, hypoxia might further decrease the rate of
ATP synthesis and thereby reduce endurance time. Indeed we

found that t was diminished by hypoxia when a comparison

lim
was made with normoxic conditions at equal values of Pdi/Pdimax
(Fig. 6). However, the comparison at egqual values of Pdi ‘tin

revealed a small but significant increase in t - during

1i
hypoxia.

To resolve this apparent paradox it is necessary
to develop the relationship between energy supplies, energy
consumption , and the development of fatigue. Fatigue
occurs whenever energy consumption is greater than energy
supplies with the result that energy stores are eventually
consumed; the demand for energy can no Jlonger be met and
the muscle can no longer contract. Monod and Scherrer (225)

derived an expression relating the development of muscle

fatigue to the total amount of energy consumed as follows:
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C=a + Bt (1)

lim
where C = total amount of energy consumed by the muscle,
o = stored energy reserves, and B= rate of energy supplied

to the muscle. The mean rate of energy consumption is given

by :

C= (a* Bty V/tin (2)
solving for t,..

lim & — (3)

The value of B depends on a number of variables including
O2 and substrate concentration in arterial blood, muscle

flow, and the capacity of muscle cells to utilize energy

sources.
The solution of Eq. 1 for tlim yields
- S O
tlim c -2 (4)
v B
Comparison of the influence of 8 on tiim from Egs. 3 and 4

reveals apparently opposite effects. According to Eq. 3,

L]
reducing B at a constant C reduces tlim' According to Eq. 4,

reducing B at a constant C increases t The resolution

lim*®
of this paradox is apparent when it is realized that both

t and C are variables dependent on B and ¢. Thus a reduc-

1im

tion of B at a constant é will decrease tl and because

im

cC=2¢C total energy consumption must also decrease.

tlim’_
Comparison of the effect of hypoxia on tlim at

equal values of C is complicated by these considerations.

If under normoxic conditions tlim is different from that



under hypoxic conditions, by definition the rate of energy

consumption (C/tlim)'must be different. B8 may be
influenced not only by the reduced 02 content but also by the
different value of C. Thus a better com?arison of the effect

of hypoxia on t is made at equal values of C.

lim
[ ]
Our data can be analyzed in terms of C and C
by using the product Pd4di - tin as an index of energy

consumption., Because efficiency (E) is the ratio of external

work (W) to energy consumption, Eq. 1 can be rewritten as:

a+Bt- (5)

The external work performed by the diaphragm with each
inspiration is given by J(Pdi - dvdi, where Vvdi = volume
displacement attributable to the diaphragm. Because changes
in Pdi were approximately square waves (Fig. 2), so that Pdi
remained constant throughout inspiration, the diaphragmatic
work during each inspiration simplifies to Pdi . .Vdi. The
total work performed by the diaphragm (Wdi) during a fatigue

run is given by:

wdi

] n

i)

jon

]

5 %

. <
Qu
=
[

Pdi(vdij * vdip * ... * Vdip)

)]

Pdi . Vditot

' -
Pdi - vdi tin
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where Vdi is the average flow attributable to the diaphragm
during the fatigue run and is an expression of the average
velocity of contraction, and tin is the total inspiratory

time. Substituting in Eq. 5 yields:

=a + Bt (6)

lin

Although we cannot measure Vdi and E, we have measured Pdi - tin
(Figs. 5 and 8). If one assumes that Vdi/E remains constant

and substitutes the symbol K for it in Eq. 6, then

Pdi - t; = a/K * B/K tiim | (7)

What possible justification is there for assuming that

ﬁdi/E is constant? On the surface,very little. However, for
several- years-circulatory physiologists have used the product

of intraventricular érgssure and the time over which it
developed as a very useful index of myocardial energy-
requirements (235, 236, -237). -This assumes that C is pro-
portional to the product of pressufe and time and requires the
identical assumption that the ratio of velocity of contrac-
tion to efficiency is constant. 1In spite'of the difficﬁlties
in justifying this assumption, the tension—time index has
p;oved'éxtremely powerful in the_ study of myocardial ener-
'getics (235,236,237). Furthermore, McGregor and Becklake (238)
developed a- similar relationship for the respiratory muscu-
lature. They found a different relatidnship between work

and oxygen cost of breathing when they compared unloaded

hyperventilation to breathing through a resistance. However,

-~
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the relationship between force developed by the muscles and
their oxygen consumétion was the same for the two conditions.
They suggested that force might be a useful index of energy
consumption and that the discrepant relationship between
work and oxygen cost of breathing was due to a reduction
in efficiency of the respiratory muscles during resistance
breathing.

The calculation of Pdi - tin is similar to the
tension-time index. We use this as an index of C. Thus

the data in Fig. 9 which are close to the line of identity

and which are quite different from the results obtained when

tlim is compared at equal Pdi/Pdimax (Fig. 6) represent a
comparison at equal values of C and interpretation of these
data in terms of a reduction in g due to the reduced O2
content is difficult as already discussed. The data do
indicate, however, that for unknown reasons our subjects
spent more time inspiring during hypoxia than they did
during normoxia for the same endurance times, so that for
the same pressure development the rate of energy consump-
tion was increased. This is shown in Fig. 10 where the
ratio Pdi . tin/tlim is used as an index of €. In contrast
when the comparison was made at equal values of C (Fig. 9),
tlim was systematically longer during hypoxia (P < 0.001) and
therefore é, by definition, was less. Thus the influence

of hypoxia analyzed at equal values of Pdi/Pdim is a

ax
comparison made when the rate of energy consumption was

' greater during hypoxia than breathing air. It is not
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surprising that t, . ~was less during hypoxia. When the
analysis was made at an equal value of C ,the rate of
energy consumption was greater under normoxic condition, and
as a result 'tlim was somewhat longer during hypoxia.

_ As stated previously ,a better way to examine the
influence of hyﬁoxia is to make the comparison at equal
values of C. Analyzed this way, we believe our data are
consistent with a réducétion in B at Pdi—greater-than -
PAi_ ;- Figs. 5 and 8 are the graphical expressions of
Eq. 7 in which «/K is the intercept and B/K is the slope.

For the data obtained during air breathing, the

line of best fit was drawn by eye. For the data obtained
breathing 13% Oz.a iinear regression was calculated by the
method of least squares (r = 0.99). These lines are super-
imposed in Fig. 11. We assume that a/K , the Y¥Y-intercept,
remained coﬁstant during runs at differeﬁt values of PAi - t; .
If so, o/K apﬁears to be uninfluenced by hypoxia. For-
any value of Pdi - tinj‘B/K is given by the slope of the
straight line connecting fhe intercept to that Pdi * tine
This graph is similar to one used by Monod and Scherrer (225).
B/K remained constant during the hypoxic runs and was there-
fore independent of C. This was not the case during normoxia
in which B/K was similar to that during ﬁy?oxia for longer
t1im but increased as tlim decreased and é increased. Figure
12 shows how B/K varied as a function of Pdi/Pdimax during air
and hypoxia. It appears as if the rate of energy supplied
to the diaphragm was maximal during hYboxia even at rela- .

tively low values of Pdi/Pdi __, whereas during normoxia

ax
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the rate of energy supplied was able to increase as Pdi/Pdimax
increased.

The sloée of a straight line drawn from the origin
to any given Pd4i - tn has the units of Pd4i - tin/tlim
vhich we assume is directly proportional to C. The dotted
line ABC in Figl 11 is an example. The intercepts B and C
~give the endurance times for hypoxia and normoxia, respec-
tively, at equal rates of energy consumption. For a given
'é, the endurance times are less during hypoxia because of
the reduced energy subplies. However, for a given Pdi - tin

(as illustrated by the dashed line DCE) t is somewhat

lim
prolonged for reasons already discussed. Due to the

scatter of data in Figs. 5 and 8, the confidence we have
in the accuracy of the lines in Fig. 11 is somewhat limited.

Therefore this graph should not be interpreted quantitative-
ly. However, we believe that it does illustrate qualita=
tively,the influence of hypoxia and ¢ on g and tlim' We -
conclude that for.a given rate of energy consumption hypoxia
reduces 8 gnd this leads to a reduction in endurance time-:«
This conclusion is in agreement with the results
of Kaijser (208) who studied the influence of hypoxia
on small muscle groupsand reported that an inspired 0, con-
tent of 10% in helium caused a‘reduction in endurance time.
However, it is at-variance with the results published by _
Tenney- and Reese (52) who measured endurance times while
breathing at various percentages of maximum breathing
capacity in athletes. They found that the influence of

breathing 9% Oé»in N, was trivial cOmbared to air. Their
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comparisons were made at equal minute ventilation so that
power development during the two runs was probably equal.
McGregor and Becklake (238) found that respira-
tory muscle efficiency was diminished during resistance
breathing compared to hyperventilation at the same power.
This could result in some ins?iratory muscles contracting
isometrically during resistance breathing compared to
hyperventilation. If so, during resistive loading both
the velocity of contrac¢tion and efficiency may be reduced
compared to hy?erventilation at the same power. If the
ratio between the two (ﬁ/E) remained constant, this would
have no influence on ¢. On the other hand if the reduction
in E was greater than 6, ¢ would increase during resistive

loading at the same external power. From Eq. 3, tlim

would
decrease unless B increased to the extent that (é ~g) remained
constant. The results presented in Fig. 12 suggest that,

in the presence of hypoxia, B was fixed and could not
increase as E increased. One might predict therefore that
hypoxia would have a greater effect on endurance time during
resistive loading than during voluntary hyperventilation.
Further evidence that this may be so is found in the results
of Eldridge (239) who showed that during moderate hyper-—
ventilation in room air or 15% inspired oxygen,blood lactate
did not increase. Breathing against resistive loads did not
cause the blood lactate to rise either. However, breathing
hypoxic mixtures against resistive loads did lead to an

increase in blood lactate. By inference,the respiratory

muscles may deﬁend very little, if at all, on anaerobic
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Figure 12: Index of energy supplies to diaphragm ( g /K) as
function of Pdi/Pdimax during normoxia (solid line) and

hypoxia (dashed line). For further explanation, see text.
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metabolism with normal lung resistance and compliance even
during hypoxia; whereas during high resistive loads under
sufficiently hypoxic conditions the'supply of oxygen to the
respiratory muscles may be inadequate and may lead to
anaerobic metabolism to meet the work demand. This could
account for the difference between our results and those
of Tenney and Reese (52).

A similar explanation might account for our
- finding that hy?cxia had little effect on Pdicrit’ whereas
at greater resistive loads its effect was apﬁarent. Alterna-
tively if one interprets Figs. 11 and 12 in terms of B alone,

hypoxia had no influence on B8 at t greater than 12 mins

lim
or Pdi/Pdimak less than 60%. Perhaps there was increased
diaphragmatic blood flow induved by hypoxia which by
increasing substrate supplies compensated for the diminished

0, delivery (240). Compensation may also have been accomplished

2
by;increasingro2 extraction.

To summarize, the differences we observed in tlim
during normoxia and hypoxia at equal Pdi/Pdimax‘are attribut-
able, in part, to differences in t;,+ In addition, it appears
that hypoxia reduced the rate of energy supplies when
breathiné against high loads so that tyim Was diminished for
any given rate ofAenergyﬂconsumption} However, for any given
value of tétal energy consumption, tlim was somewhat prolonged -
during hypoxia because the rate of energy consumption was
decreased more than the_rate of energy sup?lies.

Our observation that B/K continues to increase

during normoxia once Pdicrit is exceeded (Fig. 12) is differ-



168

ent from similar measurements on skeletal muscle in which
the relationshf@ betwéen the power output of the muscle and
tlim is linear (225). Thus for skeletal muscles, B is
constant at its maximal value once the critical power is
exceeded. This may not be the case for the diaphragm.
Robertson et al (241) found that diaphragmatic blood flow
increased exponentially as the work of breathing increased.
There was no tendency for perfusion to élateau at a maximal
level even at wery high work rates. If this is also true
for man, diaphragmatic fatigue may have a somewhat different
basis than fatiguéiin the skeletal muscles. 1In the other
muscles, fatigue results when energy supplies reach a maximal
value but energy consumption continues to increase. In the
diaphragm, fatigue appears to result whenever the consumption
of energy is greater than the supply at a particular value
of diaphragmatic power. At a greater power, the energy
supply appears to increase, but not as much as the energy
consumption. As a result, the endurance time is greater
than it would be if the energy supplies had remained constant.
Our results do not answer the question whether
diaphragmatic fatigue ever occurs under pathological or
physiological circumstances. If it does occur, the events
" following the development of diaphragmatic fatigue when
ventilation must continue against an added load remain
speculative. Almost certainly the event must be disastrous,
although whether or not it leads rapidly to death or whether
ventilation is reset at a lower but new steady state which

the muscles can manage is unknown.
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Respiratory muscle fatigue may also play a role in
the sensation of dysﬁnea and may lead to exercise limitation.
Predictably, if fatigue does play a role in the pathogenesis
of respiratory failure and in exercise limitation the report
by Leith and Bradley~(55) that the respiratory muscles
can be trained to increase static strength and endurance
may have exceedingly important therapeutic practical impli-

cations.
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III. 2. 2) Fatigue of the Inspiratory Muscles and their
Synergic Behavior
a) Summary
The time (tIim) required to broduce inspiratory
muscle fatigue was measured in five normal'sﬁbjects breathing
at FRC against a variety of high inspiratory resistive loads.
In every breathing test the subjects generated with each iani—
ration a mouth pressure which was a predetermined fraction

of maximum Pm (Pmmax). They continued breathing until they

were unable to generate this Pm. The Pm/Pm __ that could

be generated indefinitely (Pm ) was around 60%. The

crit
inspiratory power output at that level of breathing was 6.6

1]
kgm/min (W ). In three of those subjects the same experi-

crit
ment was conducted at an end-expiratory volume of FRC + i
inspiratory capacity (IC). The higher lung volume was
actively maintained by the subjects watching end-expiratory
transpulmonary pressure on an oscilloscope. For any fraction
), t

of the maximum mouth pressure at.FRC + i IC (Pm_ was

ax lim

shorter than at FRC. Pmcrit decreased to 30% Pmmax and>wcrit
to 2.6 kgm/min. Monitoring the abdominal pressure (Pqg),
revealed that the contribution of the diaphragm and inter-

costal accessory muscles alternated in time, possibly post-

poning the onset of fatigue.

b) Introduction

In the previous experiment,we have described fatigue

of the diaphragm in man. However, recruitment of other
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inspiratory ﬁuscles while breathing against resistive loads

may play an important role in brotecting the resbiratory

system against the development of fatigue. Accordingly, in this
study we have examined the response of all the inspiratory
muscles to breathing against inspiratory resistive and fatigu-
ing loads.

This study has two major aims: 1) to determine at FRC ang
at a higher lung volume, the critical level of alveolar pres-
sure and power outbut of the inspiratory muscles which is
just sufficient to produce fatigue; 2) to examine qualitative-
ly the interaction of the diaphragm and intercostal/accessory
muscles when breathing against fatiguing inspiratory resistive

loads.

c) Methods
Five normal laboratory volunteers were studied in
a seated position breathing through an inspiratory resistive
load at FRC. Three of these were also studied while volun-
£arily maintaining an increased end-expiratory lung volume of

PRC plus 1% inspiratory capacity, (IC).

1) Measurements at FRC: Prior to each fatigue

experiment, the subject performed a maximum inspiratory effort
for 2-3 seconds at FRC with the airway totally obstructed.
This maneuver was repeated 4 to 5 times, with an interval

of 3 - 5 minutes between trials, in order to obtain the
maximum insbiratory-?ressure (Pmmax) that the subject could

generate at FRC. Pmmax was highly reproducible within
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individuals, varying by 4 to 5 cmHZO from day to day. All
individuals had a Pmmax between -130 and -145 cmHZO. After

measuring Pm ., the subjects breathed through a Hans-Rudolf

ax’
valve (Fig. 1), the inspiratory inlet of which was connected

to a Starling resistor consisting of a collapsible latex

tube in an airtight plexiglass chamber. While breathing through
the tube, the pressure in the chamber was adjusted to limit
inspiratory flow rate at a maximum of 0.5 - 0.7 1/s. Expira-
tion was not loaded. 1In this system,inspiratory flow rate

was independent of mouth pfessure and the inspiratory resis-
tance was directly proéortional to the magnitude of the mouth
pressure swings. The subject was instructed to generate a
mouth.pressure (Pm) with each inspiration which was a pre-
determined fraction of Pm, ..+ Pm was disblayed to the

subject on an oscilloscope and was maintained constant through-
out inspiration and with each'breathe,“ until the subject
could no longer develop if. No instructions were given to

the subject regarding how he was to develop the target Pm.
Thus, he was free to use his diaphragm or his intercostal/
accessory muscles or both in order to develop Pm. At the

end of the run when the subject could no longer produce the
required Pm by any means, we assume that all of the ins?ira—
tory muscles, not just the diaphragm were fatigued. The
subject was unaware of the magnitude of the Pm that he had

to generate. This was achieved by using the zero suppression
so that the magnitude of the pressure swing was not displayed

to the subject. The subject chose his own tidal volume and

frequency. The endurance time (tlim) was the time from the
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Figure 1l: Diagrammatic representation of the experimental design.
An inspiratory resistance helped the subject breatheat a given
predetermined mouth pressure (Pm). Pm was displayed on the
vertical axis and time on the abscissa of an oscilloscope.
Transpulmonary pressure (P;) was measured by an esophageal
balloon and was displayed on the upper part of the oscilloscope.

(For further details see text).
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beginning of the run until the subject could no longer
tolerate the procedure and came off the mouthpiece. This
occurred two to three breaths after he was unable to achieve
and sustain the predetermined target Pm.

Esophageal pressure,Pes),mouth pressure, flow, volume
and end tidal CO, and O2 were measured as in the experiment
ITIT. 2. 1. (Methods).

During 4 or 5 fatigue runs at different levels of
mouth pressure in all subjects, we also measured transdiaphrag-
matic pressure (Pdi),gastric pressure (Pg) (as described in
Chapter III. 2. 1. Methods), and the motion of rib cage and
abdomen (Fig. 2). The motion of the rib cage and abdomen
were measured by two pairs of magnetometers. (See

Chapter II. 2. 2. Methods).

The whole experimgntal procedure in three subjects was repeated
at a higher end-expiratory lung volume; namely, FRC plus 3
inspiratory capacity. This volume was maintained voluntarily
without external assistance. Constancy of the end-expiratory
volume was achieved by displaying transpulmonary pressure (P1,) on
the oscilloscope. Thus, during inspiration the subjects
watched the Pm display as earlier described in order to achieve
the target pressure whereas during ex?iration, they observed

Py, and kept it constant at end expiration and equal to the
static trans?ulmonary pressurg at FRC plus % inspiratory
capacity. A run was not accepted if end—expiratory trans-

pulmonary pressure did not remain constant with * 1 cmH20
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throughout the whdle run. Unfortunately, we were un-
successful in studying the influence of hyperinflation
produced by positive pressure breathing at the same lung
volume. The ?ressure required to produce this degree of
hyperinflation caused fatigue of the lips so that a tight
mouthpiece seal could not be maintained.

All signals in each run were recorded on an 8
channel Hewlett-Packard strip chart recorder.

The order in which the experiments were done was
randomized in each subject. Each subject performed 1, and
occasionally two fatigue runs per week. Since the endurance
time may be influenced by subjective factors, we chose subjects
who were highly motivated to improve motivation and coopera-
tion; competition between individuals was introduced and

encouraged.

d) Results

The minute ventilation during all fatigue runs
ranged between 8-13 liters per minute and respiratory fre-
quency between 10-14 breaths per minute. Each subject was
free to chocse his own minute ventilation and respiratory
frequency. End-tidal Pco, remained constant throughout the
run, except for the last few breaths when it increased
slightly. The increase was never greater than 3-4 mmig.

In most runs the subjects felt a dull ﬁain in the
area of the neck and shoulders, parasternally and subcostally.
All subjectS‘experienced "dyspnea" during trials in which

fatigue resulted, while no dyspnea was reported during non-
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fatiguing runs. All subjects e#perienced "second-wind" during
prolonged runs. They felt that they had almost reached

their limit of tolerance and that they would soon have to
terminate the run. This sensation suddenly disappeared

and the subjects were able to continue breathing against the
resistive loads generating the target Pm for considerably
longer periods of time.

Fig. 2 shows a tracing taken during a whole single
run with the subject generating Pm of approximately 75% of
PmmaX at FRC. These tracings are representative of all runs
in all subjects both at FRC and the higher lung volume. Al-
though Pm and transpulmonary pressure swings remained con-
stant throughout the whole breathing test, there were marked
fluctuations in Pdi and Pg. At the beginning of Fig, 2
Pg was positive during each inspiration and Pdi was large (A).
This was followed by a period of several breaths when the
inspiratory fluctuations in Pg were virtually negligible and
Pdi became smaller (B), with transient increases in Pg in

early expiration. Subsequently the inspirétory Pg swings

increased once more and became so positive that they went off

scale (C). Here Pdi was also maximal. Finally, towards the
end of the run, Pg became negative during a part or all of
inspiration and Pdi became minimal (D). The corresponding
changes in the A-P diameter of the abdomen show that an
increase in Pg was accompanied by an increase in A-p diameter
of the abdomen. When Pg remained unchanged the AP diameter
also did not change, while, when Pg decreased during inspira-

tion, the AP diameter also decreased. Although there is no
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Figure 2: Recorded measurements of an experimental run at 75%
of maximum mouth pressure (Pmmax) . Excep£ for transdiaphragma-
"tic pressures (Pdi), all pressures were measured relative to
atmospheric pressure. The swings in mouth pressure and esopha-
geal pressure remained constant thrvoughout the run while those
in gastric pressure (Pg) and Pdi varied.  Increase in Pg dur-~
ing the inspiration was associated with an increase of the
anteroposterior (A-P) diameter of the abdomen (A, C); when Pg
did not change the A-P diameter of the abdomen did not change

either (B); when Pg decreased the AP diameter also decreased

(D).
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clear cut separation of the various types of breaths, the
subjects spent a?proximately 1/3 of the time breathing with

high Pg, 1/3 with constant Pg and the remaining third with
negative Pg. The difference between the maximum and minimum
inspiratory Pdi observed in a given run ranged from 35-100 cmHzo.
It was neither constant in all runs in the same subjects, nor
among the subjects.

We plotted Pm as percent of Pmmax at FRC against

tyims A representative example is shown in Fig. 3A. Pm
varied from 40 to 90% of Pmmax' The relationship between
Pm/Pmmax and tlim is curvilinear and appears to reach an

asymptotic value of Pm/Pmmax at about 50%. This asymptotic
value of Pm/Pmmax is better visualized in Fig 3B. where the

abscissa is the reciprocal of time The resulting curve has

)

an intercept on the ordinate which is the value of Pm(Pmcrit

when t1im is equal to infinity. This is the value of Pm
that the individual can more or less sustain indefinitely.
In Fig, 4, the best~fit line drawn by eye is displayed
for all subjects plotted in the same manner as Fig. 3B,

The intercepts indicate that Pm

crit ranges from 50 to 70%

of Pmm or a mean value of -80 cmH20. To assess the signi-

ax

and Pm/Pm

ficance of the relationship between t nax

lim yan
exponential curve was fitted through the data points of each
subject yielding correlétion coefficients of 0.75, 0.891,
0.802, 0.987 and 0.882 with a p value < 0.01 in each case.

A representative example of the results obtained in

one subject at FRC and at the higher lung volume plus 3
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Figure 3: Mouth pressure (Pm) as percentage of maxihuﬁ“insp—
iratory pressure (Pmmax) plotted as a function of-endurance time
(tlim) in the upper panel (A) and against the reciprocal of
endurance time (l/tlim) in the lower panel (B). Each point
represents an individual run in one subject. The intercept

of the best-fit curve drawn by eye through the data points

in panel (B) gives the approximate value of Pm that the indivi-

).

dual can sustain indefinitely (Pmcrit
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Figure 4: Relationship between Pm/Pmmax and the reciprocal of
endurance time (l/tlim) in all subjects. Each curve represents
the line of best-fit drawn by eye through the data points of
each subject (See Fig. 3B). The intercept of each curve gives
the approximate value of Pm that each individual can sustain

indefinitely (Pm/PmmaX).
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inspiratory capacity is shown in Fig. 5 in which the abso-
lute value of Pm is displayed on the left ordinate and Pm/Pmmax
on the right. These are plotted against tiime The values ob-
tained at FRC are shown by the closed circles and at FRC plus

3 inspiratory.cabacity by the x's. 1In Fig, 6, the best-fit
curve drawn by eye for the relationshi§ between Pm/Pm.max
versus l/tlim at FRC and FRC+ 1 IC are shown for all three
subjects. The correlation coefficient of the exponential
curves fitted through the data of each subject had values of
0.907,0.805, and 0.960 (p < .01l in all cases). At the higher

lung volume, Pm, ., was substantially less than it was at

it
FRC. Furthermore,the tlim ﬁor any Pm/Pmmax was shorter.
Because Pm remained essentially constant during
each inspiration and from breath-to-breath during a given
fatigue run, the critical power (&crit) of the respiratory
system in each individual was obtained by‘multiﬁlying the

Pm by the minute ventilation during .the particular run.

crit
At FRC this value ranged from 6.0 to 7.2 kilogram meters
per minute (mean 6.6 kgm/min). It should be noted that this

value of &crit is not the total critical power of the insp-
iratory muscles but represents the power over and above

that required for ordinary tidal breathing in order to
ventilate against a resistive load. Furthermore, it neglects
any power required to distort the chest wall. In(Fig.?,

the effect of hyperinflation on PM_.5¢ and &crit is shown

in all three subjects. The mean Pmcfit and &crit fell from

their values at FRC, to -27 cmH20 and 2;4 kgm .~ per

minute, respectively.
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Figure 5: Effect of lung volume on endurance time (tlim)
in minutes. Left ordinate - mouth pressure (Pm). Right
upper ordinate - mouth pressure as percent of maximum
(Pm/Pmmax) at FRC (solid circles). Right lower ordinate -
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Figure 6: Relationship between Pm/PmmaX and the reciprocal
of endurance time (l/tlim) in three subjects at FRC (solid
lines) and FRC +3% IC (interrupted lines). In each subject

the intercept (Pmcrit) decreased at higher lung volume.

The arrows indicate in each subject the change in relation-

. . N
ship of Pm/Pmmax against 1/tlim from FRC to FRC + 1 IC
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e) Discussion

Our data in this study indicate that fatigue of
the respiratory muscles can be experimentally produced in
humans. Therefore, it potentially exists in patients and
may possibly be a cause of respiratory failure. The data
also indicate that the vﬁlnerability of the inspiratory muscles
to develop fatigue is greater at higher lung volumes and
that the contribution of different inspiratory muscle groups
to the respiratory pressure swings varies during a given
fatigue run.

The variation in Pdi and Pg shown in Fig. 2, while
Pm and esophageal pressure (Pes) remained constant, reveals
variation in the strength of diaphragmatic contraction
during a given fatigue run. We interpret this as indicating
recruitment and derecruitment of other respiratory muscles.
An increase in abdominal pressure during inspiration greater
than that which occurs during an inspiration in which the
diaphragm is the only muscle contracting, signals recruitment
of the abdominal muscles whereas smaller abdominal pressure
swings signal recruitment of intercostal/accessory muscles
of inspiration (25). A fall in abdominal pressuré during
inspiration below the value during relaxation at FRC indi-
cates strong recruitment of infercostal/accessory muécles.

Although we do not believe the data in Fig. 2, | can
be quantified in terms of the pressure contributed by the
intercostal/accessory muscles, because the abdominal muscles

were presumably not relaxed (25), we can make gqualitative
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étatements about recruitment of these muscles. During the
period B when the abdominal pressure did not change from its
value at resting end—exbiration,the intercostal muscles were
recruited. This relieved the diaphragm of performing the
task of increasing abdominal pressure in order to displace
the chest wall (12). During the beriod C when abdominal
pressures went off-scale, the abdominal muscles were pro-
bably recruited placing the diaphragm at a better mechanical
advantage so that more transdiaphragmatic pressure was
developed ‘for a given electrical activation of the diaphragm
(22). During period D when Pdi was minimal, abdominal pres-
sure fell below its resting end-expiratory value indicating
strong recruitment of intercostal/accessory muscles of inspi-
ration. The increase: in gastric pressure during expira-
tion signals recruitment of expiratory muscles. If this were
to lower the end-expiratory volume below FRC, relaxation
of the expiratory muscles would produce a transient fall in
abdominal pressure to a value less than that of resting FRC.
This does not explain our data because during period D,
gastric pressure remained below that at resting FRC through-
out almost all of inspiration. Furthermore, expiratory
muscle recruitment did not lower FRC because there were no
systematic changes in end-expiratory transpulmonary pressure
during the runs. |
The abdominal and rib cage AP diameter changes in
Figure 2 must be interpreted cautiously. ‘Certainly the
efforts far-exceeded the limits established by Konno and

Mead (136) in which the rib cage and abdomen behave as



compartments with a single degrée of freedom. Furthermore,
as the subject abproached the limit of his endurance, his
whole body moved as he fought to attain the target Pm. Thus
deformation and motion artefacts obscure the significance of
these tracings.

Whether or not the variation in contributions of
the diaphragm, intercostal/accessory muscles of inspiration,
and abdominal muscles to the work of breathing during the
development of inspiratory muscle fatigue potects against
the development of fatigue and prolongs endurance time is
unknown. However, during periods of smaller Pdi, the dia-
phragm may recover from fatigue to a certain extent whereas
during periods when there are large bositive abdominal pres-
sure swings, the intercostal/accessory muscles are relatively
relaxed and may also undergo some recovery. This might well
postpone the eventual development of inspiratory muscle
fatigue.

In the experiments performed at FRC plus 3 inspira-
tory capacity,it is necessary to emphasize that no positive
end-expiratory pressure was used to assist the subjects in
maintaining their hyperinflated state. Thus, the hyperin-
flation was achieved by a contraction of the inspiratory
muscles throughout the whole respiratory cycle. We estimate
from their relaxation pressure-volume curves that the pressure
developed by the inspiratory muscles to maintain this lung
volume was in the order of 15 cmHZO- The fact that the

inspiratory muscles never relaxed throughout the respiratory

187
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cycle may explain the change in Pm expressed as percent-

crit

age of Pm

hax that was observed with hyperinflation. This

situation is different from hyperinflation produced by
positive end-expiratory pressure for at least two reasons:
First of all, because the inspiratory muscles remain contract-
ed during'expiration, the rate of energy consumption will be
increased and secondly, because the sustained contraction
of the inspired muscles may reduce the perfusion and thus
the rate of energy subélied to the muscles. However, one
would predict that hyberinflation produced by any means
would result in a reduction in endurance times and critical
inspiratory power because the length-tension relationships
of the inspiratory muscles results in a decrease in the maxi-
mum pressures these muscles can develob as lung volume
increases. In addition, flattening of the diaphragm with
increases in lung volume should decrease the pressufe generated
by the diaphragm for any given value of diaphragmatic tension.
It is unfortunate that we were unable to compare
positive pressure breathing with voluntary hyperinflation.
However, in terms of making predictions about the development
of fatigue in patients with airways obstruction and hyperin-
flation,it may surprisingly turn out that voluntary hyperin-
flation is more appropriate. Asthmatics with severe airway
obstruction and hyperinflation do not breathe out with esopha-
geal pressures that are markedly positive (242) . Furthermore
Martin, Ehgel and myself (unpublished observations) have found
that during exbiratory resistance breathing,leading to hyper-

inflation in normal subjects, the amount of negative inspira-
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tory work performed during expiration is substantially in-
creased.

Thus the influence of hy?erinflation on the develop-
ment of inspiratqry muscle fatigue may have considerable
clinical significance. We speculate’ on this in Fig, 8 in
which the maximum pressure-volume diagram of the respiratory
system is presented. The dashed line joins the two critical
values of alveolar pressure we found at FRC and FRC + 3% insp-
iratory capacity. Two hypothetical dynamic pressure volume
loops are also drawn for a subject with airway' obstruction
(such as during an acute asthmatic attack). In the absence
of hyperinflation, the dynamic alveolar pressures generated
with each inspiration do not attain the critical values.
With hyﬁerinflation, however, the dynamic pressures generatéd
for a given degree of obstruction may exceed the critical
values and result in fatigue. Thus, although hyperinflation
in the face of airways obstruction may improve the distribu-
tion of inspired gas and of gas exchange by opening up or
distending the narrowed airways, it places the inspiratory
muscles at a mechanical disadvantage and may well predispose
to the development of fatigue. Sharp et al (243) measured
maximum inspiratory mouth pressures in patients with chronic
airways obstruction and calculated theoretical values based
upon the patients’ lung volumes and the normal volumes of
Rahn et al (218). The measured values were minus 15-60 cmH20

(mean «30Q cmHZOL whereas the calculated values ranged from

zero to -64 CmH20 (mean -30 CmHéO). Our studies indicate that
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Figure 8: Maximum inspiratory pressure-volume diagram. The
maximum inspiratory pressure of the respiratory system at

different lung volumes is given by the solid curve (Pmus+ Prs).

The dashed line joins the two critical values (Pc it) measured

r
at FRC and FRC+ 3 IC. At these two lung volumes, two hypo-
thetical dynamic alveolar pressure-volume loops are also

drawn. At FRC, the dynamic alveolar pressures do not attain

P .. while at FRC + 3 IC, P__.,  1is exceeded.
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at normal FRC, the critical pressure of the inspiratory
muscles is between 50 and 70% of‘maximum; Combining the two
estimates indicates that the critical ins?iratory alveolar
pressure swings in airway obstruction would be in the

order of =20 cmi,0. If hy?erinflation is maintained by a
sustained contraction of the inspiratory muscles throughout
expirationlas was the case in our hyperinflation experiments,
the critical pressure would fall to about -10 cmH,0. These
values are very likely to be exceeded in such patients parti-
cularly during asthmatic attacks and exercise.

Although the exact biochemical basis of fatigue
remains unknown, Kugelberg and Edstrom (224) have shown that
in muscle preparations in situ in which single motor units
were electrically stimulated at frequenciesvwithin the physio-
logical range, fatigue was mainly due to a failure of meta-
bolic regenerative processes to rebuild depleted substrates
in the fibers. Burke et al (157) used intracellular micro-
pipettes to stimulate individual motor units in cat gastro-
cnemius and they identified individual motor units in which
fibers did not fatigue, others that fatigued slowly and
still others that fatigued rapidly. The fatiguability of
these motor units was correlated with the type of muscle
fibers, the speed of contraction and the oxidative capacity
of fibers in the motor unit. Consistent with this observa-
tion are the findings of Lieberman et al (172), who found that
the percentage of maximum tension maintained after 30 min

of stimulation of isolated guinea pig diaphragm correlates
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with the percentage of high-oxidative slow—~twitch fibers which,
it is hy@othesized, do not become fatigued. Although the
phenomenon of fatigue in terms of metabolic processes in the
muscle seems to be more complex (Chapter III. 1), as a first
approximation)a muscle undergoing a task of exhaustion can be

considered as a system where the equation of energy as

proposed by Monod and Scherrer (225) can be appliedI

= -

o + Btlim (1)

or

W= ' %E + BE (2)
t

lim
where W is the total work performed at a time tlim’ E is the
efficiency of the muscle, o is the energy stored within the

muscle, B the rate of energy supplied to the muscle and W
.the rate of work output of the muscle.

Although explanations of fatigue in terms of
energetics may not be strictly speaking correct, they lead
to useful predictions that can be tested. For example, Eqg.

2 implies that when t approaches infinitys ﬁcrit depends

lim
directly on the rate of energy supplied to the muscle and

the efficiency, For a given B8, E can vary thus influencing

*

W This may ex?lain a discrepancy between the data of

crit’ _
Tenney and Reese (52) and our own.
Our estimate of a critical inspiratory power at

FRC of 6.6 kgm meters per minute or approximately 13.5
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calories is substantially smaller than the critical power
found by Tenney and Reese (52) during voluntary isocapnic
hyperventilation; From their data, the ﬁcrit seems to be in
the order of 100 calories. Although our values represent
only the "added" inspiratory power while the results of
Tenney and Reese (52) rebresent inspiratory and expiratory
power, the difference is so large that we feel that it cannot
be explained by differences in the method of calculating
power. McGregor and Becklake (238) found that for the

same amount of external work,the oxygen cost of breathing
through a resistance was substantially greater than that
during isocapnic hyperventilation. This suggests that the
efficiency was reduced in our experiments compared to the
experiments of Tenney and Reese (52). Such a decrease in
inspiratory muscle efficiency may very well account for the
difference between our results and theirs. In addition our
results may explain, in part,the change in efficiency reported
by McGregor and Becklake (238).

With intercostal/accessory muscle recruitment the
diaphragm contracts at least,in part, as a fixator. When
abdominal preséure swings are negative during inspiration it
may even contract pliometrically (25). Inspiratory abdominal
muscle recruitment may also be substantially greater during
resistive breathing. Thus, the diaphragm and abdominal
muscles would require substantial oxygen consum?tion with

little contribution to positive external work. Furthermore,

while breathing against resistive loads the distortion of
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the chest wall may be significant and thus the inspiratory
muscles consume energy without performing external work
that is measured by‘tfaditional Pressure—volume diagrams.
During hyperventilation the respiratory muscles may work in
such a way that a greater Percentage’of the developed pres-
sures are producing external work with less distortibn.

If inspiratory muscle fatique results when the
rate of energy consumption exceeds the rate of energy
supply, it is possible to summarize the important physio-
logical factors which will have a major influence on the
development of fatigue. The rate of energy consumption is
determined in large part by the tension the muscle develops
relative to maximum tension it is capable of developing. The
importance of maximum tension is illustrated by the hyperin-
flation experiments which reduced Pm oox and markedly facili-
tated the develobment of fatigue. Thus,conditions which
increase the work of breathing and/or decrease the strength
of the inspiratory muscles, predispose to the development
of fatigue by increasing energy consumption. On the other
hand, a reduction in blood flow or in 0, and substrate content
of arterial blood will reduce energy supplies. This alone
or accompanied by a reduction of energy stores (a function
of nutritional state) and/or the efficiency by which these
energy sources are converted to external work (a function of
the load) will also ?redispose to fatigue.

These five factors, strength, 1oad; energy supplies,
energy stores and efficiency, should be taken into considera-

tion in trying to predict respiratory muscle fatigue. Any
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or all of them may be adversely affected by a variety of
diseases. It is likely, although not yet proven, that
respiratory muscle fatigue and subsequent respiratory

failure is the result.



CHAPTER IV

CONCLUSTONS
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All facts are judged according

to the final results.

Demosthenes.
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It is shown in this thesis that the voluntary use of
the muscles involved in respiration can alter the topo-
graphical distribution of regional lung volume and distribution
of inspired gas and by inference, the topography of pleural
| pressure. It is shown also, that the inspiratory muscles
became fatigued by breathing against resistive loads. The
protocol of this study is original in that, for the first time,
it is shown that the ventilation distribution is altered by
selective use of the respiratory muscles, Furthermore, the
fatigue of respiratory muscles for the first time is specifical-
ly examined as a potential cause of respiratory failure. The
above epigrammatical claim can be further analyzed in the
following conciusions, each of which represents an original
contribution to the field of respirology.

1) The vertical distribution of regional lung volume
was assessed by 133Xe technique in four subjects in the lateral
decubitus posture at 20, 40, 60 and 80% of vital capacity, under
high and low diaphragmatic tone. When the transdiaphragmatic
pressure (Pdi) was low, i.e., diaphragm was 'relaxed',6 the
vertical gradient of alveolar expansion was greater than when
the Pdi was high. At 70% of total lung capacity (TLC), this
difference expressed as percent of regional TLC (TLCr) de-
creased from 19.7 * 1.7 (mean * 1 SE) % TLCr when the Pdi
was low to 3.9 + 1.5 g TLC,_ when the Pdi was high,

2) Under both conditions (high Pdi or low Pdi) the

gradient of alveolar expansion tended to be curvilinear with

a discontinuity at the level of the mediastinum. ‘
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3) The expired 133Xe concentration versus volume in

lateral decubitus posture showed that the slope of the expired
plateau was steeper when inspiration of 133Xe was performed
with the diaphragm relaxed than under conditions when the
diaphragm was voluntarily contracted.
| . 4) In six subjects in lateral decubitus position

the washout of a bolus of helium (inhéled from residual
volume) during a relaxed slow expiration showed that the
Phase IV started at 58 + 1.6% vital capacity, while when Pdi
exceeded 30 cmH20, Phase IV commenced at 8.2 + 0.8% VC.

5) Closure of airways in the dependent regions
does not appear to account for the high Phase IV in the
lateral decubitus position when the diaphragm is relaxed.

é) In supine posture expiration with high Pdi zesulted in
a flatter slope of the alveolar plateau and smaller closing

volume by 3.7 £ 0.4 % VC.

7) Contraction of the diaphragm increased the

amplitude of cardiogenic oscillations during the helium

"washout. This may result from a facilitation of trans-

mission of the cardiac impulse to the lung by a stretched

" mediastinum.

8) The distribution of inhaled gas from functional
residual capacity was substantially affected by selective
use of the respiratory muscles. 1In upright, supine and
lateral postures the tracer gas (either 133Xe or He) could
be distributed preferentially to dependent lung regions by

an 'abdominal' inspiration, whereas an 'intercostal' inspira-

tion resulted in a more even distribution or one preferential-
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ly to the nondependent zones.

9) When the tracer gas was inhaled at residual
volume, differences in distribution between abdominal and
intercostal inspiration were detected only in the lateral
posture.

10) The time required to produce fatigue (t ) of

lim
the diaphragm in three normal seated subjects breathing through
a variety of inspiratory resistances was measured at functional
residual capacity. The value of Pdi/Pdimax that could be

generated indefinitely (Pdicrit) was approximately 0.4. The

relationship between Pdi/Pdimax and t was curvilinear so

1lim

that when Pdi/Pdimax was small t increased markedly for

lim
little changes in Pdi/Pdi .
max

11) Hypoxia (13% 02) appeared to have no influence

on Pdi_ ., but led to a reduction in t.._ at Pdi > Pdi
crit lim o]

for equal rates of energy consumption.

rit

12) Provided that the ratio of velocity of diaphragma-
tic shortening over the efficiency is constant, the rate of
energy supply to the diaphragm increases as the rate of energy
consumption increases breathing air. In contrast, under
“hypoxic conditions, the rate of energy supply remains constant,
thus limiting the energy supply to the diaphragm and account-

ing for the differences in' t at equal energy consumption

lim
rates.
13) Maximum transdiaphragmatic pressure measured

during a maximum inspiratory diaphragmatic effort with upper

‘airways closed (diaphragmatic Mueller maneuver) gave higher
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17) In most runs resulting in fatigue of the diaphragm
or all .the inspiratory muscles the subjects felt a dull pain
in the area of the neck and shoulders parasternally and
subcostally. All subjects experienced 'dyspnea' during
trials in which fatigue resulted, while no dyspnea was re-
ported during nonfatiguing runs. Most of the subjects exper-
ienced 'second-wind'. One subject frequently developed severe

unilateral or bilateral abdominal pain identical to 'stitches'!
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APPENDIX I
Quantity SI Unit Symbol Expression in Terms
of SI Base Units or
" Derived Units
Freguency Hertz Hz 1 Hz = 1 cycle/s (1§
Pressure Pascal Pa 1 Pa = 0.0075 mmiqg
1 Pa = 0.010 cmH20
3
Volume (metre)3 m33 m, = 103 decimetre
(decimetre) dm 1 dm” = 1 litre
Work Joule J 1J = 9.807 Kg.m

1.
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Abin

ADP

A-P

ATP

Oo

CNS

CO2
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APPENDIX II

-Energy stored in the muscle
-Abdominal inspiration
-Adenosine Diphosphate
-Anteroposterior

-Adenosine Triphosphate

-Rate of energy supply

~-Energy consumption

~-Rate of energy consumption
-Central nervous system
-Carbon dioxide

-Closing volume

dPpl/dD-Pleural pressure gradient

Edi
ECG

EMG

FEye
FFA

FRC

—Efficiency

-Electramyogram of the diaphragm

-Electrocardiogram

-Electramyogram

-Expired Helium concentration
~-Free fatty acids

-Functional residual capacity
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~-Helium

He

HFT -High-oxidative fast~twitch

HST -High-oxidative slow-twitch

IC ~Inspiratory capacity

ICin -Intercostal inspiration

K =Vdi/E

LFT ~“Low-oxidative fast-twitch

LA -Lactic acid

Mvv ~Maximum voluntary ventilation

N2 -Nitrogen

N -Normal inspiration

02 -Oxygen

150. -Radiocactive oxygen 15

PC -Phosphocreatine or Creatine Phosphate
Pc°2 -Partial pressure of carbon dioxide
Pdi -Transdiaphragmatic pressure

Pdimax -Maximum transdiaphragmatic pressure
Pdicrit-Critical transdi aphragmatic pressure
Pes —-Esophageal pressure

Pg - Gastric pressure

Pic - Pressure developed by the intercostal/accessory muscles
P1, - Transpulmonary pressure



Pm
Pm
max

Pmcrit

Ppl

RE

RV

SDH

SE

in
1lim
TLC

TLCy

vdi

vdi

VDCE

-Mouth pressure

-Maximum mouth pressure
-Critical mouth pressure
-Partial pressure of oxygen

—~Pleural pressure

-Relaxed Diaphragm
-Relaxed Expiration

-~Residual volume

-Succinic acid Dehydrogenase

-Standard error

-Total inspiratory time of a run
-Time limit, endurance time
-Total lung capacity

-Regional total lung capacity

=Vo lume

-Flow

~Alveolar ventilation
-Vital capacity

-Dead space

-Volume displacement attributable to the diaphragm
-Average flow attributable to the diaphragm
-Voluntary diaphragmatic contraction

-“Expiration with voluntary diaphragmatic contraction
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Voz -Oxygen consumption

Vo2max ~Maximum oxygen consumption

v-P -Pressure volume curve

Vo -Tidal breath

U/L —133Xe concentration in the uppermost 2 pairs to that

of the lowermost 2 pairs of counters

-Work

W
W -power

crit -critical power
133

Xe <Radioactive Xenon 133



207

_ BIBLIOGRAPHY

1. Homer, in "Iliad", 8:202, 13:487, 19:178, translated by
A.T. Murray, William Heinemann Ltd., Harvard University
Press, The Loeb Classical Library, 1965.

2. Sarton, G. Introduction to the history of science; from
Homer to Amar Khayyam, Williams and Wilkins, Baltimore,
Vol. 1, p. 159, 1927.

3. Plato, in "Timaeus", translated by R.G. Bury, Harvard
University Press, Cambridge, p. 181, 1961.

4. Aristotele, in "On the parts of animals", in the works
of Aristotle, William Benton Publisher, Encyclopedia
Britannica, Inc., London, Vol. II, p. 201, 1952,

5. Hippocrates, in "The Sacred Disease" XX, in Hippocrates,
translated by W.H.S. Jones, G.P. Putnam's Sons, New
York, Vol. 1II, p. 179, 1923.

6. Galinos, on anatomical procedures, English translation
by Singer, Ch., Oxford University Press, pp. 133,
209, 212, 1956.

7. O'Malley, C.D., and J.B. Saunders. "Leonardo Da Vinci
on the Human Body", Henry Schuman, New York, 1952.

8. Vesalius, A. "De humani corporis fabrica", Rasle, 1543.
9. Magendie, P. Précis de Physiologie, Vol. 2, p. 380, 1833.

10. Beau, J.H.S., and J.H. Miassiat. Recherches sur le
mécanisme des mouvements respiratoires. Arch.
Générales de M&dicine, 3® série, 15:397, 1842.

11. Duchenne, G.B.A. Physiologie des mouvements démontrés
8 1l'aide de l'expérimentation &lectrique et de
l'observation clinique, et applicable a 1'&tude des
paralysies et des déformations, Paris,Bailli&re, 1867.

12. Goldman, M.D., and J. Mead. Mechanical interaction
between the diaphragm and rib cage. J. Appl. Physiol.
35:197, 1973.

13. D'Angelo, E., and G. Sant'Ambrogio. Direct action of
contracting diaphragm on the rib cage in rabbits
and dogs. J. Appl. Physiol. 36:715, 1974.



0

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

208

Mognoni, P., F. Saibene, and G. Sant'Ambrogio. Contri-
'~ bution of the diaphragm and the other inspiratory
muscles to different levels of tidal volume and
static inspiratory efforts in the rabbit. J. Appl.

Physiol. 202:517, 1969.

Godfrey, S., R.H.T. Edwards, E.J.M. Campbell, P. Armitage,
and E.A. Oppenheimer. Repeatability of physical signs
in airways obstruction. Thorax 24:4, 1969.

Minh, Vv.D., G.F. Dolan, R.F. Konopka, and K.M. Moser. Effect
of hyperinflation in inspiratory function of the
diaphragm. J. Appl. Physiol. 40: 67, 1976-.

Luciani, L. Human Physiology, translated by Welby, F.A.
Macmillan, London, Vol. 1, p. 402, 1911.

Fleish, A. Neuere Ergebnisse uber Mechanik und proprio-
zZzeptive Steuerung der Atmungsbewegung. Ergebn.
Physiol. 36:252, 1934.

Taylor, A. The contribution of the intercostal muscles
to the effort of respiration in man. J. Physiol.
(London) 151:390, 1960.

Tokizane, T., K. Kawamata, and H. Tokizane. Electro-
myographic studies on the human respiratory muscles.
Jap. J. Physiol. 2:232, 1951-2.

Campbell, E.J.M., E. Agostoni, and J.N. Davis. The
Respiratory Muscles, Mechanics and Neural Control,
2nd Edition, W.B. Saunders Company, London, 1970.

Grimby, G., M. Goldman, and J. Mead. Respiratory muscle
action inferred from rib cage and abdominal V-P
partitioning. J. Appl. -Physiol. 41:739, 1976.

Konno, K., and J. Mead. Static volume-pressure charac-
teristics of the rib cage and abdomen. J. Appl.
Physiol. 24:544, 1968.

Goldman, M.D., G. Grimby, and J. Mead. Mechanical
work of breathing derived from rib cage and abdominal
V-P partitioning. J. Appl. Physiol. 4:752, 1976.

Macklem, P.T., D. Gross, A. Grassino, and C. Roussos.
Partitioning of the inspiratory pressure swings
between diaphragm and intercostal/accessory muscles.
J. Appl. Physiol. 44:200, 1978.

Davy, H. Researches Chemical and Philosophical. Chiefly
Concerning Nitrous Oxide or Dephlogisticated Nitrous
Air, and its Respiration. Johnson, London, 1800.



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wolffberg, S. Uber die Spannung der Blutgase in den
Lungencapillaren.Pflugers Arch. Gesamte Physiol.
Menschen Tiere 4:46 , 1871.

Bernard, C. Legons sur les anesthétiques et 1'asphyxie.
J.B. Bailliére, Paris, 1875.

Head, H. On the regulation of respiration. J. Physiol.
(ondon), 10:1, 1889.

Keith, A. The Mechanism of Res?iration in Man. 1In:
Further Advances in Physiology. Ed4d. L.E. Hill,
Arnold, London, p. 182, 1909.

Rauwerda, P.E. Unequal ventilation of different parts
of the lungs. (Ph.D. Thesis). The Netherlands,
University of Groningen, 1946.

Kwiet, B. Die Rnderungen der Schattentiete des
Lungen - Rontgenbildes der Atmung. Fortschr.
Geb. Roentgenstr. Nuklearmed. 45:9, 1932.

Wenckebach, K. F. Uber pathologische Bezienungen
zwischen. Atmung und Kreislaug beim Menschen.
Samml. Jlin. Vortr. N.F. Mor. 465-6, Inn. Med.
149:131, 1907.

Hofbauer, L. Pathogische physiologie der Atmung.  In:
Handbuck der normalen und pathologischen physiologie.
Edited by A. Bethe, G. Von Bergmann, G. Embden et al.
Berlin, Springer, Vol. 2, p. 337, 1925.

Livingston, J.L., and M. Gillespie. The value of
breathing exercises in asthma. Lancet 2:705, 1935.

Miller, W.F. A physiologic evaluation of the effects of
diaphragmatic breathing training in patients with
chronic pulmonary emphysema. Amer. Rev. Respir.
Dis. 17:471, 1954.

Sinélair, J.D. The effects of breathing exercises in
pulmonary emphysema. Thorax 10:246, 1955.

Barach, A.L., and M.J. Dulfano. Effect of chest
vibration in pulmonary emphysema: a preliminary
report. Ann. Allergy 26:10, 1968.

Petty, T.L., and A. Guthrie. The effects of augmented
breathing maneuvers of ventilation in severe chronic
airways obstruction. Respir. Car. 16:104, 1971.

Campbell, E.J.M. and J. Friend. Action of breathing

209

14

exercises in pulmonary emphysema. Lancet = 1:325, 1955.



41.

42,

43,

d4.

45.

46.

47,

48,

49,

50.

51.

52.

210

Becklake, M.R., M. McGregor, H.L. Goldman, and J.L. Brando.
A study of the effects of physiotherapy in chronic
hypertrophic emphysema ¥dsing lung function tests.

Dis. Chest 26:180, 1954.

Knipping, H.W., W. Bolt, H. Venrath, H. Valentin,
H. Ludes, and P. Endler. Eine neue Methode zur
Prufung der Herzund Lungenfunktion Die regionale
Funktionsanalyse in der Lungen-und Herzklinik mit
Hilfe des radioaktiven Edelgases Xenon 133. Dtsch.
Med. Wschr. 80:1146, 1955.

West, J.B., and C.T. Dollery. Distribution of blood
flow and ventilation-perfusion ratio in the lung
measured with radioactive CQ,. J. Appl. Physiol. -
15:405, 1960.

Ball, W.C. Jr., P.B. Stewart, L.G.S. Newsham, and
D.V. Bates. Regional pulmonary function studied
with enon 133. J. Clin. Invest. 11:519, 1962,

Dollfuss, R.E., J. Milic-Emili and D.V. Bates. Regional
ventilation of the lung studied with boluses of
133xenon. Respiration Physiol. 2:234, 1967.

Rehns, J. Contribution & 1'é&tude des muscle privilégiés
guant d l'oxygéne disponible. Arch. Internat.
Pharm. Therap. 8:203, 1901.

Lee, F.S., A.E. Guenther, and H.E. Meleney. Some of
the general physiological properties of diaphragm
muscles as compared with certain other mammalian
muscles. Am. J. Physiol. 40:446, 1916.

Davies, H.W., J.S. Haldane, and J.G. Priestley. The

response to respiratory resistance. J. Physiol. (London)
53:60, 1919.

Davies, H.W., G.R. Brow and C.A.L. Binger. The
respiratory response to carbon dioxide. J. Exp.
Med. 41:37, 1925.

Killick, E.M. Resistance to inspiration - its effect
on respiration in man. J. Physiol (London) 84:162,
1935. |

Zocche, G.P., H.W. Fritts and A. Cournand. Fraction
of maximum breathing capacity available for prolonged
hyperventilation. J. Appl. Physiol. 15:1073, 1960.

Tenney, S.M., and R.E. Reese. The ability to sustain
great breathing efforts. Respiration Physiol. 5:187,
1968.



‘!b 33.

54.

55.

56.

57.

58.

59.

60.
61.
62.
63.
64.

65.

211

Freedman, R. Sustained maximum voluntary ventilation.
Respiration Physiol. 8:230, 1970.

Shephard, R.J. The maximum sustained voluntary venti-
lation in exercise. Clin. Sci.32:167, 1967.

Leith, D.E., and M. Bradley. Ventilatory muscle
strength and endurance training. J. Appl.
Physiol. 41:508, 1976.

Milic-Emili, J., J.A. M. Henderson, M.B. Dolovich,
D. Trop, and K. Kaneko. Regional distribution of
inspired gas in the lung. J. Appl. Physiol. 21:
749, 1966.

Kaneko, K., J. Milic-Emili, M.B. Dolovich, A. Dawson,
.and D.V. Bates. Regional distribution of ventilation
and perfusion as a function of body position. J.
Appl. Physiol. 21: 767, 1966.

Sutherland, P.W., T. Katsura, and J. Milic-~Emili.
Previous volume history of the lung and regional
distribution of gas. J. Appl. Physiol. 25:566, 1968.

Bryan, A.C., L.G. Bentivoglio, F. Beerel, M. Macleish,
A. Zidulka, and D.V. Bates. Factors affecting
regional distribution of ventilation and perfusion
in the lung. J. Appl. Physiol. 19:395, 1964.

Bake, B., J. Bjure, G. Grimby, J. Milic-Emili and N.J.
Nilsson. Regional distribution of inspired gas in
supine man. Scand. J. Resp. Dis. 48:189, 1967.

Milic Emili, J. Pulmonary statics. In: MTP International
Review of Science: Respiratory Physiology. Ed., J.G.
Widdicombe, Butterworths, London, p. 105, 1974,

Glazier, J.B., J.M.B. Hughes, J.E. Maloney, and J.B.
West. Vertical gradient of alveolar size in lungs
of dogs frozen intact. J. Appl. Physiol. 23:694, 1967.

Hogg, J.C., and S. Nepszy. Regional lung volume and
pleural pressure gradient estimated from lung
density in dogs. J. Appl. Physiol.27:198, 1969.

D'Angelo, E. Local alveolar size and transpulmonary'
pressure in situ and in isolated lungs. Respiration
Physiol. 14:251, 1972.

Burger, E.J.,Jr., and P.T. Macklem. Airway closure:
Demonstration by breathing 100% 03 at low lung
volumes and by N, washout. J. Appl. Physiol. 25:
139, 1968.



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

212

Engel. L.A., A. Grassino, and N.R. Anthonisen.
Demonstration of airway closure in man. J. Appl.
Physiol. 38:1117, 1975.

Parodi, F. La mécanique pulmonaire. Masson, Paris, 1933.

Prinzmetal, M., and W.B. Kountz. Intrapleural pressure
in health and disease and its influence on body
function. Medicine (Baltimore) 14:457, 1935.

Daly, W., and S. Bondurant. Direct measurement of
respiratory pressure changes in normal man. J.
Appl. Physiol. 18:513, 1963.

Krueger, J.J., T. Bain, and J.L. Patterson, Jr.
Elevation gradient of intrathoracic pressure.
J. Appl. Physiol. 16:465, 1961.

McMahon, S.M., D.F. Proctor, and S. Permutt. Pleural
surface pressure in dogs. J. Appl. Physiol.
27:881, 1969.

Hoppin, F.G.,Jr., I.D. Green, and J. Mead. Distribution
of pleural surface pressure in dogs. J. Appl.
Physiol. 27:863, 1969. :

Agostoni, E., and E. D'Angelo. Comparative features
of the transpulmonary pressure. Respiration
Physiol. 11:76, 1970. -

Agostoni, E., E. D'Angelo, and M.V. Bonanni. The
effect of the abdomen on the vertical gradient
of pleural surface pressure. Respiration Physiol.
8:332, 1970. '

Agostoni, E., and E. D'Angelo. Topography of pleural
surface pressure during simulation of gravity effect
on abdomen. Respiration Physiol. 12:102, 1971.

Agostoni, E., D'Angelo, and M.V. Bonanni. Topography
of pleural surface pressure above resting volume
in relaxed animals. J. Appl. Physiol. 29:297, 1970.

Agostoni, E., and G. Miserocchi. Vertical gradient of
transpulmonary pressure with active and artificial
lung expansion. J. Appl. Physiol. 29:705, 1970.

D'Angelo, E., M.V. Bonanni, S. Michelini and E. Agostoni.
Topography of the pleural surface pressure in
rabbits and dogs. Respiration Physiol. 8:204, 1970.

Milic-Emili, J., J. Mead, and J.M. Turner. Topography
of esophageal pressure as a function of posture in
man. J. Appl. Physiol. 19:212, 1964.



80.

81.

82,

83.

84.

85.

86.

87.

88.

89.

90.

Milic-Emili, J., J. Mead, J.M. Turner, and E.M. Glauser.
Improved technique for estimating pleural pressure
from esophageal balloons., J. Appl. Physiol.

19:207, 1964,

Faridy, E.E., R. Kidd, and J. Milic-Emili. Topographi-
cal distribution of inspired gas in excised lobes of
dogs. J. Appl. Physiol. 22:760, 1967.

Anthonisen, N.,R., P.C. Robertson, and W.R.D. Ross.
Gravity—~dependent sequential emptying of lung
regions. J. Appl. Physiol. 28:589, 1970.

Paiva, M., J.C. Yernault, P. Von Eerdewegn, and
M. Englert. A sigmoid model of the static volume
pressure curve of human lung. Respiration Physiol.
23:317, 1975.

Salazar, E., and J.H. Knowles. An analysis of -
pressure-volume characteristics of the lungs.
J. Appl. Physiol. 19:97, 1964.

Glaister, D.H., R.C. Schroter, M.F. Sudlow, and J.
Milic-Emili. Bulk elastic properties of excised
lungs and the effect of a transpulmonary elastic
gradient. Respiration Physiol. 17:347, 1973.

Wirz, K. Das Verhalten des Drucks im Pleuraraum bei
der Atmung und die Ursachen seiner Veranderlichkeit.
Pflugers Arch. Gesamte Physiol.Menschen Tiere
199:1, 1923.

Rohrer, F. Physiologie des Atembewegung. 1In: Handbuch

der normalen und pathologischen Physiologie. Eds.
A. Bethe et al. Springer-Verlag, Berlin and New
York. Vol. 2, p. 70, 1925.

Bryan, A.C., J., Milic~-Emili, and D. Pengelly.
Effect of gravity on the distribution of pulmonary
ventilation. J. Appl. Physiol. 21:778, 1966.

Proctor, D.F., P. Caldini, and S. Permutt. The
pressure surrounding the lungs. Respiration
Physiol. 5:130, 1968.

Glaister, D.H. The effect of positive centrifugal

acceleration upon distribution of ventilation and
perfusion within the human lung, and its relation

213

to pulmonary arterial and intra-oesophageal pressures.

Proc. Roy. Soc. London. Series B 168:311, 1967.



214

91. Glaister, D.H. The effect of posture on the distribution
of ventilation and blood flow in the normal lung.
Clin. Sci. 33:391, 1967.

92. Vawter, D.L., F.L. Matthews, and J.B. West. Effect of
shape and size of lung and chest wall in stresses
in the lung. J. Appl. Physiol. 39:9, 1975.

93. Katsura, T., R. Rozencwaig, P.W. Sutherland, J. Hogg,
and J. Milic-Emili. Effect of external support on
regional alveolar expansion in excised dog lungs.
J. Appl. Physiol. 28:133, 1970.

94. Michels, D.B., and J.B. West. Pulmonary function during
short periods of zero gravity. Fed. Proc. 36:468,
1977 (Abstract).

95. Duomarco, J.L., R. Rimini, and J.P. Migliaro. Intra-
esophageal pressure and the local differences in
pleural pressure. Acta. Physiol. Lat. Am. 4:133,1954.

96. Mead, J. Mechanical properties of lungs. Physiol.
Rev. 41:281, 1961.

97. Turner, J.M. Distribution of lung surface pressure
as a function of posture in dogs. Physiologist
5:223, 1962,

98. Mead, J. The distribution of gas flow in lungs. 1In:
Circulatory and Respiratory Mass Transport. Ed.,,
G.E.W. Wolstenholme and J. Knight. Churchill,
London, p. 204, 1969.

99. D'Angelo, E., S. Michelini, and E. Agostoni. Parti-
tion of factors contributing to the vertical gra-
dient of transpulmonary pressure. Respiration
Physiol. 12:90, 1971,

100. D'Angelo, E., and E. Agostoni. Continuous reéording
of pleural surface pressure at various sites.
Respiration Physiol. 19:356, 1973.

101. D'Angelo, E., and E. Agostoni. Distribution of trans-
pulmonary pressure and chest wall shape. Respiration
Physiol. 22:335, 1974.

102. D'Angelo, E., and E. Agostoni. Effect of histamine
on the vertical gradient of transpulmonary pressure.
Respiration PhySLOI 20:331, 1974.

103. West, JI&: and F L. Matthews. Stresses, strains and
surface pressure in-the lung caused by its weight.
J. Appl. Physiol. 32:332, 1972.

104. Greene, R., J.M.B. Hughes, M.F. Sudlow and J. Milic
Emili. Regional lung volumes during water jimmer-



105.

106.

107.

1a08.

109.

110.

111.

112.

113.

114.

115.

llse.

215

sion to the'xiphoid in seated man. J. Appl. Physiol.
36:734, 1974.

Lemelin, J., W.R.D. Ross, R.R. Martin, and N.R. Anthonisen.
Regional lung volumes with positive pressure in-
flation in erect humans. Respiration Physiol.

16:273, 1972,

Grassino, A.E., B. Bake, R.R. Martin, and N.R. Anthonisen.
Voluntary changes of thoracoabdominal shape and
regional lung volumes in humans. J. Appl. Physiol.
39:997, 1975,

Bake, B., A.R. Fugl-Meyer, and G. Grimby. Breathing
patterns and regional ventilation distribution in
tetraplegic patients and in normal subjects. Clin.
Sci. 42:117, 1972, '

Grassino, A.E., and N.R. Anthonisen. Chest wall dis-
tortion and regional lung volume distribution in
erect humans. J. Appl. Physiol. 39:1004, 1975.

Grassino, A., andN.R. Anthonisen. Effects of distor-
tion of the human rib cage on the distribution of
regional lung volumes and ventilation. Fed. Proc.
33:323, 1974 (Abstract).

D'Angelo, E., G. Sant'Ambrogio and E. Agostoni. Effect
of diaphragm activity or paralysis on distribution
- of pleural pressure. J. Appl. Physiol. 37:311, 1974.

Minh, v.D., N. Kurihara, P.J. Friedman, and K.M. Moser.
Reversal of the pleural pressure gradient during
electrophrenic stimulation. J. Appl. Physiol. 37:
496, 1974.

Minh, V.D., G.F. Dolan, N. Kurihara, P.J. Friedman
R.G. Konopka, and K.M. Moser. Stabilitv in lobar
ventilation distribution during change in thoracic
configuration. J. Appl. Physiol. 39:462, 1975.

Dosman, J., A. Grassino , P.T. Macklem, and L.A. Engel.
Factors influencing the esophageal pressure gradient
in upright man. Physiologist 18:194, 1975 (Abstract).

Froese, A.B., and A.C. Bryan. Effects of anesthesia
and paralysis on diaphragmatic mechanics in man.
Anesthesiology 41:242, 1974. :

Farhi, L., A.B, Otis, and D.F. Proctor. Measurement
of intrapleural pressure .at.different points in
the chest of the dog. J. Appl. Physiol. 10:15, 1957.

Grimby, G., G. Oxhgj, and B. Bake. Effects of abdominal
breathing on distribution of ventilation in obstructive
lung disease. Clin. Sci. 48:193, 1975.



117.

118.

119.

120.

121,

122.

123,

124,

125.

126.

127.

128.

216

Sackner, M.A., G. Silva, J.M. Banks, D.D. Watson, and
W.M. Smoak. Distribution of yentilation during
diaphragmatic breathing in obstructive lung disease.
Amer. Rev. Respir. Dis. 109:331, 1974.

Brach, B.B., R.P.-Ch&g V.L. Sgroi, V.D. Minh, W.L. Ashburn,
and. K.M. Moser. ‘3Xenon washout patterns during
diaphragmatic breathing. Chest 71: 735, 1977.

Shearer, M.D., J. Banks, G. Silva, and M. Sackner.
Lung- ventilation during diaphragmatic breathing.
Phys. Ther. 52:139, 1972.

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

Svanberg, L. Influence of posture on the lung volumes,
ventilation and circulation in normals: a spirometric-
bronchospirometric investigation. Scand. J. Clin.
Lab. Invest. Suppl. 25, 1967.

Rehder, K., A.D. Sessler, and J. Rodarte. Regional
intrapulmonary gas distribution in awake and
anesthetized-paralyzed man. J. Appl. Physiol.
42:391, 1977.

Don, H.F., R.H. Ingram, Jr., and M. Green. Relation-
ship of phase IV to closing volume in lateral body
positions. J. Appl. Physiol. 39:390, 1976.

Rehder, K., D.J. Hatch, A.D. Sessler, and W.S. Fowler.
The function of each lung of anesthetized and

paralyzed man during mechanical ventilation.
Anesthesiology 37:16, 1972.

Wulf, K.E., and I. Aulin. The regional lung function
in the lateral decubitus position during anesthesia
and operation. Acta. Anaesthesiol. Scand. 16:195, 1972,

Zack, M.B., H. Pontoppidan, and H. Kazemi. The effect
of lateral positions on gas exchange in pulmonary
diseases. Amer. Rev. Respir. Dis. 110:49, 1974.

Craig, D.B., W.M. Wahba, H.F. Don, J.G. Couture, and
M.R. Becklake. "Closing volume" and its relation-
ship to gas exchange in seated and supine positions.
J. Appl. Physiol. 31:717, 1971.

Lillington, G.A., W.S. Fowler, R.D. Miller and H.F.Helmholz,
Jr. Nitrogen clearance rates of right and left
lungs in different positions. J. Clin. Invest. 38:
2026, 1959.



129.

130.
131.
132,

133.
134,
135.
136.

137.

138.

139.

140.

141,

217

Jones, J.G., S.W. Clarke, and D.H. Glaister. Effect
of acceleration on regional lung emptying. J. Appl.
Phiysiol. 36:827, 1969.

Ingram, R.H. Jr., C.F. O'Caln, and W.W. Fridy, Jr.
Simultaneous qLaSl—Stath lung pressure volume
curves and "closing volume" measurements. J. Appl.
Physiol. 36:135, 1974.

Frazier, A.R,, K. Rehder, A.D. Sessler, J.R. Rodarte,
and R.E. Hyatt. Single-breath oxygen tests for
individual lungs in awake man. J. Appl. Physiol.
80:305, 1976.

Roussos, C., J. Genest, M.G. Cosio, S. Kelly, and
L.A.Engel. Rib cage vs. abdominal breathing and
ventilation distribution. Clin. Res. 23:648A, 1975
(Abstract].

Kelly,S., C. Roussos, and L. Engel. Gravity independent
sequential emptying from' topographical lung regions.
Clin. Res. 23:645A, 1975 (Abstract).

Engel, L.A., and C.S. Roussos. Voluntarv control of
inspired gas distribution in the lateral posture
Amer. Rev. Respir. Dis. 113:226, 1976 (Abstract).

Mead, J., N. Peterson, G. Grimby, and J. Mead. Pulmonary
ventilation measured from body movements. Science
156: 1383, 1967.

Konno, K., and J. Mead. Measurement of the separate
volume changes of rib cage and abdomen during breathing.
J. Appl. Physiol. 22:407, 1966.

Mannell, 7.J., F.J. Prime, and D.W. Smith. A practical
method of using radioactive Xenon for investigating
regional lung function. Scand. J. Resp, Dis.

Suppl. 62:41, 1966.

Clarke, S.W., J.G. Jones, and D.H. Glaister. Changes
in pulmonary ventilation in different postures.
Clin. Sci. 37:357, 1969.

Fukuchi, Y., M. Cosio, and B. Murphy. Intraregimal
basis for helium bolus washouts. Fed. Proc. 35:837, 1976.

Engel, L.A., G. Utz, L.D.H. Wood and P.T. Macklem.
Ventilation distribution in anatomical lung units.
J. Appl. Physiol. 37:194, 1974.

Sybrecht, G., L. Landau, B.G. Murphy, L.A. Engel,
R.R. Martin, and P.T. Macklem. Influence of posture
on flow dependence of distribution of inhaled 133Xe
boli. J. Appl. Physiol. 41:489, 1976.



142.

143.

144.

145.

l46.

147.

148.

149.

150.

151.

152.

153.

154.

155.

218

Edwards, R.H.T. Physiological analysis of skeletal
musc le weakness and fatigue. Clin. Sci. and Molecular
Med. 54:463, 1978.

Reid, C. The mechanism of voluntary muscular fatigue.
Quart. J. Exp. Physiol. 19:17, 1928-29.

Lombard, W.P. Some of the influenceswhich affect the
power of voluntary muscle contractions. J. Physiol.
(London) 13:1, 1892.

Mosso, A. Fatigue. Translated by Drummond, M. and

Drummond, W.B.,George Allan and Unwin, London, 1915,

Atzler, E. Korper und Arbeit. Leipzig. Thieme, p. 770,
1927.

Waller, A.D. Report on experiments and observations
relative to the process of fatigue and recovery.
Brit. Med. J. 2:135, 1885.

Bigland-Ritchie, B., D.A. Jones, G.P. Hosking, and
R.H.T. Edwards. Central and peripheral fatigue in
sustained maximum voluntary contraction of human
quadriceps muscle. Clin. Sci. and Molecular Med.

54:609, 1978.

Merton, P.A . Voluntary strength and fatigue. J.
Physiol. (London) 123:553, 1954.

Merton, P.A. Prcblems of muscular fatigue. Brit.
Med. Bull. 12:219, 1956.

Naess, K., and A. Storm-Mathisen. Fatique of sustained
tetanic contractions. Acta. Physiol. Scand. 34:351,
1955,

Ikai, M., K. Yabe, and K. Ischii. Muskelkraft und
muskulare Ermudung bei willkorlicher Anspannung und
elektrischer Reizung des Muskels. Sportarzt und
Sportmedizin 5:197, 1967.

Edwards, R.H.T., D.K. Hill, D.A. Jones, and P.A. Merton.
Fatigue of long duration in human skeletal muscle
after exercise. J. Physiol. (London) 272:769, 1977.

Engel, A.G., and E.H. Lambert. Calcium activation of
electrically inexcitable muscle fibers in primary
hypckalaemic periodic paralysis. Neurology,
Minneapolis 19:851, 1969.

Wiles, C.M., and R.H.T. Edwards. Weakness of Myotonic
syndromes. Lancet iji:598, 1977.



219

156. Heisterkamp, D.V., P. Skovsted, and P.J. Cohen. The
effects of small incremental doses of d-tubocurarine
on neuromuscular transmission in anesthetized man.
Anesthesiology 30:500, 1969.

¢

157. Burke, R.E., D.N. Ilevine, F.E. Zajac, P. Tsairis and
W.K. Engel. Mammalian motor units: Physiological
histochemical correlation in three types of cat
gastrocnemius. Science 174:709, 1971. '

158. Barany, M., K. Barany, T. Reckard, and A. Volpe. Myosin
of fast and slow muscles. Arch. Biochem. Biophys.
109:185, 1965. '

159. Burke, R.E., and V.R. Edgerton. Motor.unit properties
and selective involvement in movement. Ex. Sport
Sciences 3:31, 1975.

160. Maxwell, L.C., J.A. Faulkner and D.A. Lieberman. Histo-
chemical manifestations of age and endurance training
in skeletal muscle fibers. Am. J. Physiol. 224:356, 1973.

l61. Edstrom, L., and E. Kugelberg. Histochemical camposition,
distribution of fibers and fatiguability of single
motor units. J. Neurol. Neurosurg. Psychiat. 31:424,
1968.

162. Gauthier, G.F. On the relationship of ultrastructural
and cytochemical features to color in mammalian
skeletal muscle. Z. Zellforsch. Mikrosk. Anat.
95:462, 1969.

163. Schiaffino, S., V. Hanzlikova, and. S. Pierobon.
Relations between structure and function in rat
skeletal muscle fibers. J. Cell. Biol. 47:108, 1970.

164, Mai, J., V.R. Edgerton, and R.J. Barnard. Capillarity
of red, white and intermediate muscle fibers in
trained and untrained guinea pigs. Experientia
26:1222, 1970.

165. Romanul, F.C.A. Capillary supply and metabolism of
muscle fibers. Arch. Neurol. (Chicago) 12:497, 1965.

166. Burke, R.E., and P. Tsairis. The correlation of physiole-
gical properties with histochemical characteristics in
single muscle units. Ann. N.Y. Acad. Sci. 228:145, 1974.

167. Kugelberg, E. Histochemical composition, contraction
speed and fatiguability of rat soleus motor units.
J. Neurol. Sci. 20:177, 1973.

168. Nolte, J., and D. Pette. Microphotometric determination of
enzyme activity in single cells in cryostat sections.



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

220

II. Succinate dehydrogenase activities in red, inter-
mediate and white fibers of the soleus and rectus
femoris of the rat. J. Histochem. Cytochem. 20:
577, 1972. '

Barnard, R.J., V.R. Edgerton, and J.B. Peter. Effects of
exercise on skeletal muscle. 1II. Contractile properties.
J. Appl. Physiol. 28:767, 1970.

Barnard, R.J., V.R. Edgerton, and J.B. Peter. Effect
exercise on skeletal muscle. I. Biochemical and Histo-
chemical properties. J. Appl. Physiol. 28:762, 1970.

Faulkner, J.A., L.C. Maxwell, and D.A. Lieberman. Histo-
chemical characteristics of muscle fibers from trained
and detrained guinea pigs. Am. J. Physiol. 222:836,
1972.

Lieberman, D.A., J.A. Faulkner, A.B. Craig, Jr., and
L.C. Maxwell. Performance and histochemical composi-
tion of quinea pig and human diaphragm. J. Appl.
Physiol. 34:233, 1973.

Keens, T.G., A.C. Bryan, H. Levison, and C.A. Ianuzzo.
Developmental pattern of muscle fiber types in human
ventilatory muscles. J. Appl. Physiol. 44:909, 1978.

Keens, T.G., V. Chen, P. Patel, P. O'Brien, H. Levison
and C.D. Ianuzzo. Cellular adaptations of the venti-
* latory muscles to a chronic increased respiratory
load. J. Appl. Physiol. 44:905, 1978,

Hultman, E., Studies of muscle metabolism of glycogen
and active phosphate in man with special reference
to exercise and diet. Scand. J. Clin. Lab. Invest.
Suppl. 94:1, 1967. :

Hermansen, L., E. Hultman, and B. Saltin. Muscle
glycogen during prolonged severe exercise. Acta.
Physiol. Scand. 71:129, 1967.

Ahlborg, B., J. Bergstram, L.G. Ekelung, and E. Hultman.
Muscle glycogen and muscle electrolytes during
prolonged physical exercise. Acta. Physiol. Scand.
70:129, 1967.

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

Gollnick, P.D., K. Piehl, C.W. Saubert, R.B. Armstrong
and B. Saltin. Diet, exercise and glycogen changes
in human muscle fibers. J. Appl. Physiol. 33:421, 1972.



180.

181.

182.

183.

184.
185.

186.

187.

188.

189.

190.

191.

221

Costill, D.L., P.D. Gollnick, E.D. Jansson, B. Saltin
and E.M. Stein. Glycogen depletion pattern in human
muscle fibers during distance running. Acta. Physiol.
Scand. 89:374, 1973.

Gillespie, C.A., D.R. Simpson, V.R. Edgerton. Motor unit
recruitment as reflected by muscle fiber glycogen loss
in a prosimian (bushbaby) after running and jumping.
J. Neurol. Neurosurg. Psychiat. 37:817, 1974.

Edgerton, V.R., B. Saltin, B. Essen, and D.R. Simpson.
Glycogen depletion in specific types of human skeletal
muscle fibers in intermittent and continuous exercise.
In:"Metabolic Adaptation to Prolonged Physical
Exercise". Eds. Howald, H., and J.R. Poortmans,
Birkhauser Verlag, Basel, p. 402, 1973

Baldwin, K., J.S., Reitman, R.L. Terjung, W.W. Winder
and J.0. Holloszy. Substrate depletion in different
types of muscle and in liver during prolonged running.
Am J. Physiol. 225:1045, 1973.

Christensen, E.G., and O. Hansen. Arbeitsfahigkeit
und Ernahrung. III. Skand Arch. Physiol. 81:160, 1939.

Astrand. P.O. Diet and athletic performance. Fed. Proc
26:1772, 1967.

Spande, J.I., and B.A. Schottelius. Chemical basis of
fatigue is isolated mouse saleus muscles. Am. J.
Physiol. 219:1490, 1970.

Barclay, J.K., and W.N. Stainsby. Intramuscular Jipid
store utilization by contracting dog skeletal muscle
in situ. Am. J. Physiol. 223:115, 1972.

Reitman, J., K.M. Baldwin, and J.0. Holloszy. Intra-
muscular triglyceceride utilization by red, white and
intermediate skeletal muscle and heart during exhausting
exercise. Proc. Soc. Exptl. Biol. Med. 142:628, 1973.

Armstrong, D.T., R. Steele, N. Altszuler, A. Dunn, J.S.,
Bishop, and R.D. BeBodo. Regulation of plasma free
fatty acid turnover. Am. J. Physiol. 201:9, 1961.

Costill, D.L., K. Sparks, R. Gregor, and C. Turner.
Muscle glycogen utilization during exhaustion running.
J. Appl. Physiol. 31:353, 1971.

Issekutz, B.,Jr., H.I. Miller, P. Paul, and K. Rodahl.
Source of fat oxidation in exercising dogs. Am. J.
Physiol. 207:583, 1964.



222

192, Paul. P. FFA metabolism of normal dogs during steady-
state exercise at different work loads. J. Appl.
Physiol. 28:127, 1970.

193. Hultman, E., J. Bergstram, and M. Anderson. Breakdown
and resynthesis of phosphorylcreatine and adenosine
triphosphate in connection with muscular work in man.
Scand. J. Clin. Lab. Invest. 19:56, 1967.

194. Harris, R.C., R.H.T. Edwards, E. Hultman, L.O. Nordesjo,
B. Nylind, and K. Sahlin. The time course of phos-
phorylcreatine resynthesis during recovery of the

quadriceps muscles in man. Pflugers Arch. Gesamte
Physiol. Menschen Tiere 367:137, 1976.

195. Hill, A.V.,and P. Kupalov. Anaerobic and aerobic activity
in isolated muscles. Proc. Roy. Soc. London Series B
105:313, 1929.

196. Fitts, R.H., and J.0., Holloszy. Lactate and contractile
force in frog muscle during development of fatigue
and recovery. Am. J. Physiol. 231:430, 1976.

197. Karlsson, J. C.F. Funderburk, B. Essen and A.R. Lind.
Constituents of human muscle in isometric fatigue.
J. Appl. Physiol. 38:208, 1975.

198. Karlsson, J. and B. Saltin. Lactate, ATP, and CP in
working muscles during exhaustive exercise in man.
J. Appl. Physiol. 29:598, 1970.

199. Fitts, R.H,, The effects of exercise training on
the development of fatigue. Ann. N.Y. Acad. Sci. 301:
424,1977.

200. Ekblom, B., R. Huot, E.M. Stein, and A.T. Thorstensson.
Effect of changes in arterial oxygen content on
circulation and physical performance. J. Appl.
Physiol. 39:71, 1975.

201. Ekblom, B., and R. Huot. Response to submaximal and
maximal exercise at different levels of carbo-
xyhemoglobin. Acta. Physiol. Scand. 86:474, 1972.

202. Pirnay, F., Y. Dujardin, R. Deroanne and J.M. Petit.
Muscular exercise during intoxieation by carbon
monoxide. J. Appl. Physiol. 31:573, 1971.

203. Sproule, B.J., J.H. Mitchell, and W.F. Miller. Cardio-
pulmonary physiological responses to heavy exercise
" in patients with anaemia. J. Clin. Invest. 39:378,
1960.

204, Ekblom, B., A.N. Goldborg, and B. Gullbring. Response
to exercise after blood loss and reinfusion. J. Appl.
Physiol. 33:175, 1972.



205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

223

Hartley, L.H., J.A. Vogel and M. Lasdowne. Central
femoral and bronchial circulation during exercise
in hypoxia. J. Appl. Physiol. 34:87, 1973.

Steinberg, J., B. Ekblom and R. Messin. Hemodynamic
response to work at simulated -altitude 4000 m.
J. Appl. Physiol. 21:1589, 1966.

Vogel, J.A., and M.A. Gleser. Effect of carbon
monoxide on oxygen transport during exercise.
J. Appl. Physiol. 32:234, 1972.

Kaijser, L. Limiting factors for aerobic muscle
performance. The influence of varying oxygen
pressure and temperature. Acta. Physiol. Scand.
Suppl. 346, 1970.

Monod, H., Capacité de travail dynamique 1local en
hypoxie. J. Physiol. (Paris)62:418, 1970.

Barcroft, H., and A.C. Dornhorst. The blood flow
through the human calf during rhythmic exercise.
J. Physiol. (London) 109:402, 1949.

Royce, J. Isometric fatigue curves in human muscle
with normal and occluded circulation. Res. Quart.
29:204, 1959. '

Start, K.B., and R. Holmes. Local muscle endurance
with open and occluded intramuscular circulation.
J. Appl. Physiol. 18:804, 1963.

Pirnay, F., R.Marshall, R. Radermecker, and J.M. Petit.
Muscle blood flow during submaximum and maximum -
exercise on a bicycle ergometer. J. Appl. Physiol.
32:210, 1972.

Tgnnessen, K.H. Simultaneocus measurement of the calf
blood flow by strain-gauge plethysmography and the
calf muscle blood flow measured by 133 Xenon clearance.
Scand. J. Clin. Lab. Invest. 21:65, 1968,

Wilkie, D.R. The mechanical properties of muscle.
Brit. Med. Bull. 12:177, 1956.

Kim, M.J., W.S. Druz, J. Danon, W. Machnach, and J.T. Sharp.
Mechanics of the canine diaphragm. J. Appl. Physiol.
41:369, 1976.

Rohrer, F. Der Zusammenhang der Atemkrafte und ihre
Abhungrgkeit vom Dehnungszustand der Atmungsorgane.
Pflugers. Arch. Gesamte Physiol. Menschen Tiere 165:
419, 1916.



218.

219.

220.

221.

222.

223.

224,

225,

226.

227.

228.

229.

230.

224

Rahn, H. A.B. Otis, L.A. Chadwick and W.0. Fenn. The pres-
sure volume diagram of the thorax and lung. Am. J.
Physiol. 146:161, 1946.

Marshall, R. Relationship between stimulus and work
of breathing at different lung volumes. J. Appl.
Physiol. 17:917, 1962.

Pengelly, L.D., A.M. Anderson, and J. Milic-Emili.
Mechanics of the diaphragm. J. Appl., Physiol. 30:797,
1971.

Grassino, A., M.D. Goldman, J. Mead and T.A. Sears.
Mechanics of the human diaphragm during voluntary
contraction; statics. J. Appl. Physiol. 44:829, 1978.

Wasserman, K., and B.J. Whipp. Exercise Physiology in
health and disease (State of the Art). Amer. Rev.
Respir. Dis. 112:219, 1975.

Margaria, R. Biomechanics and energetics of muscular
exercise. Clarendon Press, Oxford, 1976.

Kugelberg, E., and L. Edstrom. Differential histochemical
effects of muscle contractions on phosphorylase
and glycogen in various types of fibers: relation
to fatigue. J. Neurol.Neurosurg. Psychiat. 31:415, 1968.

Monod, H., and J. Scherrer. The work capacity of a
synergic muscular group. Ergonomics 8:329, 1965.

Clark, T.J.M., S. Freedman, E.J.M. Campbell, and R.R. Winn.
The ventilation capacity of patients with chronic
airways obstruction. Clin. Sci. 36:307, 1969. .

Riley, R.L. Pulmonary function in relation to exercise.
In: Science and Medicine of Exercise and Sports.
Eds. W.R. Johnson, New York, Harper, Chapter 9, p. 162,
1960. '

Ouellet, Y., S.C. Pho, and M.R. Becklake. Circulatory
factors limiting maximal aerobic exercise capacity.
J. Appl. Physiol. 27:874, 1969.

Agostoni, E., and J. Mead. Statics of the respiratory
system. In: Handbook of Physiology, Respiration,
Washington, D.C., American Physiological Society,
Section 3, Vol. 1, Chapt. 14, p. 387, 1964.

Gross, D., A. Grassino, and P.T.Macklem. EMG pattern
of diaphragmatic fatigue. J. Appl. Physiol. In Press.



225

231. Gross, D., A. Tsanaclis, C.S. Roussos, A. Grassino and
P.T. Macklem. The EMG pattern of inspiratory muscle
fatigue. Fed. Proc. 36:492, 1977 (Abstract).

232. Kogi, K., and T. Hakamada. Slowing of surface electromyogram
and muscle strength in muscle fatigue. Rep. Inst.
Sc. Lab. 60:27, 1962

233. Kadefors, R., I. Petersen, and P. Heberts. Muscle reaction
to welding work: An electromyographic investigation.
Ergonomics 19:543, 1976.

234, Bannister, E.W., and S.R. Brown. The relative energy
requirements of physical activity. In: Exercise
Physiology. Ed. by H.B. Falls, New York and London
Academic, Chapter 10, p. 267, 1968.

235. Braunwald, E. Control of myocardial oxygen consumption.
Am. J. Physiol. 227:910, 1967.

236. Braunwald, E., J. Ross, Jr., and E.H. Sonnenblick.
Mechanisms of contraction of the normal and failing
heart. New Engl. J. Med. 227:910, 1967.

237. Sarnoff, $.J., E. Braunwald, G.H. Welch. Jr., R.B. Case,
W.N. Stainsby, and R. Macruz. Hemodynamic determi-
nants of oxygen consumption of the heart with special
reference to tension-time index. 2Am. J. Physiol.
192:148, 1958.

238. McGregor, M., and M.R. Becklake. The relationship of
oxygen cost of breathing to respiratory mechanical
work and respiratory force. J. Clin. Invest. 40:
971, 1961.

239. Eldridge, R. Anaerocbic metabolism of the respiratory
muscles. J. Appl. Physiol. 21:853, 1966.

240. Xeul, J., and E. Doll. The influence of exercise and
hypoxia on the substrate uptake of human heart and
human skeletal muscles. In: Biochemistry of Exercise.
Med. Sport 3:41, 1969.

241. Robertson, C.H., G.H. Foster, and R.L. Johnson. The
relationship of respiratory failure to the oxygen
construction of, lactate production by, and distribu-
tion of blood flow among respiratory muscles during
increasing inspiratory resistance. J. Clin. Invest.
59:31, 1977.

242, Stalcup, S.A., and R.B. Mellins. Mechanical forces
producing pulmonary edema in acute asthma. New. Engl.
J. Med. 297:592, 1977.



226

243, Sharp, J.T., P. Van Lith, C. Vej Nuchprayoon, R. Briney,
and F.N. Johnson. The thorax in chronic obstructive
lung disease. BAmer. J. Med. 44:39, 1968.



