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Preface

While emphysema and chronic bronchitis are primarily lung di-
seases, one of their major consequences is to deeply affect the
function of the respiratory muscles. Lung hyperinflation shortens
the inspiratory muscles due to increased airways resistance, more
of their effort is demanded and changes in nutritional status wea-
ken them further. Their malfunction can lead to severe dyspnea
and to failure of the ventilatory pump. Over the last 10 years we
have witnessed an explosion of information of how respiratory
muscles function in health and disease, new techniques for their
evaluation have been created, the concept of fatigue, weakness,
and failure was developed, and their rest or training was attemp-
ted. The implication of respiratory muscles malfunction in respi-
ratory medicine has reached a prominent place.

It seems remarkable that while some aspect of skeletal muscles
function requires molecular biology techniques to find new an-
swers, we still know little on respiratory muscles interaction, stra-
tegies of coordination, their role in dyspnea, chronic hypercapnia
or how to effectively improve their function in patients.

This workshop was organized and held at the Medical Center of
Rehabilitation in Montescano and represents an attempt to focus
on how the newly adquired wealth of information can eventually
be trasformed into medical care.

The participants in this workshop brought forward challenging
thoughts and we are most grateful for their participation. This
book represents a report of the proceedings and also provides the
most updated information in this field.

Alex Grassino



Foreword

Research centres specializing in rehabilitation medicine must
keep abreast of the latest scientific developments in physiopat-
hology. Only by constant striving in this direction can functional
impairment be efficiently evaluated and recovery be correctly
monitored.

Rehabilitation often calls for a multidisciplinary approach.
The scientific meetings periodically organised at the Rehabilita-
tion Centre at Montescano set out to meet this need, providing a
variety of approaches to specific areas of interest.

“Current Topics in Rehabilitation” is a series based on the
items presented and discussed at the Montescano workshops. It
is, then, fitting that this short preface should offer a work of
thanks to the contributors without whose skill and commitment
these meetings could not be held.

In this series, our aim is to offer the reader an insight into the
discussions and conclusions of each workshop, as well as giving
due recognition to the valuable scientific work of the Montesca-
no Rehabilitation Centre.

Itis our wish to dedicate the series to the memory of Prof. Sal-
vatore Maugeri, the distinguished medical researcher who foun-
ded our Centre and to whose foresight we are grateful for clari-
fying the aims it is our privilege to pursue.

Renato Corsieo
Centre of Rehabilitation Medical
November 1987 Montescano (Pavia), LR.C.C.S.
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A. GRASSINO - C. FRACCHIA - C. RAMPULLA - L. ZOCCHI
Respiratory Muscles in COPD
Bi & Gi Publishers, Verona - Springer-Verlag, London, 1988

Some old concepts in respiratory muscle mechanics

JEAN PHILIPPE DERENNE
Pneumology Department, Hobpital Saint Antoine, Paris, France

SUMMARY: The article attempts a brief review of the major historical contributions to the study of
respiratory muscle mechanics.

For all the originality of Aristotle’s observations, they are of interest more as examples of physiology.
After Galen’s remarkable experiment some half a millennium later, there is an unfortunate gap in our
knowledge of the great Abbasid isolated examples of Vesalius, Borelli and others, there are no further
significant contributions untile the great French Experimenters of the 19th century.

Respiratory physiology subsequently suffered a neglect from which it has, even today, not fully recovered.

KEY WORDS: Respiratory muscles mechanics; Aristotele; Galen; Abbasid; Vesalius; Borelli; Respiratory
physiology.

Respiratory muscle mechanics is one of the few areas of medical knowledge where
the main themes have remained very little changed in the last centuries. If Aristotle
or Galen came back today they would have difficulties in undérstanding the evolu-
tion of most of the fields of medicine. It is likely however that they would find our
understanding of diaphragmatic function more familiar. Though we are still in-
vestigating the structure and function of the muscles and constantly introducing
technical improvements, the basic concepts are essentially the same.

One of the most remarkable features of this field is that the discoveries made by
the foremost scientists such as Galen, Vesalius, Magendie, Duchenne de Boulogne
or Paul Bert have been forgotten by subsequent investigators. Furthermore the con-
tributions of some major schools of medicine like the Abbasid or Cordoban schools
have been wiped out from our memories, although their manuscripts can still be
consulted.

In our culture, as everybody knows, the first scientific contributions in the fields
in question, were made by the Greeks. The first was Aristotle (who lived in the 4th
century BC). Because of the major importance of this author everybody knows his-
name, but few people are aware that he was the father of comparative zoology and
that nearly 30% of his extensive writings are concerned with biology. His most im-
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portant contributions in this field include the Peri Zoion Morion (De partibus
animalium) and the Ton Peri ta Zoia Istorion (Historia animalium).

The former is the more important tc us. It had a strong influence on his followers,
particularly Plinius the elder and Galen, who plagiarized it thoroughly. It contains
generalities on methods in biology and a description of the principles of biology
based on the balance between opposite factors such as wetness and dryness, heat
and cold, etc. Aristotle considered that the main function of respiration was to cool
down the body. This conception was in fact unanimously accepted at that time and
it seems that the first author to mention it was Empedocles.

In the Aristotelian conception, ‘‘the lung is the organ of respiration. It receives
the principle of movement from the heart (i.e. it is the heart which is the main
respiratory muscle) and offers a wide place to the incoming air because of its spongy
nature and because of its size. In fact when it dilates, the air comes in and when
it contracts, the air goes away’’ (Peri Zoion Morion III, 6, 669 a). The diaphragm
isolates the heart and lungs from the abdominal cavity ‘‘in such a way that the main
organ of the sensitive soul (the heart) does not feel any harm and is not hit by the
inhalations released by digestion or by exhaled excess foreign heat’’ (III, 10, 672 a).

The diaphragm separates the top (‘‘the better’’) from the bottom (‘‘which exists
for the benefit of the top’’). It is ‘‘a kind of dam and a kind of fence’’.

Contrary to what is often said, Aristotle did not believe that the diaphragm was
the center of the soul or of thought. He stated ‘‘When, in fact, because of the vicinity,
these parts (the belly) attract hot and excremental humour, the latter brings im-
mediately an obvious trouble to thinking and sensitivity, and that is why those parts
are called phrenic as though they participated in thought.

““In fact that is not the case, but since they are close to those parts which par-
ticipate, they make the changes which occur in reasoning obvious’’ (III, 10, 672
b). He gave an example of the influence of the diaphragm on mood, stating ‘‘war
wounds in the region of the diaphragm provoke laughter because of the heat which
leaks from the injury’’ (II1, 10, 673 a). In fact the ‘‘sardonic smile’’, a peculiar type
of smile, was related to diaphragmatic activity up to the 18th century AD.

Aristotle was a philosopher, not a physiologist. The first observations and ex-
perimental set-up of which we know now are those of Galen (end of the second
century AD), who made a very precise description of the anatomy of the diaphragm
(Adm. Anat. VIII, 1) and performed many experiments on dogs.

At that time most people thought that the diaphragm was the only muscle of in-
spiration. Galen discovered the cervical roots of the phrenic nerve and showed that
transsection of the cord at the level of C7 did not harm the diaphragm, whereas
transsection at C3 stopped any movement. He cut all the nerves supplying the inter-
costals, serratus, pectoralis and other muscles, and then he also cut off these muscles.
In so doing he found that the diaphragm was inflating the lower rib cage.

When the diaphragm was paralysed and when the other muscles were intact, he
found a paradoxical movement of the lower rib cage. Galen also described the cross-
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shaped intersection of the intercostal muscles and stated that the external were in-
spiratory and the internal were expiratory.

We do not know if these remarkable observations and experiments (which ob-
viously show that Galen was a real respiratory muscle physiologist) were accepted
or rejected in the 2nd century AD. We do not know, either, what the major chest
specialists of the Middle Ages, i.e. Avenzoar, Avicenne or Averroes, all members
of the rationalist scientific Arabic school, thought of this work.

Actually we know nothing of what they wrote. Nevertheless, there must be hun-
dreds of manuscripts in various libraries, some related to respiration. Whether they
are concerned with our field is something we would like to know. In fact, many
scientists believe that the nature of the instruments their medieval predecessors used,
as well as their surgical techniques, indicate that they performed human autopsies.

In western history, Vesalius (1543) and his followers were the first to perform
autopsies. The father of anatomy was interested in the diaphragm and, after Galen,
he wrote that ‘“it pushes out the 6th and 7th ribs and... dilates the thorax and in-
creases its capacity’’. Nevertheless, he strangely stated that ‘‘the diaphragm, when
contracting during inspiration, was going up in the chest wall, and consequently
was pushing the ribs upwards and outwards’’.

His fellow, Columbus, also professed that the diaphragm inflated the lower ribs
but went downwards during inspiration. Nevertheless, he insisted that, in so doing,
it was relaxed (during inspiration) and that, when contracting during expiration,
moved upwards in the chest.

It seems that the first author to state that the diaphragm contracts and goes down
during inspiration was Borelli. Nevertheless, he also stated that it deflated the lower
rib cage and that the intercostals had no action on respiration.

After Borelli, major physiologists (Boerhaave, Haller) and anatomists (Winslow)
of the 18th century stated the same beliefs.

The role of the intercostal muscles had been studied by many authors. It is im-
possible to summarize their works here and their conclusions were extremely variable.
Amongst them, the most important was Hamberger, who made a physical model,
showing that the external intercostals were inspiratory and the internal intercostals
were expiratory.

In fact there were very few physiological hypotheses and investigations, at least
in the modern sense of the term, before the 19th century. The first important con-
tributor was Magendie (1816). Amongst his most important findings one must in-
clude the following statement: ‘‘When the diaphragm contracts it pushes out the
viscera, but, in order to do so, the sternum and the ribs must resist. This resistance
cannot be perfect since they are mobile and that is why, each time the diaphragm
contracts, it must lift the thorax more or less. In general, the amplitude of the move-
ment will be directly related to the resistance of the abdominal viscera and to the
mobility of the ribs’’.

Magendie did not prove this hypothesis. He also proposed two interesting ideas:
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1 - In his 1816 textbook he stated that it was clear that ‘‘the longer this muscle fiber,
the greater the force that it develops’’.

2 - In the 1833 version of the same texbook he wrote that during normal inspiration
the diaphragm was the main agonist. In a breathless patient other muscles had to
be recruited, primarily the scalenes. He therefore called respiratory pulse the con-
traction phase of the scalenes during inspiration and proposed to use it as an index
of dyspnea. This term was introduced to U.S. literature by people such as Austin
Flint Jr.

After Galen, the first real investigations were made by Beau and Maissiat (1843).
Using a scalpel, they cut off the scalenes, serratus and pectoralis in a dog and
separated the 6th rib from the 7th from the vertebrae up to the sternum. In so doing
they isolated the lower ribs from the upper ribs. They observed that the diaphragm
was still inflating the lower rib cage. They believed that the pericardium was pro-
viding the fulcrum for this action.

Duchenne de Boulogne introduced electrical stimulation and used it to test previous
investigators’ hypotheses. His experiments, published in 1853, are now considered
classic and they have been repeated and confirmed recently by P.T. Macklem and
André de Troyer. In various animals and in man, Duchenne found that the
diaphragm inflated the lower rib cage and that this was still true when the abdomen
was open, but that it deflated the lower ribs when the animals or the dead patients
were eviscerated. Therefore he stated that the diaphragm was inflating the lungs
through several mechanisms: lowering the dome, lifting the ribs and pushing the
lower ribs outwards.

Another fellow of Claude Bernard, Paul Bert (1870), used various devices invented
by J.E. Marey or by himself. He routinely measured abdominal pressure and thoracic
movement with various thoracometers.

He showed that during normal breathing abdominal pressure was positive and
tracheal pressure negative.

He showed that when the intercostal accessory muscles were removed the
diaphragm was inflating the lower ribs and deflating the upper ribs and that, when
the animal was eviscerated, the diaphragm was deflating the lower ribs.

The common knowledge of the physiologists at the end of the 19th century is sum-
marized in the excellent ‘‘Dictionnaire encyclopédique des sciences médicales’’ by
Hénoque and Eloy in 1884:

- the diaphragm is the main agonist of respiration;

- it pushes down the abdominal viscera and increases the vertical diameter of the
chest;

- it lifts the rib cage with its costal insertions which, because of the anatomy of the
costovertebral joint and because of the direction of the ribs, pushes them upwards
and outwards.

It is likely that:

- it generates a positive abdominal pressure which pushes the rib cage outwards;
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- it may have an expiratory action.

Moreover, they provided additional information concerning the differences bet-
ween the costal and the crural diaphragm. As I said in my introduction, we have
very few concepts to add.

I do not have time here to discuss the reasons for the general oblivion of all this
knowledge in the first half of the 20th century.

In fact, because respiratory muscle mechanics embraces anatomy as well as
physiology, it disappeared from textbooks of physiology, not from those of anatomy.
Nevertheless, it is only after the works of Moran Campbell and later of Jere Mead,
J. Milic Emili, P.T. Macklem and others that the physiologists became aware of
this topic once more.

However, this rediscovery is not complete and there are still several concepts which
have yet to be ‘‘rediscovered’’.
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Bi & Gi Publishers, Verona - Springer-Verlag, London, 1988

Inspiratory muscle physiology, with particular regard to the
diaphragm

MACKLEM P.T.
MEAKINS-Christie Laboratories, McGill University, Montreal, Quebec, Canada

SUMMARY: Under normal circumstances at FRC, the diaphragmatic component of respiration can be
considered to be sum of the separate, parallel muscular activities of the two parts of the diaphragm.
The co-ordination of these separate activities can be affected by conditions such as experimental liquid
substitution of the abdominal viscera (approximating to clinical manifestations of ascites) or hyperinflation.
While the respiratory role of the diagram does not suffer serious impairment in the former case, hyperinfla-
tion proves extremely damaging to inspiratory muscle function.

KEY WORDS: Inspiratory muscle physiology; diaphragm; respiration; muscular activity separated;
muscular activity, parallel; abdominal viscera; ascites; hyperinflation.

As your heard from Derenne, the diaphragm is composed of two muscles: the
‘“‘hamp’’ and the ‘‘onglet’’. As Derenne pointed out, Colbert stated in the 19th cen-
tury that the ‘““hamp’’ is essentially supplied by the upper phrenic nerve roots, the
““onglet’’ by the lower. In English ‘‘hamp’’ is the costal part, and ““onglet’’ the crural
part of the diaphragm. Indeed, in dogs, if you stimulate the C5 nerve root you only
record electrical activity in the costal fibers; C6 stimulation results in electrical ac-
tivity in both the posterior costal and the crural regions; C7 stimulation essentially
results in electrical activity in the crural part only. These experiments were performed
by De Troyer2. This paper will describe additional experiments that Decramer et
al.,! De Troyer et al.,2 and Zocchi et al.,5 have performed.

De Troyer? showed that the costal and the crural parts of the diaphragm have
different actions when stimulated separately. Figure 1 shows motion of the rib cage
(RC) plotted versus motion of the abdomen (AB) during separate stimulation of
the costal and crural fibers. The dashed line is the relaxation curve obtained during
passive inflation: RC expands considerably more than AB. During spontaneous quiet
breathing the motions of RC and AB are essentially along the relaxation line.
Stimulating the costal fibers (COS) alone, via hook electrodes inserted directly in
them, results in inflation of RC and an outward displacement of AB close to, but
to the right of, the relaxation line, whereas if you stimulate the crural fibers (CRU)
alone, the only motion that you obtain is abdominal. CRU contraction has, in fact,
no action on RC.
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Fig. 1. - Effects of separate stimulations of costal and crural parts of the diaphragm on thoracoabdominal
configuration in supine dog. Relaxation curve of the chest wall (dashed line) was obtained dur-
ing mechanical ventilation while the animal was deeply anesthetized. 2

When both COS and CRU are stimulated together, the net result is the sum of
the vectors of COS and CRU actions; the action of the diaphragm when both COS
and CRU fibers are contracting is indeed, as the earlier investigators described, in-
flationary on both RC and AB, but considerably displaced from the relaxation
characteristics of RC and AB. The notion that the two parts of the diaphragm have
different actions, different segmental innervation, different embryological and
anatomical origins2, and the fact that COS fibers are attached to RC while CRU
fibers are not, have resulted in the concept that these are in fact two separate muscles.
If this is accepted, it becomes very important to know how they are mechanically
linked. Figure 2 is a simple mechanical model representing their mechanical
linkage3. The respiratory system is shown in the lateral projection. RC is
represented by the inverted L-shaped structure; the diaphragm is made up of COS
fibers, originating from the costal margin and inserting on the rigid bar represen-
ting the central tendon, CRU fibers, originating from the vertebral column, and
the medial and lateral arcuate ligaments, also inserting on the central tendon. As
you can see, the two parts of the diaphragm are linked mechanically in parallel,
so that when they develop force on the spring representing the lung, and elongate
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Fig. 2. - Left: mechanical model of inspiratory musculature. Intercostal and accessory muscles are
mechanically in parallel with costal diaphragm. Bar into which crural and costal fibers insert
represents central tendon. L-shaped structure represents rib cage and spring attached to its up-
per surface, elastic properties of rib cage. Hatched area represents rest of bony skeleton. Right:
more anatomically realistic drawing of diaphragm illustrating separation of costal and crural
parts. 3

it, the total force they develop is the sum of the forces developed by each. Therefore,
muscles arranged mechanically in parallel develop forces which are additive, and
are well arranged to handle large loads. According to the same model, if COS fibers
were to contract alone, they would exert an upward force on RC and an equal and
opposite downward force on the central tendon: since their contraction both lifts
RC and pushes abdominal content downward, it inflates the lung, pushes the AB
wall out and inflates RC. On the other hand, if CRU fibers, with no connection
with RC, were to contract alone, they would push AB out and elongate the spring
representing the lung, but they would have no direct action on RC.

Figure 3 shows an electrical or pneumatic analogue of the mechanical model, where
the different inspiratory muscles (COS, CRU and rib cage muscles) are represented
as electrical generators or pumps, and the structures they displace (lung, RC, AB)
are represented by rectangles. If you picture COS as a pump, which develops a
negative pressure on the side towards the lung and a positive pressure on the other
side, the negative pressure would inflate the lung, and the positive pressure would
inflate RC and AB. For CRU, however, the negative pressure developed on one
side would be transmitted through the passive COS pump and inflate the lung, while
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Fig. 3. - Electrical or pneumatic analogue of mechanical model presented in Figure 2. Top: costal
diaphragm, which, when it contracts by itself, develops a pressure on the rib cage that equals
abdominal pressure. Bottom: crural diaphragm, which, when it contracts by itself, develops
a pressure on the rib cage that equals pleural pressure. As there is no voltage (pressure) dif-
ference across generators that are inactive, abdominal pressure (Pab) is displayed on the lung
side of the crural diaphragm at fop, while pleural pressure (Ppl) is displayed on the abdominal
side of the costal diaphragm at the bortom. 1 A: intercostal and accessory muscles. 3

the positive pressure on the other side would displace AB outward; but the negative
pressure, if CRU is the only active pump (the only muscle contracting), will also
be transmitted through the rib cage muscles and, according to this model, deflate
RC, because a negative pressure will be applied to it. The evidence from the ex-
perimental results showed that RC did not deflate with CRU contraction. This is
explained in Figure 4, where panel A shows what you have already seen in Figure
1: stimulation of CRU results in an increase in lung volume, in abdominal pressure
(Pab) and in an outward displacement of AB, but there is no effect on RC. If,
however, you open the abdomen to prevent any increase in Pab (panel B), RC does
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Fig. 4. - Effect of increase in abdominal pressure on changes in lower rib cage dimensions during separate
stimulation of costal and crural parts of diaphragm. In panel A abdomen is closed, and ab-
dominal pressure increases during diaphragmatic stimulation. In panel B abdomen is open, so
abdominal pressure does not increase during stimulation. 2

show paradoxical movement with CRU contraction, as predicted by the model in
Figure 3. With CRU contraction and no change in Pab, the fall in pleural pressure
acts to produce RC deflation, which under normal circumstances is prevented by
the increase in Pab. When there is a wide pneumothorax, preventing any changes
in either pleural pressure (Ppl) or Pab, the situation is restored to what it was under
control circumstances. This shows that, with CRU contraction, the increase in Pab
and the fall in Ppl have equal and opposite actions on the lower part of RC, preven-
ting its movement.

Therefore, to improve our model of the action of respiratory muscles on RC and
AB, we have to take into account the inflationary action of Pab and the deflationary
action of the fall in Ppl on RC. This can be done as shown in Figure 5: the model
is identical to that in Figure 3, with the exception that a summing junction? has
been added, in which Ppl, Pab and the actions of COS and rib cage muscles are
totalled. The net result is what determines RC motion.

The next question is: how can the two different parts of the diaphragm have dif-
ferent actions on RC? First of all, it must mean that when COS or CRU fibers con-
tract, no transmission of tension occurs through the central tendon, because, if ten-
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Fig. 5 -Electrical or pneumatic model of inspiratory musculature as shown in Figure 3 with addi-
tion of summing junction ( T ).?

sion were transmitted to COS during CRU contraction, COS would be passively
stretched and, since it is attached to RC, RC would be inflated. The difference is
not due to the attachment of the central tendon to the pericardium: separating the
diaphragm from the pericardium has no influence on the separate actions of COS
and CRU. Furthermore, if with CRU contraction there were everywhere in the ab-
domen an equal increase in Pab, and everywhere over the pleural surface an equal
fall in Ppl, there would be a pressure difference across COS, displacing it upwards
into the thorax, again passively stretching it and thereby lifting RC. This led
Decramer! to think that, in order to account for the different actions of COS and
CRU, there had to be regional differences in Pab. Indeed, Figure 6 shows a plot
of Pab under CRU versus Pab under COS. The line of identity is shown, the closed
circles representing Pab with CRU stimulation: all data points fall below the line
of identity, indicating that Pab during CRU stimulation is considerably greater under
CRU than it is under COS. When COS fibers are stimulated alone, as shown by
the closed squares, all data points fall above the line of identity, indicating that the
Pab swings under COS are considerably greater than under CRU. Therefore, with
CRU contraction Pab is not perfectly transmitted under the COS fibers, accoun-
ting for the fact that CRU contraction does not have an inflationary action on RC
by passively stretching the COS fibers. The failure of transmission of Pab permits
the two muscles to act as if they were mechanically in parallel. Subsequently
Zocchis showed that when a large volume of abdominal viscera (the spleen and a
large part of the small intestine) is removed and the abdomen filled with an equal
volume of liquid (liquid substitution) and subsequently closed, the Pab swings (open
symbols) fall along the line of identity, irrespective of which part of the diaphragm
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Fig. 6 -Comparison of pressure swings recorded under costal (Pab, cos) a crural (Pab, cru) diaph-
ragms during costal (squares) and crural (circles) stimulations. Filled symbols are measure-
ments obtained under control conditions, open circles measurements obtained when sti-
mulations were repeated in the same 6 dogs after liquid-substitution of part of abdominal
cor_lte;lltg. Solid line is identity line. One measurement in each condition is shown for each
animal.

is contracting. Under these circumstances the two parts of the diaphragm have iden-
tical actions on RC. This is shown in Figure 7. On the ordinate is the ratio of RC
to AB motion: positive values mean that both RC and AB are displaced in the infla-
tionary direction; a value of zero means that there is no movement of RC, while
AB moves outwards; negative values mean that RC paradoxes, while AB moves out-
wards.

Under control circumstances, with COS stimulation the value is positive (i.e. both
RC and AB are displaced in the inflationary direction), whereas with CRU stimula-
tion there is no motion of RC, and only AB is displaced. However, with liquid
substitution and equalization of Pab, the actions of both parts of the diaphragm
become identical, both matching the action of COS under control circumstances.
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Fig.7 -Effect of liquid-substitition on action of COS (filled symbols) and CRU (open symbols) sti~
mulations on chest wall configuration. Values are mean (£ SE) slopes on configurational
changes from FRC observed in 6 dogs.’

CRU has now been converted to a muscle which inflates RC by increasing Pab under
the costal part of the diaphragm, so that the model changes from two muscles ar-
ranged in parallel to two muscles connected in series by a pulley (as first suggested
by Peterson and Otis)4. In this arrangement, the tension developed by one muscle
is transmitted to the other via the pulley, but the force applied by the muscles to
the structures they displace is the sum of the forces developed by each muscle.
Let us now consider hyperinflation, because this has a major impact on the ac-
tion of the diaphragm and on the mechanical linkage between COS and CRU.
Because this symposium deals with respiratory muscles in COPD, hyperinflation
is quite important. Figure 8 shows results obtained in 6 dogs by Zocchis, for RC
versus AB motion with COS and CRU stimulation at FRC and at various lung
volumes above FRC. As already shown, at FRC, COS stimulation inflates both RC
and AB, while CRU stimulation only displaces AB; with hyperinflation of relative-
ly mild degree, however, the inflationary action of COS fibers on RC disappears,
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Fig.9 -Influence of lung volume on action of COS (filled circles) and CRU (open circles) stimula-
tions on chest wall configuration. Mean values (+ SE) of slopes of configurational changes
are plotted as functions of mean (1 SE) end-expiratory volume (EEV % IC) obtained at
CPAPof0, 5,10, 15,and 20 cmH,0. Data from 6 dogs. Data points above or below the da-
shed line (slope of O = no RC displacement) indicate, respectively, RC inflation or defla-
tion.

and in fact the two parts of the diaphragm have virtually identical actions. At higher
lung volumes both parts become deflationary on RC. This is summarized in Figure
9, showing the ratio of RC to AB motion as a function of inspiratory capacity from
FRC to TLC: again, a positive value indicates that both RC and AB are being in-
flated; a value of zero indicates no motion of RC; a negative value means paradox-
ical motion of RC, as AB is being displaced outwards. Only small increases in lung
volume, within the tidal volume range, decrease the inflationary action of COS fibers
on RC dramatically, and CRU fibers begin to become deflationary: under these cir-
cumstances it becomes difficult to breathe. Now both muscles of the diaphragm
have the same action, just as they did with liquid substitution, but instead of both
them being inflationary to RC, both are now deflationary on it. Figure 10A is the
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Fig. 10 -Electric or pneumatic model of inspiratory muscles. A) FRC: same model shown in Figure
5 in addition, COS is partly in parallel and partly in series with CRU. Pab (via the area of
apposition) and Ppl act on RC depending on their magnitudes and gains on the summing
]unctlon ( Z ). The plus signs at the summing junction indicate that the ]unctlon s function
is to compute the algebraic sum of its inputs.

B) Liquid-substitution of part of abdominal contents: COS and CRU are entirely in paral-
lel, and they can be represented by a single generator or pump in series between both lungs
and RC and lungs and AB, and in series with RCM.

C) Hyperinflation: COS and CRU are entirely in parallel and can be represented by a sin-
gle generator or pump in series between lung and AB, but in parallel between lung and
RC, and in parallel with RCM. Area of apposition is abolished, so that Pab generated by
diaphragmatic contraction no longer acts on RC.5

model you have already seen: with liquid substitution (Fig. 10 B), CRU fibers move
into a situation where they actively inflate both RC and AB, and the diaphragm
can now be portrayed as a single muscle, developing a positive pressure on one side,
which inflates both RC and AB, and a negative pressure on the other side, which
inflates the lung. But with hyperinflation (Fig. 10 C), both parts of the diaphragm
have a deflationary action on RC, so that the appropriate representation is a single
muscle which develops a negative pressure on one side to both inflate the lung and
deflate RC, while the only inflationary action on the chest wall is a positive pressure
on the abdominal side, acting to inflate AB. If this model is accurate, the only way
a hyperinflated individual can prevent paradoxical RC displacement with each in-
spiration is to recruit his RC muscles, in order to develop a positive pressure on
RC. This, as can intuitively be seen, is a very inefficient way of breathing, and is
one of the major reasons why hyperinflation is so damaging to inspiratory muscle
function.

To summarize, the diaphragm under normal circumstances at FRC can be con-
sidered as two muscles acting in parallel, with separate actions. The linkage bet-
ween these two muscles changes in different ways in different circumstances: with
liquid substitution, for example (and this can clinically be represented by ascites),
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and with hyperinflation. In the former instance, inspiratory muscle function is not
affected to any serious degree, but with hyperinflation the action of the diaphragm
is seriously impaired.
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Respiratory muscle physiology with particular regard to rib
cage muscles

M. ESTENNE
Chest Service, Erasme University Hodpital, Brussels, Belgium

SUMMARY: The mechanism responsible for the highly effective coupling of separate rib cage and ab-
domen volume changes during breathing is of great interest to respiratory physiologists.

Some investigators have postulated the diaphragm as the sole muscular agent recruited in quiet inspiration.
A review of recent studies in dogs and humans challenges this view.

The author, on the basis of personal observation of trained human subjects, concludes that diaphragm
activity is co-ordinated with that of the parasternal intercostals and scalenes to confer considerable displace-
ment to the chest wall during quiet breathing.

KEY WORDS: Respiratory muscles physiology; rib cage muscles; abdomen volume changes; breathing;
respiratory physiologists; diaphragm; parasternal intercostals; scalenes; chest wall.

Since the studies of Konno and Mead! on the separate volume changes during
breathing of the rib cage and abdomen, it has been recognized that quiet breathing
in upright humans generally occurs on the relaxed thoracoabdominal configuration.
Under these circumstances, not only does the chest wall (i.e., the rib cage - abdomen
system) move on its relaxation characteristic, but the rib cage also behaves with a
singular degree of freedom: during inspiration, all rib cage diameters increase in
the same proportion relative to the relaxed rib cage configuration. The mechanism
of this extremely effective ‘‘coupling’’ between the rib cage and abdomen has been
a matter of considerable interest among respiratory physiologists, in particular since
Goldman and Mead? published their famous hypothesis. These authors postulated
that in upright humans breathing quietly the diaphragm is the only important con-
tracting muscle, driving the entire chest wall, including the rib cage, on its relaxed
configuration. In other words, they suggested that there is no s1gn1f1cant agonistic
activity of the rib cage muscles during quiet inspiration.

This hypothesis, however, has been challenged by studies performed in patients
with complete transection of the lower cervical cord, which leaves the diaphragm
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intact but causes paralysis of all the intercostal and abdominal muscles, and occa-
sionally of the scalene muscles3: 4. In such patients, the tidal volume loop departs
substantially from the chest wall and rib cage relaxation characteristic: the rib cage
expansion is invariably reduced relative to the abdominal expansion, the lower rib
cage expands proportionately more along its transverse than anteroposterior
diameter, and the upper rib cage moves paradoxically inward during inspiration.
In addition, studies in patients with transection of the upper cervical cord have shown
that the chest wall is markedly distorted during isolated contraction of the paced
diaphragms. All these observations are incompatible with Goldman and Mead’s
hypothesis?, and suggest that the diaphragm acting alone is not able to drive the
chest wall on its relaxed configuration. To do so, it needs a good deal of help from
other inspiratory muscles which contribute to expand the rib cage during quiet
breathing. Recent work in this area suggests that most of this help is provided by
the parasternal intercostals and the scalene muscles® 7.

Since Taylor’s electrical recordings from the intercostal muscles in humanss, it
is well established that the interchondral portion of the internal intercostals (the
“‘parasternals’’) is electrically active during quiet inspiration® 10. !1; and recent
studies have shown that this EMG activity cannot be voluntarily suppressed unless
tidal volume becomes negligible (less than 100 ml)!°. In line with Goldman and
Mead’s hypothesis?, the parasternal EMG activity has been initially interpreted as
being the consequence, rather than the cause, of the rib cage displacement!?; it is
seen as probably reflexive in nature, occurring through activation of the spindle
mechanism to prevent the rib cage distortion that would otherwise result from the
fall in pleural pressure produced by diaphragmatic contraction. Recent studies,
however, have shown that the parasternals are poorly supplied with muscle
spindles!3. In addition, the parasternal EMG activity is reduced or even abolished
during breathing against resistive or elastic inspiratory loads, even though the tidal
fall in pleural pressure is increased under these circumstances!4. Similarly, this ac-
tivity is also reduced in the presence of rib cage distortions produced by diaphragmatic
isovolume maneuvers!o. All these observations suggest that the EMG activity
detected in the parasternals is not reflexive in nature and does not relate to the fall
in pleural pressure. This conclusion has been recently strengthened by studies in dogs
which have shown that the contraction of the parasternals is a real myometric
contraction!s; these muscles actively shorten during inspiration and lengthen dur-
ing expiration. Although the length changes undergone by the parasternals during
breathing in humans have not yet been measured, it thus appears that the paraster-
nals are real agonists (as opposed to fixators) and actively contribute to inspiration.

Phrenicotomized dogs provide a good experimental setting for assessing the
mechanical action of the parasternals on the rib cage because, after bilateral section
of the phrenic nerve roots in the neck, the parasternals are thought to be the only
important inspiratory muscles still in activity!6é. Studies in anesthetized dogs after
bilateral phrenicotomy have demonstrated that contraction of the parasternals causes
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the rib cage to expand more along its transverse than its anteroposterior diameter
relative to its relaxed configuration. In addition, the rib cage is markedly distorted
along its axial (cephalocaudal) axis. Indeed, in the phrenicotomized dog, the ribs
move in a cranial direction, whereas the sternum is displaced in a caudal direction.
This is due to the insertions of the parasternals on the lateral border of the sternum
and the upper border of the costal cartilages, which produce a rotation of the chon-
drosternal junction when they contract!s.

To investigate the mechanical action of the parasternals on the human rib cage,
we have studied the pattern of rib cage motion in four subjects who were highly
trained in respiratory maneuvers and were able to virtually abolish diaphragmatic
use during tidal breathing!’. This maneuver elicited a marked increase in the
parasternal EMG activity, while there was no significant change in the scalene in-
spiratory EMG activity. In addition, the sternocleidomastoids, the pectoralis ma-
jor, and the abdominal muscles were always electrically silent. We observed that
this pattern of respiratory muscle use produced rib cage deformatiors that were very
similar to those seen in dogs after phrenicotomy. The rib cage expanded considerably
more along its transverse than anteroposterior dimension relative to its relaxed
configuration!’. It thus appears that when the parasternals contribute most of the
tidal volume, they expand predominantly the lateral walls of the cage (‘‘bucket-
handle’’ action) and they displace the sternum in the caudal direction. During quiet
inspiration in normal humans, however, the sternum moves in a cranial, not a caudal,
direction. This suggests that in man there is an additional muscle or muscle group
which is active during quiet breathing and opposes the action of the parasternals
on the sternum. This muscle group is made up of the scalene muscles.

The scalenes, together with the sternocleidomastoids, have traditionally been
described under the heading ‘‘accessory muscles’’, because it was thought that they
were inactive at rest, being recruited only when ventilation increases. However, the
initial observations by Campbell!8 in normal humans were obtained with skin sur-
face electrodes, a technique which is generally unable to recognize low levels of EMG
activity. And indeed, using needle electrodes directly inserted into the muscle, a
number of investigators have subsequently documented a phasic inspiratory EMG
activity in the scalenes of normal subjects breathing at rest% 19.20, This activity has
a time course which closely resembles that of the diaphragm and parasternals, and
cannot be voluntarily suppressed as long as tidal volume is kept within reasonable
limits!!. There is thus no reason for using the qualifying adjective ‘‘accessory’’ in
describing the scalenes. These muscles in humans are primary, not accessory, muscles
of inspiration!!, :

The mechanical action of the scalenes in humans is poorly defined, presumably
because there is no clinical setting that spares the scalenes and causes paralysis of
all the other inspiratory muscles. In the dog, however, selective stimulation of the
scalenes is primarily associated with an axial displacement of the ribs and the ster-
num in a cranial direction2!. This cranial displacement of the ribs, in turn, causes

37



the rib cage to expand along both the anteroposterior and transverse diameters, but
the rib cage expansion is proportionately greater along its anteroposterior than
transverse diameter (‘‘pump-handie’’ action). In man, recent evidence has been ob-
tained which suggests that the scalenes are actively involved in expanding the upper
rib cage along its anteroposterior diameter during quiet breathing. Depending on
the level of the cervical cord transection, tetraplegic patients may show a complete
paralysis of the scalenes or, alternatively, may retain a phasic inspiratory EMG ac-
tivity in these musclesé. We have observed that, in such patients, the absence of
scalene phasic EMG activity is almost invariably associated with an inward inspiratory
displacement of the upper rib cage, whereas in general there is no paradox when
the scalenes are phasically active during inspiration. Similarly, recent studies have
shown that the upper rib cage moves inward when normal subjects attempt to in-
spire with the diaphragm alone and, in so doing, selectively inhibit the scalenes!!.
It thus appears that the EMG activity present during inspiration in the scalenes is
not simply an electrical event; the scalenes normally contribute to quiet inspiration
in normal humans, acting to counteract the parasternals in their action on the ster-
num and to expand the upper rib cage primarily along its anteroposterior dimen-
sion.

In conclusion, the studies reported here indicate that: 1) the diaphragm acting
alone is not able to drive the entire chest wall along its relaxed configuration; 2)
the human rib cage is more distortable than conventionally thought, its inherent
structural stability not being sufficient to ensure its behaviour as a unit; 3) when
it moves with a singular degree of freedom during quiet breathing, it is because the
diaphragm, the parasternal intercostals and the scalenes are activated in concert in
a coordinated manner.
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Patterns of inspiratory muscle activation with changing levels
of ventilatory demand
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SUMMARY: Electrical activation of inspiratory muscular activity in response to changing ventilatory
demand has been examined by means of implanted electrodes in vagotomized and anaesthetized animals.
Findings suggest that the response elicited ultimately depends on the role of the central inspiratory motor
control system.

In postulating the applicability of such findings to human subjects, the greater recruitment of extra-
diaphragmatic than diaphragmatic inspiratory muscle components observed in anaesthetized animals tallies
with the greater contribution of rib cage expansion to tidal volume recorded during CO, rebreathing
in man.

However, the paucity of relevant human data and the possible conditioning of animals responses by
anaesthesia mean that acceptance of this hypothesis must as yet be subject to reservations.

KEY WORDS: Inspiratory muscle activation; ventilatory demand; vagotomized animal; anaesthetized
animal; inspiratory control system; rib cage expansion; tidal volume.

Rapid inspirations in man are characterized by a greater contribution of rib cage
expansion to any lung volume increment over most of the inspiratory capacitys: 25.
Enhancements of rib cage contribution to tidal volume also occur when ventilation
is increased in normal subjects by exercise or CO, rebreathing!é. 19, Although the
features of chest wall motion with increasing effort of inspiration could depend in
part on the mechanical characteristics of the relaxed respiratory systems4 14,15, these
observations suggest that the distribution of activation between the inspiratory
muscles may differ according to the ventilatory demand. In this respect data in man
are scanty and not suitable for quantitative analysis. Moreover, surface elec-
tromyography is usually performed in humans, and some technical limitations might
be inherent to surface EMG recording as far as inspiratory muscles are concerned3.

In a series of studies on rabbits, cats and dogss: 7-8.9, electrical activity has been
simultaneously recorded via implanted bipolar electrodes from various inspiratory
muscles and quantitated as the moving time average EMG (time constant: 42 ms)
under a variety of experimental conditions, with the aim: 1) of assessing the pattern
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Fig. 1. - The relationship between mean rate of rise of the moving average EMG (A) of the diaphragm
and that of the parasternal or the scalene muscles during rebreathing in various animal species
(see key to symbols). Reference values of mean rate of rise of electrical activity for each muscle
are those obtained during eupneic breathing (asterisk). Data from D’ Angelo and co-workers$.
7,8,9, plus unpublished observation; data points are best fitted by a power function with expo-
nent significantly greater than unity. Bars are 1 SE.

of inspiratory muscle activation when the ventilatory demand is made to change;
and 2) of elucidating the mechanism involved in the response of the various in-
spiratory muscles.

In lightly anesthetized rabbits, cats and dogs during eupneic breathing, the paraster-
nals and the scalenes appear to be the only active inspiratory muscles besides the
diaphragm. Moreover, activity reappears simultaneously in these muscles on resump-
tion of breathing from apnea by artificial overventilation, increasing together with
the effort of inspiration. These muscles can therefore be classified as primary in-
spiratory muscles, and our investigation has been focused on them.

During rebreathing, changes in both the peak and the rate of rise of the moving
average EMG are systematically larger for the scalenes and the cranial and caudal
parasternals than for the diaphragm (Fig. 1). Other conditions modify the ventilatory
demand, besides chemical stimulation; mean inspiratory flow increases with hyper-
thermia (body temperature > 40°C) and passive motion of the hind limbs, whereas
it decreases with hypothermia (body temperature < 35°C) and deeper levels of
anesthesia. For these conditions too, the changes in extra-diaphragmatic inspiratory
muscle activity are relatively larger than those in diaphragm activity. Indeed, in rab-
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bits the mean rate of rise of the moving average EMG with hyperthermia and passive
limb motion increases relatively more for the parasternal muscles than for the
diaphragm, whereas with hypothermia and deeper barbiturate anesthesia the same
parameter decreases relatively more in the parasternals than the diaphragms?.

It appears therefore that 1) with increasing ventilatory demand there is a relative-
ly greater increase in the activity of the extra-diaphragmatic inspiratory muscles than
in that of the diaphragm; and 2) the relationship between the relative changes in
diaphragm and in extra-diaphragmatic inspiratory muscle activity is largely indepen-
dent of the condition that modifies the ventilatory demand.

Differences in the response to enhanced respiratory drive also occur between the
scalenes and the cranial and caudal parasternals, but they are small as compared
to those between any of these muscles and the diaphragm. In rabbits and dogs there
is a tendency for the mean rate of rise of the moving average EMG to increase dur-
ing rebreathing more in the scalenes and cranial parasternals than in the caudal
parasternalst. 9. In any case, changes in both peak and rate of rise of the moving
average EMG of these muscles are linearly related to each other, and the slope of
these relationships is in general close to unity.

Extra-diaphragmatic inspiratory muscle activity appears to be largely indepen-
dent of mechanical factors which might have caused autogenetic facilitation or in-
hibition via muscle spindles or tendon organs. Indeed, substantial changes in chest
wall configuration and in the pattern of chest wall motion occur in animals between
the supine and the head-up posture3; the operating length of the inspiratory muscles
and the tension they develop for a given degree of activation are also changed, with
shortening of the diaphragm and lengthening of the extra-diaphragmatic inspiratory
muscles, in the head-up relative to the supine position!!. 12. 18, In spite of this, the
relationships between the relative changes in diaphragm activity and those of any
of the extra-diaphragmatic inspiratory muscles obtained during rebreathing in dogs
are essentially the same in both postures®. Even more marked changes in the pat-
tern of chest wall motion occur with diaphragm paralysis; but again parasternal mus-
cle activity remains unaltered when complete blockade of conduction in the phrenic
nerves is performed during single breathing cycles in vagotomized rabbits, in-
dependently of the prevailing level of respiratory drives.

Vagal afferent signals substantially affect inspiratory muscle activation. While
the rate of rise of the moving average EMG of the diaphragm remains unchanged
with bilateral vagotomy, that of the extra-diaphragmatic inspiratory muscles is reduc-
ed by about one third. This occurs in all the species studied, irrespective of the level
of chemical drive’. 8.9, Hence vagal signals exert selective facilitatory effects on the
extra-diaphragmatic inspiratory muscles. Moreover, the vagal-dependent facilita-
tion is essentially the same for the scalenes and the cranial and caudal parasternals.
As a consequence, the relationship between diaphragmatic and extra-diaphragmatic
inspiratory muscle activity during rebreathing shifts downwards and rightwards in
vagotomized animals (Fig. 2). The same occurs in intact animals with increasing
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Fig. 2. - The relationship between mean rate of rise of the moving average EMG (A) of the diaphragm
and that of the parasternal or the scalene muscles during rebreathing in various animal species
(see key to symbols) before and after bilateral vagotomy (open and closed symbols, respective-
ly). Reference values for each muscle are those obtained during eupneic breathing before
vagotomy (asterisk). Data from D’Angelo and co-workers: 7. 8. 9, plus unpublished observa-
tions; bars are 1 SE. Note that the multiplicative coefficient of the power function is significantly
lowered with bilateral vagotomy, whereas the exponent remains unchanged.
depth of barbiturate anesthesia. This effect of anesthesia can be related to the depres-
sant action of barbiturates on the central drive to intercostal y-motoneurones?3,
that should result in lessened muscle spindle discharge from the extra-diaphragmatic
inspiratory muscles and reduced reflex facilitation of their y-motoneurones. It seems
possible that the same mechanisms are involved in the response to vagal afferent
signals. Vagal afferent signals could possibly facilitate those supraspinal structures
which provide the inspiratory fusimotor drive, whereby the reflex facilitation of the
y-motoneurones of the extra-diaphragmatic inspiratory muscles is ultimately enhanc-
ed. This explanation of the effects of both vagotomy and anesthesia on inspiratory
muscle activity is supported by the fact that no selective changes in the rate of rise
of the moving average EMG of the parasternal muscles are observed if vagotomy
is performed or the level of anesthesia is deepened in rabbits with thoracic dorsal
rhizotomy”. 8. In any case, it appears that vagal afferent signals are not responsi-
ble for the different response of the inspiratory muscles to changes in the ventilatory
demand: for any given relative change in the rate of rise of diaphragm activity, that
of the extradiaphragmatic inspiratory muscles is in fact the same both in intact and
vagotomized animals (Fig. 2). ’
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Fig. 3. - The relationship between mean rate of rise of the moving average EMG (A) of the diaphragm
and that of the parasternal muscles during rebreathing before (open symbols) and after thoracic
dorsal rhizotomy (closed symbols) in rabbits with vagi intact and in cats with bilateral vagotomy.
Reference values for each muscle are those obtained during eupneic breathing in the intact animals
(asterisk). Data from D’Angelo and Schieppati’; bars are 1 SE. Note that the multiplicative
coefficient of the power function is markedly reduced, whereas the exponent remains unchang-
ed, independently of intact vagus nerves.

The diaphragm and the extra-diaphragmatic inspiratory muscles have different
proprioceptive control. Intercostal y-motoneurones are driven from supraspinal struc-
tures at the inherent inspiratory rhythm and the amplitude of this central modula-
tion increases on enhancing the chemical drivel. 10,22, 23,24/ while the majority of the
few diaphragmatic muscle spindles are not subjected to rhythmic fusomotor
driving2. In agreement with these observations, dorsal rhizotomy dramatically
reduces the rate of rise of the moving average EMG of the parasternals in rabbits
and cats, irrespective of the level of chemical drive, but has no effect on diaphragm
activity”. 8. 20. 21, In spite of the marked dependence of extra-diaphragmatic in-
spiratory muscle activity on intact proprioceptive feedback, the greater increase in
parasternal muscle than in diaphragm activity on enhancing the ventilatory demand
is still present in rabbits and cats with thoracic dorsal rhizotomy (Fig. 3). Since the
activity of the inspiratory thoracic muscles after thoracic dorsal rhizotomy necessarily
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nuclei of the cat. Total number of sampled cells is given in brackets. The broken line indicates
the mean and the mode for cell diameter in each nucleus. Data from Webber et al.2” and from
Larnicol et al.!7. Transverse cell body dimensions of phrenic motoneurons given by Webber
et al.2” were corrected, taking into account the axial to transverse diameter ratio for phrenic
motoneurons given by Webber and Pleschka2s.



reflects only the central command to a-motoneurones, the contribution of the a-y
linkage is to multiply the effects of the central command to a-motoneurones by a
constant factor, independent of the respiratory drive. This is in turn consistent with
the observation of parallel changes in the central command to y- and to -
motoneurones of the respiratory thoracic muscles!® 22,

The persistence of the disproportionate increase of extra-diaphragmatic inspiratory
muscle activity relative to that in diaphragm activity with rebreathing after thoracic
dorsal rhizotomy indicates that either there are differences in the increase of the
central command to inspiratory thoracic and phrenic motoneurones, or the features
of the motor nuclei of the inspiratory muscles are substantially different. Data in
literature do not favour the hypothesis that mean threshold and threshold distribu-
tion differ between the phrenic nucleus and those serving the respiratory thoracic
muscles, since, with reference to Henneman’s size principle, the mean and the mode
of a-motoneurone equivalent diameter coincide in any given motor nucleus and are
similar for the various motor nuclei (Fig. 4). The possibility can, however, be enter-
tained that there are differences in connectivity between supraspinal structures and
the motor nuclei of individual inspiratory muscles which simulate the effects of dif-
ferences in mean threshold level of a-motoneurons between the various motor nuclei.

The discussion above strongly suggests that the response of the various inspiratory
muscles to changes in the ventilatory demand reflects ultimately some properties
of the central inspiratory motor control system. These properties are common to
the central inspiratory motor control mechanism of several mammalian species, and
it seems reasonable to believe that they are also shared by the inspiratory motor
control mechanisms of man. Indeed, the greater increase in extra-diaphragmatic in-
spiratory muscle activity than in diaphragm activity on enhancing the chemical drive
observed in anesthetized animals fits with the greater contribution of rib cage ex-
pansion to tidal volume observed in man during CO, rebreathing!. Moreover, an
increase in the ratio of the relative changes in the rate of rise of the moving average
EMG of cranial parasternals and of the diaphragm does occur between slow and
fast voluntary inspirations in mans. Caution must, however, be exercised when ex-
tending the results obtained in anesthetized animals to conscious humans. Anesthesia,
though light, might in fact have prevented the effects of as yet unknown afferent
pathways, acting at central and/or segmental level, from interfering with the cen-
tral inspiratory command.
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Chest wall and diaphragmatic afferents: their role during ex-
ternal mechanical loading and respiratory muscle ischemia.
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SUMMARY: The author presents a briefs examination of the synaptic connections between respiratory
muscle afferents and respiratory neurons, followed by a discussion of the afferents’ role in eupnea, load-
compensatory mechanisms and muscular fatigue.

While this role is an important factor in respiratory response to extreme external mechanical loads (tracheal
occlusion at end-expiration; high expiratory threshold loading; positive-pressure breathing), it is not a
major component of ventilatory compensation for moderate elastic or resistive loads or internal mechanical
loading such as induced bronchospasm.

KEY WORDS: Chest wall; diaphragmatic afferents; loading mechanical; respiratory muscle ischemia;
respiratory muscle afferents; respiratory neurons; eupnea; load compensatory mechanisms; muscular
fatigue; tracheal occlusion; tracheal end-expiration; high expiratory threshold loading; positive-pressure
breathing; ventilatory compensation; bronchospasm.

Skeletal muscles contain both proprioceptors connected to large afferent fibres
(groups I and II) and polymodal receptors, which are free neural endings connected
to thin fibres (groups III and IV) and sensitive to extracellular fluid composition
and also to muscle pressure. Muscle spindles (groups Ia and II fibres) are considered
to be length receptors and Golgi tendon organs (group Ib fibres) are force recep-
tors. Numerous studies have been devoted to the role played by groups I and 1I
afferent fibres from the rib cage and abdominal muscles in ventilatory control (see
a recent general review by Shannon19), However, little information exists on the
role played by diaphragmatic receptors and especially on the existence and function
of groups III and IV afferent fibres from respiratory muscles. In this paper will
be briefly presented first the synaptic connections between respiratory muscle af-
ferents and respiratory neurons, then the role played by these afferents during eupnea
and, thirdly, their participation in load-compensatory mechanisms and muscular
fatigue will be discussed.
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Fig. 1. - Changes in breathing pattern and diaphragmatic activity induced by rhythmic tetanic contrac-
tions of the transversus muscle (electrical stimulation: ES) (part A) or during the tonic vibratory
response contraction produced by high-frequency mechanical vibrations (part B).

1. Neural connections between respiratory muscle afferents and respiratory neurons.

This neurophysiological basis is necessary to understand the role played by the
different respiratory muscle afferents in the control of breathing.

There are spinal segmental reflexes between intercostal muscles involving groups
I 'and IT muscular afferents. The stimulation of afferents from muscle spindles (groups
Ia and II) activates the ispilateral alpha motoneurons of the same and adjacent spinal
segments. High frequency mechanical vibrations applied on an intercostal space ac-
tivate muscle mechanoreceptors, including spindle endings, and induce a reflex tonic
vibratory response (TVR) recorded on the EMG of the corresponding intercostal
muscles. Conversely, tendon organ afferents from rib cage muscles exert an in-
hibitory effect on their homonymous alpha motoneurons of the same segment. There
are also proprioceptor reflexes in the abdominal muscles3. Figure 1A shows that
TVR can be also recorded on EMG of tranversus muscle when mechanical vibra-
tions are applied on the linea albad. There is little information on the existence of
phrenic reflexes. However, in cats or rabbits the stimulation of diaphragmatic ten-
don organs inhibits the phrenic motor outputé. Because of the paucity of spindles
in the diaphragm, reflex facilitation of phrenic motoneurons during diaphragm stret-
ching seems to occur in very rare circumstances!’.

On the other hand, intersegmental effects of intercostal muscle spindles and Golgi
tendon organs on phrenic motoneurons are well documented. The stimulation of
midthoracic segments (T3-T8) reduces the phrenic motor discharge, whereas the
stimulation of afferent fibres from lower thoracic intercostal and abdominal muscles
facilitates the phrenic activity in vagotomized cats!S. However, electrically-induced
contractions in transversus muscles (Fig. 1A) or TVR of these muscles (Fig. 1B)
are associated with a marked reduction in phrenic motor discharge in vagotomized
dogs?.
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Fig. 2. - Electrical stimulation (St) of the central end of left cut phrenic nerve reduces the impulse fre-
quency (F impulses) of phrenic motoneurons and initiates the inspiratory activity when beginn-
ing early in the expiratory period.

The supraspinal effects of intercostal muscle proprioceptors on respiratory con-
trol are predominantly inhibition of both inspiratory neurons in the medullary dor-
sal and ventral respiratory groups, and expiratory neurons in the nucleus retroam-
bigualis. This occurs with stimulation of afferent fibres in external and internal in-
tercostal nerves and seems to involve mostly group Ib (Golgi tendon organs) and
perhaps group II, but not group Ia, fibres (primary muscle spindle endings). All
these effects result in increased respiratory frequency. They are not so evident dur-
ing the stimulation of abdominal muscle afferents (Fig. 1). Recently, we have also
shown that peripheral electrical stimulation of the phrenic nerve increased the
respiratory frequency and this was due to a prominent shortening of the inspiratory
durationl!. Phrenic nerve stimulation can also trigger the inspiratory activity when
it begins early during the expiratory phase (Fig. 2). This ventilatory response to the
stimulation of phrenic afferents requires the integrity of nerve conduction in both
large (group I) and small phrenic fibres (groups III and IV).

2. Role of respiratory muscle afferents during eupnea

Data concerning the role played by rib cage afferents is contradictory. Dorsal root
sectioning from T1 to T12 or spinal section at C8 level elicits either changes in both
tidal volume and respiratory frequency 5 17, or isolated changes in the tidal
volumel2, or no effect?0, As suggested by Shannon!9, these different effects are pro-
bably the result of the interruption of thoracic reflexes which directly or indirectly
affect the respiratory pattern. This is because the central integration of these spinal
reflexes depends on the depth and the type of anesthesia!2 in the different studies.

In addition, afferent inputs from diaphragmatic proprioceptors (group Ib) in-
fluence the spontaneous phrenic motor activity and also the eupneic respiratory
rhythm in cats!l. This influence was shown during cold block at 6 C of large
phrenic fibres, but did not occur during selective block of conduction in groups III
and IV phrenic fibres by procaine. These results are not contradictory because large
afferent phrenic fibres (Golgi tendon organs) display a spontaneous high-frequency
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Fig. 3. - Single breath tracheal occlusion (TO) at end-expiration in vagotomized and spinal (C8 section)
cat reduces the amplitude of integrated diaphragmatic EMG but does not significantly alter
the ventilatory timing.

discharge (30 to 40 impulses s'!) in phase with the diaphragmatic contraction, but
the spontaneous activity of small phrenic fibres is irregular and sparse with a low
frequency (less than 14 impulses. s-1) 7. 11,

Thus, thoracic nerve afferent information does not seem to play a major role in
the control of breathing pattern during eupnea but, at least in cats, proprioceptive
inputs from the diaphragm may participate in this control.

3. Role of respiratory muscle afferents during mechanical ventilatory loading

First, external mechanical loading such as chest compression, tracheal occlusion,
resistive or elastic loads must be distinguished from internal loading such as drug-
induced bronchospasm or passive inflation or deflation of the lungs. In each cir-
cumstance, single-breath loading, which does not involve changes in chemoreflex
drive, must also be differentiated from multi-breath (or steady state) ventilatory
loading. In the latter situation, data analysis requires constant arterial blood gases.
In all cases, load-induced changes in respiratory muscle activity must be considered
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first in intact, then in vagotomized animal preparations, in order to suppress the
effects due to vagal stimulation.

- External mechanical loading

Chest compression or tracheal occlusion (TO) at end-expiration (infinite inspiratory
load) decreases the thoracic gas volume. In vagotomized animals with intact spinal
cord, these loads prolong the diaphragmatic contraction for the first loaded
breath!2, and this corresponds to prolonged firing duration to 50% of medullary
inspiratory neurons in dorsal and ventral respiratory groups!®. These effects disap-
pear after cervical plus thoracic dorsal rhizotomies, but persist with either cervical
or thoracic dorsal roots intact. This is not observed in all experimental conditions.
Thus, in vagotomized and spinal (C8 spinal section) cats under chloralose-urethan
anesthesia, TO at end-expiration induced no change in the duration of phrenic nerve
activity but, as shown in Figure 3, this markedly reduces the amplitude of integrated
diaphragmatic EMG!!. TO at end-expiration increases the discharge of both spin-
dle endings and tendon organs in external intercostal and parasternal muscles!2. 19
and of Golgi tendon organs in the diaphragm!!. The stimulation of diaphragmatic
Golgi tendon organs could be responsible for the inhibition of phrenic motoneurons,
as observed during TO in spinal and vagotomized cats, but excitation of spindle
endings, very numerous in rib cage muscles, could account for the augmentation
of medullary inspiratory neuron activity!®. Actually, both segmental and supra-
segmental spinal reflexes from the rib cage and diaphragm seem to participate in
the response to TO at end-expiration. Sustained compression of large areas of the
chest in vagotomized cats induces various changes in respiratory frequency with in
most cases, shortening of inspiratory duration!®. Conversely, multibreath TO at
end-expiration prolongs the activity of external intercostal muscles and the diaphragm
and can induce tonic contractions in these muscles in anesthetized rabbits (personal
observations). These tonic activities rise in proportion to decreased lung volume with
TO and do not involve respiratory muscle afferents because they are no longer in-
duced after bivagotomy.

Reciprocal effects occur during expiratory loading, which increases the volume
of the chest wall. TO at end-inspiration increases the internal intercostal muscle ac-
tivity for the first loaded breath but does not change the discharge of medullary
inspiratory neurons!®. Multibreath TO at end-inspiration does not induce tonic con-
traction in respiratory muscles (internal intercostal and abdominal muscles) and in-
creases the diaphragmatic contraction. This also occurs during high expiratory
threshold loading (ETL) or positive-pressure breathing when the chemical drive for
breathing is maintained constant under cardiopulmonary bypass®. Evoked ex-
piratory activities and enhanced diaphragmatic efforts need the integrity of
pulmonary vagal afferents to be maximal®. 16. The most important consequence of
evoked contraction in expiratory muscles with ETL breathing is that the central in-
tegration of vagal information from the lung and of chemosensory reflexes (response

53



Fig. 4. - Response to vagal stimulation with electrical shocks during unloaded breathing (A), then after
10mn of ETL breathing in a dog under extracorporeal circulation. The inspiratory inhibition
associated with evoked tonic contraction in expiratory muscles (transversus) is replaced by a
tachypnea.

to hyper-capnia) is progressively impeded and even disappears during prolonged
loading? 19. This seems to be the consequence of a competition between increased
afferent discharge from contracting respiratory muscles and vagal or chemosensory
inputs. Figure 4 gives an example of the suppression of the inhibitory response to
vagal stimulation after 10mn of ETL breathing in a dog under extracorporeal cir-
culation. This phenomenon has not yet been studied during inspiratory loading.
Elastic loading increases the respiratory frequency in vagotomized cats and dogs
but this does not occur when the chemical drive is held constant!. Thus,
respiratory muscle afferents do not participate in this response. Single breath in-
spiratory or expiratory resistive loading in vagotomized cats cannot stimulate the
chemoreflex drive; in this situation, the inspiratory duration and the respiratory fre-
quency do not change, but the magnitude of integrated diaphragmatic EMG activi-
ty increases with I or E loading!4 (Fig. 5). This effect is suppressed by spinal cord
section at C8 level, revealing that facilitatory influences from respiratory muscles
participate in the respiratory compensation for external resistive loads but that their
effects are counterbalanced by inhibitory inputs from pulmonary vagal receptors.

- Internal mechanical loading

Passive lung inflation in vagotomized animals exerts various and often opposite
effects on the respiratory muscle activity. Duron4 reports an inhibition of
diaphragm, external intercostal and interchondral muscles in cats, attributed to in-
creased activity of muscle spindle endings and tendon organs in antagonistic muscles
(stretch of internal intercostal muscles during chest distension). However, Bainton
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Fig. 5. - Changes in the magnitude of integrated diaphragmatic EMG (Edi) and in duration of
diaphragmatic activity (Tdi) induced by external resistive inspiratory or expiratory loads (50
and 150 cm H»0.1-1.s1). These effects are studied in intact cats, after selective procaine block
(PB) of small vagal fibres, vagotomy (V) or spinal section at C8 level (SpS).

et al.! reported the opposite effects in the same species, and another study by Bian-
chi and Barillot? has shown that passive expansion of the chest wall does not in-
duce significant changes in central respiratory activity. On the other hand, lung defla-
tion elicits a marked increase in respiratory frequency in all animal species, associated
with evoked tonic contractions in inspiratory muscles in rabbits (personal observa-
tion). However, these effects disappear after bivagotomy and seem only to involve
the stimulation of lung deflation receptors (type J vagal receptors and bronchial
C-fibres).

Acute bronchospam induced by i.v. injection of histamine, carbachol or
phenyldiguanide produces tachypnea plus marked tonic inspiratory activities in
anesthetized rabbits (personal observations). All these effects persist after atropine
block of drug-induced bronchoconstriction, but disappear after vagotomy or selec-
tive block of conduction in small vagal fibres and thus do not result from reflex
pathways from respiratory muscles.
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4. Role of respiratory muscle afferents during muscular ischemia and muscle fatigue

In skeletal muscles groups III and IV fibres are activated during periods of
muscular ischemia and by accompanying extracellular changes, such as intramuscular
accumulation of lactic acid and hyperosmolarity!3. As yet, the existence of these
afferent fibres from the respiratory muscles has been demonstrated only for the
diaphragm? !1. The selective electrical stimulation of thin phrenic afferent fibres is
able to alter the central respiratory timing. Changes in timing are also observed during
the response to breathing against a fatiguing load or in a state of reduced respiratory
blood flow (as in shock), which induces tachypnea initially, followed by bradypnea
and respiratory arrest!S. Because this response was not affected by vagotomy or
cross perfusion of the head (eliminating chemoreceptor afferents), it is tempting to
speculate that the activation of groups III and IV afferent phrenic fibres may play
a role in the observed changes in respiratory timing during shock.

In addition, the spontaneous activity of phasic afferent phrenic fibres which ex-
hibit a peak of discharge during diaphragmatic contraction (Golgi tendon organs)
is decreased from control during diaphragmatic ischemia, lactic acid or hypertonic
NaCl injection’. This suggests that, at least for the diaphragm, changes in ex-
tracellular fluid composition may uncouple the discharge of diaphragmatic
mechanoreceptors from muscle tension, although no existing studies have dealt with
a similar point concerning proprioceptors in skeletal muscles. As detailed above,
some animal studies have shown that these diaphragmatic receptors participate in
ventilatory controlé 1! and, as a consequence, changes in breathing pattern observed
during diaphragm fatigue may result from decreased influence of diaphragmatic
proprioceptors and/or from increased discharge of groups III and IV phrenic fibres.

In conclusion, numerous observations concur in demonstrating that respiratory
muscle afferents contribute to the ventilatory response to extreme external mechanical
loads (such as TO at end-expiration or severe ETL and positive-pressure breathing),
but do not play a major role in the respiratory compensation for moderate elastic
or resistive loads or internal mechanical loading (bronchospasm).
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The oxygen cost of respiratory and non-respiratory muscles
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SUMMARY: From the results obtained in these two sets of experiments we conclude: a) a considerable
cause of variability in \'102 resp must be the recruitment of large postural muscles, particularly during
unlearned tasks as targeting patterns. Since the weight of those muscles is considerably larger than that
of the respiratory muscles, even a milder activity may considerably influence the \"Oz. The use of postural
muscles can be monitored and minimized by training or choosing adequate body position.
b) The pressure-time index of the diaphragm, where pressure is expressed as a fraction of actual Pdimax
corrected for prevailing velocity of shortening, constitutes a very good mechanical index of V02 resp
over a wide variety of breathing patterns in which T;/Ty changes. This relationship will weaken if non-
respiratory muscles are active.

KEY WORDS: Oxygen cost; respiratory muscle; non-respiratory muscle; large postural muscle; postural
muscle; diaphragm; breathing patterns; mechanical indexes; \"Oz resp; resistive breathing; hyperventila-
tion.

Introduction

The oxygen consumed by the respiratory muscles in normal subjects during quiet
breathing (VO, resp) is a small proportion of the total oxygen requirement (VO,
tot). Although estimates of the magnitude of VO, resp vary considerably4. 21, it is
believed to be about 1-2% of \"O2 tot25, The measurement of the oxygen cost of
breathing in humans is difficult because it cannot be measured directly. The techni-
que consists of measuring first the VO, tot at rest and then increasing ventilation
to different levels and calculating the new VOZ. The increase over resting level is
assumed to be VO, caused by respiratory muscles. The unproved assumption is that
the increased oxygen uptake will represent only the metabolic cost of the increase
in the respiratory muscles’ work. This is an assumption we tested and disproved,
and whose implications are discussed below. As ventilation increases, the VO, resp
increases hyperbolically. Figure 1 shows the relationship between VO, resp and Ve.
These data were obtained in 1960 by Milic-Emili et al.2!, who measured the energy
cost of breathing in four normal supine subjects during hyperpnea induced by dead
space breathing.
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However, it is well known that the slope of the hyperbola is variable among sub-
jects, and that there is a large variation calculated at isoventilation among different
investigators4 7. 10, 11, 14, 20 jn the reported values the of O, cost of breathing.

Figure 2 shows values of VO, resp at isoventilation (60 1/min) obtained by dif-
ferent investigators. It indicates that there is a wide variability in the estimates of
VO, resp ranging from 30 to 230 ml O,min’!. This large spread can be explained
either by physiological variation between subjects or by variations related to the
experimental methods for VO, measurements.

Lower values of VO, resp have been usually obtained during hyperventilation in-
duced by dead space in trained subjects2!, whereas higher values have been obtained
during voluntary hyperventilation? or inspiratory resistive breathing!%. One of the
physiological factors that may account for such a difference is the active recruit-
ment of the accessory and postural muscles, which, while not directly contributing
either to inflating the lungs or to generating transdiaphragmatic pressure, will con-
sume oxygen.
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Fig. 2. - Oxygen cost of breathing at equal (about 60 1/min) ventilation. Note the marked difference
in O, consumption obtained by different investigators.

Mechanical indexes of VO? resp

Respiratory oxygen consumption is often related to the external work of breathing
as calculated by the Campbell method (pressure-volume), and their ‘‘efficiency’’
is deriveds. 9. Efficiency is reported to vary from 1% to 25% depending on the
author, a wide spread unique to the respiratory muscles and often attributed to a
variable ‘‘coupling’’ of the chest wall muscles.

Following Hill’s studies!”, Mommaerts2? established that the energy cost of a
skeletal muscle contraction depends on: U = A + L + W + f (P,t), where the
energy cost of a contraction (U) is equal to the sum of energy due to muscle activa-
tion (A), shortening (L), work performed (W) and a function of the pressure
developed and its duration. Whether any one of these parameters alone or any com-
bination of them can account for the total O, requirement of the respiratory
muscles is not clear. For example, work cannot account for changes in the time of
a contraction, for example when T,/T is changing, as in CO,-induced hyperpnea
or in exercise.

However, a parameter that reflects both the tension developed and its duration
is expected to reflect a larger proportion of the VO, resp than the work of
breathing (W). Such a parameter is the time integral of Pdi. McGregor and
Becklake!® found that respiratory muscle force was a better index than W to
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Fig. 3. - The shaded area delimited by the Pdi trace was measured and expressed as a fraction of Pdimax
and total breath cycle duration (T1). TTdi = Pdi.dt: Pdimax. Ty.

estimate the VO, resp. Moreover, Rochester and Bettini2¢ found a strong linear
relationship between the pleural pressure time index and the O, consumption of the
diaphragm in dogs both during loaded and unloaded CO,-induced hyperventilation.

Methods and results: Tension time and work

In the following experiments we describe the relationship between VO, resp -
work of breathing and tension time in human subjects under two experimental con-
ditions: 1) voluntarily breathing against an inspiratory resistance!3; 2) during
hyperventilation induced by dead space. Subjects were highly trained to perform
such experiments and were placed in a comfortable position so as to minimize recruit-
ment of non-respiratory muscles.

Figure 3 shows how the TTI of the diaphragm is usually measureds. It is the area
delimited by the Pdi trace (shaded area), expressed as a fraction of the product of
Pdimax and total breath cycle duration (T5).

TTdi = Pdi.dt + Pdimax.Ty

The oxygen consumption was measured by the closed circuit method and was
calculated as the slope of the end expiratory volume points. The difference between
the O, consumption observed during augmented breathing and resting ventilation
was the value of VO, resp.
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Fig. 4. - Regression lines between the TTdi and VO, resp. The broken line represents the results ob-
tained during resistive breathing, the continuous line, the results obtained during hyperventila-
tion. The slopes were statistically different (p < 0.001).

We studied four normal male subjects who performed a total of 33 runs breathing
against an inspiratory resistance and a total of 27 runs during hyperventilation in-
duced by dead space. All runs had a TTdi below the fatigue threshold.

A strong linear relationship between the TTdi and VO, was found irrespective
of the experimental conditions adopted, whereas the work of breathing correlated
significantly to VO, resp only during hyperventilation.

However, the slopes of the regression lines for dead space and inspiratory resistive
breathing obtained for the TTdi and \"O2 resp were statistically different, as shown
in Figure 4. For a given value of TTdi the VO, resp was higher during hyperpnea
than during resistive breathing (i.e. more oxygen was consumed for a given TTdi
during hyperpnea).

Several factors can account for the observed difference. First of them could be
the Fenn effect!2, i.e. when a muscle is performing work, more energy is required
than if the muscle has an isometric contraction. During hyperpnea the external work
performed by the respiratory muscles increases with ventilation, whereas during high
inspiratory resistance breathing small displacement takes place and, despite large
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lines in left panel are respiratory muscle efficiency isopleths. Different symbols represent data
points of different experimental conditions as follows: + resistive breathing; o hyperventila-
tion. The hyperventilation TTdi values were expressed as a fraction of actual Pdimax corrected
for Vy/T;.

pressure swings the mechanical work is smaller. T;/Tr is considerably larger in
resistive breathing.

~ Secondly, according to the force-velocity relationship?, the maximum inspiratory
pressure that a muscle can generate at a given lung volume decreases with increas-
ing flow rates. The mean inspiratory flow will indirectly reflect the velocity of shorten-
ing. During hyperventilation the subjects developed V;/T; values that were five
times greater than during resistive breathing. The expected result is a decrease in
Pdimax with increasing V;/T,. Therefore, the TTdi should be corrected according
to the prevailing Pdimax at any given V;/T;. The reduction in Pdimax at high
V+/T; will increase the numerical value of TTdi. Applying this correction, we found
a unique relationship between TTdi and VO, resp both during hyperventilation and
resistive breathing. The results are shown in Figure 5, right panel, where different
symbols represent different experimental conditions. According to our results the
TTdi is a reliable and relatively easy to measure mechanical index of the oxygen
cost of breathing and it may predict the VO, resp under different experimental con-
ditions, including resistive breathing and CO,-induced hyperpnea.
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Efficiency of breathing

Respiratory muscle efficiency is the ratio of the work of breathing performed to
the oxygen consumed by the respiratory muscles. Reid and Johnson?? studied the
mechanical efficiency of the diaphragm by measuring the mechanical work of the
diaphragm and the O, consumption at different inspiratory resistive loads. They
found that the mechanical efficiency of the diaphragm averaged 23% and was con-
stant as work loads were increased. Their results confirm that an efficiency value
of 25% seems to be reasonable for the diaphragm, as already observed for other
skeletal muscles. However, respiratory muscle efficiency has proved to be a parameter
with a wide variation among different experimental conditions reported.
Measurements of efficiency range from 1 to 25%, depending upon the type of sub-
ject studied and the methods used to increase both the VOZ resp and W. Lower ef-
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ficiency values have usually been obtained during loaded breathing!®. In our
studies, efficiency values ranged from 1 to 25% and were lower during resistive
breathing (Fig. 5, left panel) than during hyperpnea. Several reasons have been pro-
posed to explain such a large dispersion.

The proposed causes include the type of respiratory loads on chest wall coupling
and inaccuracies in the measurements of VO, or W. The work of breathing as
usually calculated by the Campbell diagram does not take into account either the
work done on the abdomen or the work of deformation on the rib cage3.
Moreover, it has been suggested that during loaded breathing some postural muscles
may become active, consuming an extra amount of oxygen. To test this hypothesis
we measured the EMG activity, via surface electrodes of the following muscles:
trapetius (T), latissimus dorsi (L), pectoralis (P), deltoid (D), sternocleidomastoid
(S), obliques externus (O) and rectus abdominis (R). In 4 normal subjects during
CO,-induced hyperventilation without any external impedance and with an in-
spiratory resistance, the inspiratory EMG activity of the investigated muscles, ex-
pressed by the average rectified integrated EMG as % of the EMG max multiplied
by the duty cycle, was compared at isowork values in inspiratory resistance loaded
and unloaded rebreathing runs. Variability between subjects in the pattern of recruit-
ment was observed. However, we found that some relatively large muscles of the
trunk, such as the trapetius and the latissimus dorsi, had a consistent increase in
EMG activity (at isowork) during the resistive breathing runs in all subjects (Fig.
6). The increased EMG activity indirectly reflects the increased oxygen
requirement$, confirming that efficiency may be reduced because of the increased
recruitment of the postural muscles, which increase oxygen consumption but do not
contribute to the development of inspiratory work.
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EMG evaluation of respiratory muscles
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SUMMARY: Neurophysiological evaluation of respiratory muscles is applied to traditional diagnosis,
kinesiology and the study of localized respiratory muscle fatigue.

Examination of relevant parameters is based on electromyogram reading of surface or intraesophageal
electrode recordings; kinesiological and local muscular fatigue evaluation obviously necessitate the ap-
plication of appropriate statistical criteria and comparisons.

EMG signals must be isolated from cardiac impulse or separated from it by subsequent calculation, after
which they are quantified by rectification or by determination of the Root Mean Square.

Power spectrum analysis is, however, applied with difficulty to respiratory muscle activity, complicated
as it is by neighbouring synergic or platysma activity.

Such interference, while not prejudicing routine clinical evaluations, is detrimental to finer experimental
requirements.

KEY WORDS: Respiratory muscle; respiratory muscle fatigue localized; Electromyogram; EMG signals;
respiratory muscle activity; diaphragm myographic activity.

The functional evaluation of the respiratory muscles is not part of the routine
work of clinical neurophysiology departments, coming more within the scope of
respiratory physiology. Complex research programmes based on electromyographic
techniques have, nevertheless, been carried out for some time in foreign
neurophysiology departments. Within Italy, the Centre at Montescano has been to
the fore in this respect.

Available procedures of neurophysiological examination can give information on
respiratory muscle function, not only in conditions of normal activity but also when
affected by a variety of diseases or by fatigue.

Stated simply, these techniques find three areas of application: traditional
diagnosis, kinesiology and the study of localized respiratory muscle fatigue. The
traditional diagnostic procedure, as for the skeletal muscles, comprises two stages:
analysis of respiratory parameters and of the voluntary recruitment of the motor
units during respiration; and the study of the conduction of the relevant nervous
impulse along the phrenic nerve. The phrenic nerve can be studied by stimulation
to the neck, on the posterior edge of the sternocleidomastoid muscle.
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Fig. 1. - Stimulation point of the right phrenic nerve and methods of recording the diaphragm
myographic activity®.

Muscular response can be recorded with Ag/AgCl1 surface electrodes placed in
the 6th, 7th, 8th and 9th intercostal spaces, on the anterior axillary line. In this way
it is possible to obtain the electrical activity of the homolateral hemidiaphragm costal
fibres together with that of the intercostal muscless.

Response can also be measured by an intraesophageal electrode anchored and
stabilised by an inflated balloon in the stomach (Fig. 1)4. This is the only electrode
technique by means of which it is possible to read the electrical activity of the
diaphragm pillars.

The muscular response to stimulation of the phrenic nerve can be classed as Mmax,
on the basis of general criteria of stimulus and derivation!. By analyzing parameters
of latency, amplitude and shape for this response, it is possible to identify conduc-
tion delays in the passage of the impulse along the phrenic nerve and/or any deficit
of the muscular effector (diaphragm).

The study of the recruitment of the respiratory muscles in normal breathing can
also be performed for the diaphragm by electrodes placed as described above
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Fig. 3. - Model of EMG signal rectification as recorded from the left hemidiaphragm of a normal subject.

(Fig. 2A-B-C). For the intercostals, the recommended positions for study are the
2nd, 3rd, and 4th intercostal spaces, in a parasternal position.

It is hardly necessary to stress that the use of needle electrodes can create a risk
of pleural puncturing as a result of brusque movements.

For all accessory muscles, surface or needle electrodes must be positioned on the
muscle venter. Traditional techniques of electromyogram reading are used?2. 3.

For kinesiological evaluation and the study of fatigue, methods must be chosen
with a view to allowing a statistical comparison of quantified parameters. In this
respect, mere description of the EMG signal is insufficient. It is therefore necessary
to use techniques suitable for the statistical evaluation and comparison of parameters
relating both to kinesiology and to localized muscular fatigue.

A problem in quantitative EMG evaluation of the respiratory muscles is the con-
stant presence of the cardiac impulse. There are two ways to eliminate this unwanted
‘interference’: either by reading the EMG signal alone between two cardiac signals,
or by automatic computerized subtraction of the ECG signal from the reading, a
process described by many authors.

In our laboratory, either of these techniques is used, the choice depending on their
suitability to particular study conditions and analysis times.

Bearing in mind the general considerations so far presented, we will now pass
to a more detailed analysis of the techniques used in our laboratory for the quan-
tification. of EMG parameters.

One technique is rectification of the EMG signal. Any myographic activity deflec-
tions, either above or below the isoelectric, are all carried above the relevant line
(Fig. 3). The signal rectified in this way can then be integrated, after which the area
circumscribed by the linear envelope of the graph can be calculated.
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It can be useful to take into consideration only the linear envelope, in order to
establish time ratio (kinesiologic parameters) between the activation of different
muscles or successive activations of the same muscles, together with other, associated
physiorespiratory parameters.

Another system of evaluation is to calculate the RMS (Root Mean Square), the
mathematical expression of the square root of the average of the squares of a series
of related values, both positive and negative, in a given recording period:

™z

1 2
RMS = — I V;
N

n=1

Since the EMG signal consists of a series of such values, the study of the RMS
provides a useful parameter for the quantification of muscular electrical activity.

The method used by us to evaluate fatigue calls for the quantitative analysis of
the frequency components of the signal. The theoretical basis to this analysis is that
any analog signal can be broken down into a number of sinusoid components whose
frequency is a multiple of basic frequency known as the fundamental harmonic of
the signal. This decomposition is obtained by the application of an algorithm known
as the Fourier transform. It allows the frequency of the initial analog signal,
transformed to a digital scale with time domain passing to frequency domain, to
be expressed in its various phases as a power spectrum. By plotting the mean values
of the power spectrum at different times, it is possible to calculate the mean fre-
quencies and/or centroids, on the basis of which variations of the frequency con-
tent of the signal under examination can be statistically compared?’. 8. 9. 10, 11, 12,

Grassino and other authors? prefer to take as an index of fatigue the high/low
frequency content ratio of the spectrum. Localised muscular fatigues can be ex-
pressed as the shift of the spectrum’s contents to the lower frequencies, indicating
that the particular effort under study can no longer be maintained.

Effort, measured for the skeletal muscles in kg by means of linear force
transducers, is calculated with a T-valve nozzle whose resistance to forced inspira-
tion can be varied.

EMG recording and its transformation into a power spectrum of the final signal
is applicable only with difficulty to the study of respiratory muscles, because of the
presence of synergic activity components produced by neighbouring muscles. An
important example in this respect is the joint presence of diaphragm and intercostal
muscle activity in an EMG signal obtained by surface derivations, with the added
complication of platysma activity if an upper costal position is chosen for the elec-
trodes.

It is also important to note that, if recording conditions are not varied (type of
electrode used, their position, type and permeability of nozzle, type of inspiration
or expiration), the inevitable complication of the signal with impulses from synergic
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muscles does not invalidate the interpretation of overall variations in the signal as
parameters of fatigue. This is, in practice, the approach of clinical practitioners.
For the finer requirements of certain laboratory measurements, the various signal
components provided by the neighbouring muscles can be measured or calculated
and subsequently removed.
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Pathways leading to skeletal muscle fatigue

A. GRASSINO
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SUMMARY: Factors leading to development of respiratory muscle fatigue include:

- high inspiratory loads;

- weak inspiratory muscles: neural disease, partial paralysis, disuse atrophy; malnutrition; high CO,,
low O,, hypophosphatemia, chronic fatigue;

- low blood perfusion to the respiratory muscles;

- pattern of breathing consisting of long T;/Tr, high inspiratory flow (increased inspiratory resistance,
exercise, respectively)

- high tidal volume;

- defective coupling between rib cage and diaphragm.

KEY WORDS: Skeletal muscle fatigue; respiratory muscle fatigue; high inspiratory loads; weak inspiratory
muscle; neural disease; partial paralysis; disuse atrophy; malnutrition; high CO,; hypophosphatemia;
chronic fatigue; low blood perfusion; breathing; high inspiratory flow; inspiratory resistance exercise;
tidal volume; defective coupling; rib cage; diaphragm; overinflated lungs; nutritional factors.

An illustrative definition of skeletal muscle fatigue and its development is
represented by the familiar sequence of events triggered when a heavy suit case is
lifted. Lifting the suit case imposes a load to the arm and shoulder muscles; the
subject experiences a progressive sensation of numbness, then pain in the arm, the
shoulder muscles are recruited to help lifting, the suit case feels heavier and finally
falls to the floor. This failure of the arm muscles to keep the suit case off the ground
is called fatigue, implying mechanical failure. Usually the suit case is picked up by
the other arm and the walk continues. Why was the suit case dropped?

Several determinant factors in the development of skeletal muscle fatigue and
failure can be identified by answering some basic questions:

1) Where did failure occur?

In such a voluntary effort it is not certain whether the force that can be exerted
is limited by the capacity of the nervous system and/or conducting pathways to deliver
motor impulses to the muscle (central fatigue) or by alteration of the excitation-
contraction coupling of the muscle fibers (peripheral fatigue). It thus remains to
be ascertained whether a voluntary effort can be improved by supramaximal tetanic
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electrical stimulation of the muscle. Often in fatigue it is not clear if the tension
falls because the degree of voluntary innervation drops or because the fibers are
incapable of maintaining their contraction. Merton! was among the first to find
that fatigue is peripheral, for when strength fails, electrical stimulation of the motor
neurons cannot restore it. Merton further observed that recovery from fatigue does
not take place if the circulation to the muscle is interrupted.

Recently, Bellemare and Bigland-Ritchie proposed that fatigue of the diaphragm
may be an exception to the rule and could be induced by decrease in its central
activation2.

2) How heavy has the load to be?

Mixed fiber type skeletal muscles fail if the load imposed on them exceeds about
15 to 20% of their maximal force (in near isometric contractions), i.e. there is a
relationship between maximal muscle force and the magnitude of the load that can
be carried. Heavier loads result in earlier failure. Muscles of different fiber types
have different tolerance to loads, the fast fiber type fatiguing early. The fatigue
threshold will depend as well on the velocity of shortening of the muscle, with faster
contraction resulting in earlier fatigue.

3) Why do muscles fail?

If the fatigue occurs at muscle level, an important determining factor is the

availability of blood circulation to the muscle, both because it washes out catabolites
generated by the fiber’s contraction and because it provides nutrients and O, to the
muscles.
Fatigue is accompanied by a fall in phosphoryl creatinine and a rise in muscle lac-
tate concentration. However, ATP concentration remains high, even in extreme
fatigue. Accumulation of muscle lactate leads to a fall in muscle pH from 7 to as
low as 6.4. This pH slows down the rate of ATP resynthesis from anaerobic glycolysis
by inhibition of enzymatic reactions. In vitro studies show that the enzymes respon-
sible for glycolysis are almost completely inactive at pH of 6.4.

4) How long does fatigue last?

Fatigue is a reversible physiological situation and force recovers after a period
of rest, when blood flow is reinstituted to the muscle.

While fatigue development in the respiratory muscles is more complex than the
above example, the basic rules of energy demand and supply apply to them as to
the other skeletal muscles3: 4.

Fatigue is a complex series of changes in the muscle fiber physiology and each
parameter measuring a function shows a particular time constant of recovery, as
shown in Figure 1. Recovery of maximal force is progressive and is completed in
10-15 minutes. Instead, the capacity to reproduce the initial endurance time is
recovered at a much slower rate, possibly only in 18-24 h. Changes in the EMG
frequency spectrum are recovered within 2-3 minutes. The relaxation rate of the
muscle also recovers in about 2-3 miuutes. The force response to supramaximal
stimulation at 20 and 100 Hz shows different rates; force at 100 Hz is recovered
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Fig. 1 -Schematic time course of various parameters during an isometric, sustained, fatiguing con-
traction and its recovery in a skeletal muscle. (Upper panel) Voluntarily sustained con-
traction at 40% of maximal force. Spikes show progressive loss of maximal force. T}, oc-
curs when Fmax = sustained force. Recovery of the capacity to develop maximal force (1)
and to achieve T}, (2) are shown.

(Second panel) Indicates the time course of the H/L of the EMG of the human diaphragm
holding a contraction similar to that shown above (3). (Third panel) Shows the time course
of the relaxation time (4) of the human diaphragm. Control value is in fresh muscle.
(Bottom panel) Shows decay of the force obtained by brief supramaximal stimulation with
20 and 100 Hz during a fatiguing contraction and recovery. Notice that, in fresh muscle,
force developed with a 20 Hz stimulation is considerably smaller than that with 100 Hz.
The rate of recovery of the latter is longer (5, 6).

in about 5 m, while force elicited by 20 Hz may take several hours to recover (low
frequency fatigue).

Determinants of inspiratory muscle fatigue

1) Respiratory muscles contract intermittently, i.e. inspiratory muscles are loaded
during inspiration and mainly relaxed during expiration, allowing them a period
of rest and recovery. The relevance of this factor is shown in Figure 2, depicting
the various combinations of inspiratory time/total duration of the cycle and force
developed by the diaphragm. The isopleth (dashed line) includes all breathing pat-
terns with an isoendurance of about 1 h and shows all possible combinations of
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Fig. 2 -Relationship between inspiratory time cycle duration and mean Pdi of resting breaths/Pdi-
max obtained in a group of COPD patients with mild to severe airways obstruction. The
isopleth with dashed lines represent a TTdi 0f 0.15 - 0.18, the area of effort at which fatigue
of the diaphragm starts to develop. All breathing patterns falling to the left of the dashed
line are not expected to develop fatigue. Those to the right will develop fatigue. Each data

point is the breathing pattern of one patient. Force reserve of some patients is shown to be
very limited (close to the fatigue threshold).1’

Pdi and T,/T; leading to it (TTdi = 0.15 - 0.18). High force can be sustained for
1 hour only if the relaxation time is large (short inspiration, long expiration)s.

On the other hand, small efforts, about 15% of max, can be sustained for about
one hour only, because the contraction is continuous (T;/Tror = 1). Patterns of
breathing falling on the left side of the shaded area do not lead to fatigue. Patterns
falling to the right result in fatigue. Each data point in Figure 2 represents average
resting breathing Pdi and T,/Tor in one COPD patients.

2) Coupling of the respiratory muscles. The chest wall was described by Konno
and Mead as having 2 degrees of freedom, i.e. we can inspire with the rib cage,
leaving the diaphragm and abdomen more or less relaxed. On the other hand, we
can sustain breathing by using only the diaphragm (as quadriplegic patients do),
leaving rib cage muscles almost inactive. Often we use a combination of rib cage
and diaphragm, and the proportion varies with body posture, constraints applied
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Fig. 3 - Relationship between H/L ratio of parasternal muscles and diaphragm EMG in normal sub-
jects breathing at iso Pdi with predominant use of the diaphragm or predominant use of the
rib cage-accessory muscles. Notice that selective fatigue of either muscle can be obtained by
volitional coupling of these two muscle groups. 6

to each, breathing stimuli, etc. Hence, a given inspiratory load can be sustained
mainly by voluntary activity of rib cage muscles, or the diaphragm, or alternatively
by both of them. Recent work by Fitting et al.6 shows that fatigue of the rib cage
or diaphragm can be elicited separately in normal subjects, depending on what group
of muscles is selectively activated (Fig. 3).

If resistive breathing is held with rib cage muscles while Pg is low, we note they
develop fatigue, while the diaphragm will not show changes. The same inspiratory
resistance, if sustained with the diaphragm, will fatigue it, sparing the rib cage
muscles. EMG frequency spectrum changes obtained from esophageal electrodes
for the diaphragm and fine wire electrodes for the intercostals and ster-
nocleidomastoid and pectoralis were used as an index of developing fatigue. The
degree of contribution of the rib cage muscles or diaphragm can be assessed by the
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relative swing of Ppl and Pg. We do not yet know the fatigue threshold for rib cage
muscles. When the diaphragm is loaded, both the costal and crural portions develop
fatigue.

Velocity of shortening (inspiratory flow)

While there is uncertainty concerning the relationship between velocity of shorten-
ing of intercostal muscles and mouth flow (in dogs), the relationship with
diaphragmatic shortening is much better established. Fast muscle contractions con-
sume more oxygen than slow contractions and in addition reduce the functional max-
imal force of the muscle. As shown by Agostoni and Rahn, Pdimax at a flow of
about 3 1/sec is about 25% smaller than that obtained statically. Hence, force reserve
is down at high inspiratory flow and the fatigue threshold shown in Figure 2 (ob-
tained at a flow below 1 1/sec) will probably be displaced to the left. There is ex-
perimental evidence indicating this statement is correct in normal subjects during
exercise-induced hyperpnea. Hussain and Pardy’ exercised normal subjects on a
bicycle ergometer at 80% of their maximal power output to exhaustion, with and
without rib cage strapping. EMG signals of fatigue developed at TTdi of about 0.09.
Under such conditions, V/T; was up to 4.5 1/sec, indicating a considerably high
velocity of shortening for the inspiratory muscles. At such a flow, however, it is
expected that Pdimax will be about 35% to 40% lower than that used by Hussain
and Pardy to calculate TTdi. Hence, if the prevailing Pdimax at high flows were
to be used as Pdimax (rather than static Pdimax), the TTdi in those experiments
would again be in the neighbourhood of the values described by Bellemare and
Grassino as the fatigue thresholds: 17.

Tidal volume

Large tidal volumes rasult in an increase in inspiratory muscle shortening, also
necessitating the development of higher muscular force to overcome the increased
elastic recoil and resistive load of the lungs. There is a likelihood that fatigue will
develop earlier, as demonstrated in obese patients during CO, rebreathing.
However, careful studies analyzing those factors in humans have yet to be made
available.

Overinflated lungs

COPD or emphysema usually flattens the diaphragm, as shown by X-Rays. As
suggested by Macklem et al., this alters the action of the diaphragm on the rib cage
from the inspiratory action of lifting the rib cage to the expiratory action of pulling
inwards its lateral diameter. This is to say that, even if force can still be generated
by the diaphragm, it is applied in the wrong direction to make it function as an
inspiratory pump?. Arora and Rochester? recently assessed the effect of COPD on
diaphragm muscle dimensions by measuring thickness, area and length in a group
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of COPD patients at necropsy, and compared them with data from sex-size match
ed non-COPD subjects. In COPD patients (LTC = 135% predicted) diaphragm
mass was 213 G, thickness 3.2 mm and area 647 sq. cm, values not significantly
different from those obtained in non COPD patients. No correlation was found
between diaphragm length and lung volume in 70% of the patients, an indication
that in COPD there is no evidence for the permanent shortening of the diaphragm
previously suggested in a hamster experimental model!®. !1. It was also confirmed
that diaphragm muscle mass and body weight are linearly related both in male and
female.

Nutritional factors

Dr. Rochester and co-workers found that malnutrition, expressed as loss of body
weight, reduces respiratory muscle weight and force!2. Similarly, lack of activity
of respiratory muscles given by lack of use (prolonged mechanical ventilation) will
decrease their mass and force. Nutrition and exercise are dynamic variables which
can be influenced by treatment. Hypophosphatemia and high CO, also reduce mus-
cle performance.

Fatigue

The development of fatigue reduces the maximal force a muscle can generate and
impairs its contractility. A muscle forced to contract chronically against heavy loads
may develop a state of chronic fatigue (and weakness). Recovery from such a state
is slow and takes several hours to days, as shown in Figure 13.

Blood perfusion to respiratory muscles

Blood flow to muscles can be limited by lower perfusion pressure!3 (cardiac tam-
ponade, hemorrhagic shock) or by strong muscle contraction, closing the muscles’
capillary bed. Vascular resistance is another regulatory factor. The normal increase
in diaphragm blood flow induced by loads seems to occur only if perfusion pressure
is above 60 mmHg!s.

The circulation of the diaphragm is rather special. Comptois et al.16 described
it as formed by the anastomosis of arteries branching from the subclavian artery
(via the internal mammary) to several intercostals and the phrenic artery branching
from the abdominal aorta. It is of interest that these arterial anastomoses form a
ring around the central tendon. From this ring, there are emerging branches that
form anastomoses connecting with the intercostals (Fig. 4).

Bellemare et al.!? canalized a phrenic vein and measured its blood under various
patterns of contraction of the diaphragm. They found that low force contractions
increase blood flow, while strong contractions will result in limitation of blood flow
during contraction (inspiration) and hyperemia during relaxation (expiration). In
dogs with casted abdomen it was further found that there is a unique relationship
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Fig. 4. - Abdominal view of diaphragm illustrating the internal circle formed by the phrenic and inter-
nal mammary arteries. In addition, branches of intercostal arteries communicating via
costophrenic arcades with the internal circle. Large dark arrows show the three main arterial
supplies to the diaphragm. 16

between the tension time (TTdi) of the diaphragm and the level of blood flow. At
TTdi about 0.15, post-contraction hyperemia starts to be seen. Blood flow increases
in absolute values up to a TTdi of 0.25, then decreases, while post-exercise hyperemia
consistently increases. There is blood flow interruption when Pdi reaches about 70%
of maximal (Fig. 5).

Work by Butchler et al.’4 shows that blood flow increases with frequency of
breathing, and may vary if the transdiaphragm pressure is generated mainly by in-
creases in Ppl or Pg. These are interesting factors pointing to a complex hemodynamic
equilibrium in the diaphragm.

Who are the patients at risk of developing fatigue of respiratory muscles?

Schematically, we can identify three groups: 1) those who have low respiratory
muscle force, whatever the cause; 2) those who have low lung or chest wall com-
pliance; and 3) the most common group, a mixture of both?.
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Fig. 5. - Relationship between final diaphragmatic blood flow (Qdif) during a contraction period, debt
measured during recovery, and diaphragmatic tension-time index (TTdi) in 4 animals during
periodic contractions with duty cycles of 0.25, 0.75, and 1.0. Results obtained at 20 and 50
Hz are shown. Bars indicate SE for contraction; during recovery SE is 5.85 at 20 and 17.4 at
50 Hz. Best-fitted lines by eye are drawn. For further explanation see text. 14

Bellemare et al. show in a group of COPD patients that their TTdi range from
near normal to very close to the fatigue threshold, and demonstrate that changes
in breathing timing or force could bring a borderline patient into fatigue!”.

Begin et al.!8 reviewed 242 COPD patients who underwent respiratory mechanic
tests over a 3-year period and drew the following conclusions (Fig. 6):

RL is an index of the load offered by the lung to the muscles, and is an expres-
sion of lung damage.

MIP is an index of inspiratory muscle force reserve. The combination of high
resistance and low MIP seems to define the group of patients at higher risk, while
low RL and high MIP are typical of normal subjects.

The ratio RL/MIP is an expression of the degree of load/force reserve. The higher
the numerical values, the lower the reserve.

85



RL

18 — IP
4
Severe -3
COPD Acute
) bronchospasm
1294 — S
T
—_ R
T
£
<
—
o
6 —
Neuro _. .03
Muscular
Disorders / NORMAL
0 50 100
MIP (cm H,0O)

Fig. 6. Relationship between pulmonary resistance measured during resting breathing and maximal
inspiratory pressure at FRC. Isopleths (RL/MIP) represent a relationship between force re-
quired to breathe and maximal force available. The four square areas indicate where specific
diseases may be placed. In a population of 242 COPD patients, all those with an index of 0.35
or higher had CO, retention. 8

When the RL and MIP values of the 242 COPD patients are plotted, there is a
great dispersion of values depending on multiple factors. However, those who re-
tain CO, chronically (PaCO, above 45 mmHg), while present all over the RL/MIP
diagram, constitute a strong majority of patients who have an index of about 0.4;
this suggests that the combination of low inspiratory muscle force and high lung
resistance leads invariably to CO, retention and makes patients combining these
factors the most likely to develop fatigue and acute muscular failure.
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Efficientcy of breathing during hyperinflation
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SUMMARY: The adverse effects of hyperinflation on respiratory muscle function are:

- increased work of breathing;

- decreased inspiratory muscle strength;

- inspiratory muscle blood flow impairment;

- greater proneness of the inspiratory muscles to fatigue.

The O, cost of inspiratory resistive breathing in 30 paired runs performed by 5 trained normal subjects
proved greater at high V| than at FRC, while higher efficiency was obtained at FRC.

Reduced efficiency of breathing in hyperinflation may be related to:

- greater postural or stabilizing muscle recruitment;

- changes in inspiratory muscle mechanical coupling;

- decreased intrinsic inspiratory muscle efficiency.

Hyperinflated patients may thus, in the presence of such factors as airflow obstruction, suffer considerably
reduced inspiratory muscle endurance.

KEY WORDS: Breathing; hyperinflation adverse effect; respiratory muscle function; inspiratory mus-
cle mechanical coupling; inspiratory muscle efficiency; inspiratory muscle endurance.

Acute hyperinflation is disadvantageous for the respiratory muscles. First, the
oxygen cost of breathing (\"Oz resp) is increased. This is because the work of
breathing is increased, reflecting increased elastic work at higher lung volumes, as
well as increased resistive work if there is airway narrowing!!. Second, inspiratory
muscle strength decreases with increasing lung volume# 5.9, 13. 15 because of the in-
trinsic length-tension relationship of the respiratory muscless. 7- 12 or changes in
mechanical coupling at high lung volume8. Third, inspiratory muscle blood flow
may be impaired both by greater intramuscular pressures during inspiration and by
limitation of blood flow as a result of persistent muscle activity during expiration!0:
14, The latter is potentially more detrimental because inspiratory muscle blood flow
is greatest during expiration!. Fourth, the inspiratory muscles are more prone to
fatigue during hyperventilation!é. This may reflect each of the first three disadvan-
tages above. Thus, the need to generate a greater fraction of maximum available
inspiratory pressure and blood flow limitation may both contribute to inspiratory
muscle fatigue. An increase in the O, cost of breathing may also be critical, par-
ticularly if alveolar ventilation is limited by mechanical factors such as airflow
obstruction.
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During inspiratory resistive breathing in humans at FRC with constant tidal
volume, the O, cost of breathing is mainly determined by the work rate3. This
means that at constant tidal volume and frequency, the main determinant of the
O, cost of breathing is the inspiratory pressure. Changes in respiratory timing or
breathing frequency are only important to the extent that they affect work rate per
minute. Moreover, with this type of breathing, efficiency is constant over a large
range of loads, inspiratory flow rates and work rates. In contrast, in a recent study
we have shown that the efficiency of breathing was reduced during acute
hyperinflation2.

The O, cost of inspiratory resistive breathing at a given work rate was measured
at two different lung volumes in 5 trained normal subjects. Paired loaded runs were
performed at FRC and at an expiratory lung volume of FRC plus 37 +2% (mean
SE) of inspiratory capacity (high V). For each pair of runs, tidal volume (0.6
liters), frequency (23 breaths/min), inspiratory flow rate (0.45 1/s) and inspiratory
muscle pressure (45% of maximum static pressure at FRC) were kept constant, so
that the pressure-time integral of inspiratory mouth pressure (JPdt) and the work
rate across the external resistance were also constant. High V; was maintained by
continuous positive airway pressure (CPAP) of 9+2 cm H,O applied to a bag-in-
box system by means of a clean air blower. If high V; were maintained voluntari-
ly the respiratory muscles would face an increase in internal elastic work. We
eliminated this increase in internal elastic work by maintaining high lung volume
passively, with externally applied pressure. The subjects were coached to relax dur-
ing expiration to minimize respiratory muscle activity and allow the respiratory system
to reach static equilibrium at end-expiration. The pressure in the bag-in-box system
was adjusted so that the subject was breathing at the desired lung volume. Subse-
quent analysis showed that the values of end-expiratory pressure and lung volume
fell on the respiratory system relaxation curve, indicating adequate relaxation.

At constant pressure-time product and work rate, the O, cost of breathing was
greater at high V; than at FRC in 28 of 30 paired comparisons. Thus, when mean
lung volume (at mid-tidal volume) increased from 45 +4% of vital capacity (VC)
for runs at FRC to 66 4% VC for runs at high V; the O, cost of comparable work
performed by the inspiratory muscles increased from 109 ml O,/min by 41+11%
(p <0.05, Fig. 1).

Efficiency (work rate/VO, resp) was 3.9+0.2 % at high V, compared to
5.2%0.3 % at FRC (p<0.05, Fig. 2). Thus an increase in mean lung volume equal
to 21% of VC resulted in a 33% increase in the O, cost of breathing at a given
work rate. When the work rate of breathing at high V, was normalized for the
decrease in maximum inspiratory muscle pressure with lung volume, efficiency at
high V| (5.2%£0.3%), calculated using the normalized work rate, did not differ
from that at FRC (p>0.7, Fig. 3).

Thus, the efficiency of breathing is less during acute hyperinflation. There are
three possible mechanisms for this. First, a greater recruitment of muscles which

90



[ LE " HC [ pC

_ 1sof 150l 3so}

£

E 5 B

= 100} 100} soo}

E

S s - =

g

< SO} 5°L 250}

=

= - - -1 F"

E o e L . L L ) — | 1 1 A 1 1 A —d -

m

w " sK " DD i

O 1so0} 150} 150}

[

”n | - L

(@]

© 100} 100} 100}

o~

o o - -

so} 50} sol e FRC
o HIGH Vi
[ 1 1 . 4 1 ' o . 1 1 1 1 1 § 1 A 1 1 L A d
s0 100 150 o 50 100 150 0 50 100 150

WORK RATE (J/min)

1. - Relationship between O, cost of breathing (VO, resp) and total work rate (work performed
on external resistance, internal elastance, and thoracic gas decompression) in 5 subjects brea-
thing with an inspiratory resistance at functional residual capacity (FRC) and at high lung vo-
lume (high V). Each point represents a single run; lines join paired runs. In 28 of 30 pairs
\'Dz resp was greater at high lung volume than at FRC. 2

Fig.

contract isometrically or have a postural, stabilizing or fixating function at high
lung volume may account for the findings. If these muscles consume oxygen without
shortening and performing work, overall efficiency would fall. Second, changes in
the mechanical coupling of the inspiratory muscles during acute hyperinflation may
be such that a given pleural pressure requires a greater fraction of maximum muscle
tension. If O, cost depends on this fraction, the apparent efficiency would decrease.
Increases in unmeasured work of breathing associated with changes in chest wall
configuration would have a similar effect. Third, the findings may be explained by
a decrease in the intrinsic efficiency of the inspiratory muscles when operating at
higher lung volume and shorter length, analogous to the decrease in inspiratory mus-
cle strength with increasing lung volume. The fact that efficiency at high V;, when
normalized for the fall in muscle strength with lung volume, was no different from
that at FRC suggests that the fall in efficiency may be related to the fall in strength,
though it does not allow one to differentiate between the different mechanisms. In
the absence of detailed knowledge of the recruitment, force developed, mechanical
coupling and shortening of the different muscles contributing to inspiration, one
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can only speculate about the mechanisms for the decreased efficiency. It is possible
that they all may contribute to the findings.

In conclusion, during acute hyperinflation, the O, cost of breathing is increased
because of decreased efficiency. This means that the O, cost of breathing is fur-
ther increased in clinical situations where it is already high because of increased work
of breathing. In these circumstances, if the oxygen supply to the inspiratory muscles
is critical, for example when ventilation and O, uptake by the lung is limited by
factors such as airflow obstruction, a further increase of the O, cost of breathing
may limit performance and contribute to the reduction in inspiratory muscle
endurance!s.
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Effect of lung volume on in vivo contraction characteristics
of the human diaphragm

J. SMITH, F. BELLEMARE
Meakins-Christie Laboratories, McGill University, Montreal, Quebec, Canada

SUMMARY: We performed transcutaneous bilateral phrenic nerve stimulation at varying lung
volumes between RV and TLC in 6 normal male volunteers. Peak twitch transdiaphragmatic pres-
sure declined from a mean 0f 49.1 (SD: 9.1) cm H,0O at RV to a mean of 19.6 cm H,O (SD: 5.97) at
TLC. Twitch contraction time fell from a mean 0f 91.8 (SD: 11.3) at RV to amean of 57.7 ms (SD:
7.4) at TLC. There was a good correlation between changes in contraction time and transdiaph-
ragmatic pressure (r = 0.7). The fall in transdiaphragmatic pressure was almost all due to a fall in
pleural pressure, with little change in gastric pressure between RV and TLC. At TLC the pleural
pressure in response to phrenic nerve stimulation was -0.58 cm H,0. We conclude that as lung vo-
lume increases and the diaphragm shortens, it becomes less effective as a pressure. At a lung volu-
me close to TLC the diaphragm ceases to act as an inspiratory muscle.

KEY WORDS: Lung volume; contraction characteristics, in vivo; diaphragm; phrenic nerve stimu-
lation; transcutaneous bilateral; pleural pressure; gastric pressure; inspiratory muscle.

Introduction

The tension a muscle can generate is dependent on its initial length. In keeping
with this it has been found that the maximal transdiaphragmatic pressure that the
normal human diaphragm can generate varies inversely with lung volume. This has
been demonstrated both during maximum voluntary effort!: 4 and in response to
unilateral transcutaneous phrenic nerve stimulation!9. However, the use of max-
imum voluntary effort involves the coactivation of several other respiratory muscles,
so that it is not possible with this method to study in isolation the contraction of
the diaphragm. Furthermore, it is not always clear whether normal subjects are
capable of fully activating their diaphragm voluntarily or whether such maximal
activation can be maintained at different lung volumes. In our experience produc-
ing a maximal diaphragm contraction requires considerable motivation and prac-
tice and cannot always be achieved2. The problems associated with voluntary ef-
fort have been bypassed by Pengelly et al.1?, using transcutaneous stimulation of
one phrenic nerve. That study provided the first in vivo measurement of the isolated
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contraction of the human diaphragm at different lung volumes. A recent study?
pointed out, however, that unilateral stimulation in man may not provide an ac-
curate representation of diaphragm contractility, the response being strongly con-
ditioned by the compliance of the relaxed contralateral hemidiaphragm. With
bilateral stimulation the normal geometry of the diaphragm is retained, and the
transdiaphragmatic pressure response closely approximates to that determined in
vitro.

Previous measurements using bilateral stimulation in man were restricted to resting
end-expiratory lung volume3. The present study extends the analysis of the
diaphragmatic twitch response in normal subjects to varying lung volumes encom-
passing the vital capacity.

Materials and methods

Six normal male subjects between the ages of 28 and 35 years were studied in
sitting position. All subjects gave informed consent. They breathed through a Fleish
3 pneumotachograph to measure flow at the mouth. Lung volume changes were
obtained by integration of the flow signal. Gastric pressure (Pga) and esophageal
pressure (Ppl), which were taken as indices of abdominal and pleural pressure respec-’
tively, were measured using conventional balloon catheters and Sanborn 267BC dif-
ferential pressure transducers. The balloons were positioned in the esophagus and
stomach, as described by Milic-Emili et al.!6 and Agostoni et al.! respectively.
Transdiaphragmatic pressure (Pdi) was obtained by electronically subtracting Ppl
from Pga. Skin surface diaphragmatic EMG was recorded on each side of the chest
using two pairs of 5 mm surface cup electrodes, applied to the skin over the sixth
and seventh intercostal spaces near the costal margin. In 5 subjects the esophageal
diaphragmatic EMG was recorded using an anchored electrode made from a modified
Swan Ganz catheter mounted at the tip with two silver rings 20 cm apart as previously
described?0. The catheter was fixed at the gastro-esophageal junction by a 10 cc
balloon filled with air. It was allowed to hang freely at the nares, and move with
the gastroesophageal junction during respiration. The EMG signals were conditioned
by 3 differential AC amplifiers (Bak Electronics, MDA-1). Phrenic nerve stimula-
tion was performed using a Grass S88 stimulator and hand-held cathodes, as describ-
ed by Bellemare and Bigland-Ritchie2. The terminal buttons were covered with
gauze soaked in electroconductive cream. Aluminium patches strapped over the
subclavicular area on each side of the chest were used as anodes. 100 us square wave
pulses, at a rate of one per second and a constant current which could be varied
between 0-50 ma, were applied to the phrenic nerve motor points in the neck, as
described by Sarnoff et al.z.

Inspiratory capacity, expiratory reserve volume and slow vital capacity were
measured in all subjects. Stimulus maximality was then established for each phrenic
nerve separately by applying single shocks while progressively increasing the stimulus
current, until no further increase in ipsilateral skin surface mass action potential
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(M-wave) was seen. These were continuously displayed and marked on the screen
of a storage oscilloscope. This procedure was performed on each side separately
at FRC, residual volume (RV), total lung capacity (T1.C), half inspiratory capacity
(1/2 1C) and half expiratory reserve volume (1/2 ERV), with the subjects relaxed
against a closed shutter at each volume. For this purpose the volume signal was
displayed on an oscilloscope placed in front of the subject. Occasionally skin sur-
face electrode position which produced a good EMG signal at one lung volume would
result in a very low signal amplitude at another lung volume. This may have been
caused by the electrodes coming to overlie ribs as the lung volume changed. When
this occurred the skin surface electrodes were changed in position to restore M-wave
amplitude. At no time were the electrode positions changed after the establish-
ment of stimulus maximality. The esophageal EMG was not used as a reference dur-
ing the study, its position being dependent on the motion of the diaphragm. At each
of the lung volumes, bilateral phrenic nerve simulation was performed, using cur-
rent greater than that required to produce a maximal M-wave with unilateral stimula-
tion.

All the pressures, as well as the mouth flow and volume signals, were recorded
on a strip chart recorder. Mouthflow, Pdi, the 3 EMG signals and, in 4 subjects
Pga were also recorded on tape. Pdi and EMG signals were analyzed from tape us-
ing an IBM XT computer. Signals were sampled at a rate of 1000 Hz. Ppl and Pga
were analyzed from the strip chart recording. In two subjects baseline Ppl went off
scale on the stripchart recorder at TLC, and was not included in the analysis. Phrenic
nerve/conduction time was measured by playing back the esophageal EMG from
tape to a storage oscilloscope, and directly measuring the time from stimulus to the
start of the M-wave.

Only those twitches whose M-waves retained maximum amplitude, i.e. were equal
to the control M-wave, were analyzed. At least 4-5 twitches in each individual at
each lung volume were averaged, allowing the production of a composite twitch.
For each individual twitch changes in Pdi, Pes and Pga were measured as peak
amplitude above the immediately preceding baseline.

For each Pdi twitch we measured the contraction time (CT) and half relaxation
time (1/2 RT), defined as the time from onset to peak pressure and from peak to
half peak pressure decay respectively. The maximal contraction rate (MCR) and max-
imal relaxation rate (MRR) were measured by differentiating the Pdi waveform.
MCR and MRR were normalized by dividing by the twitch peak Pdi. The time con-
stant of the late part of the twitch relaxation, when monoexponential, was also
measured.

Differences between parameters at different lung volumes were analyzed using
a split plot analysis of variance for repeated measures and Scheffes test. The cor-
relation between PDi and CT was assessed by calculating the product moment cor-
relation. All st