
The so-called respiratory muscles are those muscles that
provide the motive power for the act of breathing. Thus,

although many of these muscles are involved in a variety of
activities, such as speech production, cough, vomiting, and
trunk motion, their primary task is to displace the chest wall
rhythmically to pump gas in and out of the lungs. The pres-
ent chapter, therefore, starts with a discussion of the basic
mechanical structure of the chest wall in humans. Then, the
action of each group of muscles is analyzed. For the sake of
clarity, the functions of the diaphragm, the intercostal mus-
cles, the muscles of the neck, and the muscles of the abdom-
inal wall are analyzed sequentially. However, since all these
muscles normally work together in a coordinated manner,
the most critical aspects of their mechanical interactions are
also emphasized.

CHEST WALL

The chest wall can be thought of as consisting of two
compartments—the rib cage and the abdomen—separated
from each other by a thin musculotendinous structure, the
diaphragm1 (Figure 22-1). These two compartments are
mechanically arranged in parallel. Expansion of the lungs,
therefore, can be accommodated by expansion of either the rib
cage or the abdomen or of both compartments simultaneously.

The displacements of the rib cage during breathing are
essentially related to the motion of the ribs. Each rib articu-
lates by its head with the bodies of its own vertebra and of
the vertebra above and by its tubercle with the transverse
process of its own vertebra. The head of the rib is very
closely connected to the vertebral bodies by radiate and
intraarticular ligaments, such that only slight gliding move-
ments of the articular surfaces on one another can take
place. Also, the neck and tubercle of the rib are bound to the
transverse process of the vertebra by short ligaments that
limit the movements of the costotransverse joint to slight
cranial and caudal gliding. As a result, the costovertebral
and costotransverse joints together form a hinge, and the
respiratory displacements of the rib occur primarily through
a rotation around the long axis of its neck, as shown in
Figure 22-2A. However, this axis is oriented laterally, dor-
sally, and caudally. In addition, the ribs are curved and slope

caudally and ventrally from their costotransverse articula-
tions, such that their ventral ends and the costal cartilages
are more caudal than their dorsal parts (Figure 22-2B, C).
When the ribs are displaced in the cranial direction, their
ventral ends move laterally and ventrally as well as cra-
nially, the cartilages rotate cranially around the chon-
drosternal junctions, and the sternum is displaced ventrally.
Consequently, there is usually an increase in both the lateral
and the dorsoventral diameters of the rib cage (see Figure
22-2B, C). Conversely, a displacement of the ribs in the cau-
dal direction is usually associated with a decrease in rib cage
diameters. As a corollary, the muscles that elevate the ribs as
their primary action have an inspiratory effect on the rib
cage, whereas the muscles that lower the ribs have an expi-
ratory effect on the rib cage.

It is notable, however, that although all the ribs move
predominantly by rotation around the long axis of their
necks, the costovertebral joints of ribs 7 to 10 have less con-
straint on their motion than the costovertebral joints of ribs
1 to 6. The long cartilages of ribs 8 to 10 also articulate with
one another by small synovial cavities rather than with the
sternum. Hence, whereas the upper ribs tend to move as a
unit with the sternum, the lower ribs have some freedom to
move independently. In both animals and humans, deforma-
tions of the rib cage may therefore occur under the influence
of muscle contraction or other forces.

The respiratory displacements of the abdominal compart-
ment are more straightforward than those of the rib cage
because if one neglects the 100 to 300 mL of abdominal gas,
its contents are virtually incompressible. This implies that
any local inward displacement of its boundaries results in an
equal outward displacement elsewhere. Furthermore, many
of these boundaries, such as the spine dorsally, the pelvis
caudally, and the iliac crests laterally, are virtually fixed. The
parts of the abdominal container that can be displaced are
thus largely limited to the ventral abdominal wall and the
diaphragm. When the diaphragm contracts during inspi-
ration (see below), its descent usually results in an outward
displacement of the ventral abdominal wall; conversely, when
the abdominal muscles contract, they cause in general an
inward displacement of the belly wall, resulting in a cranial
motion of the diaphragm into the thoracic cavity.
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DIAPHRAGM

FUNCTIONAL ANATOMY

Anatomically, the diaphragm is unique among skeletal mus-
cles in that its muscle fibers radiate from a central tendon to
insert peripherally into skeletal structures. The crural (or
vertebral) portion of the diaphragmatic muscle inserts on
the ventrolateral aspect of the first three lumbar vertebrae
and on the aponeurotic arcuate ligaments, and the costal
portion inserts on the xiphoid process of the sternum and
the upper margins of the lower six ribs. From their inser-
tions, the costal fibers run cranially, so that they are directly
apposed to the inner aspect of the lower rib cage (see Figure
22-1); this is the so-called “zone of apposition” of the
diaphragm to the rib cage.2 Although the older literature
suggested the possibility of an intercostal motor innervation
of some portions of the diaphragm, it is now clearly estab-
lished that its only motor supply is through the phrenic
nerves, which, in humans, originate in the third, fourth, and
fifth cervical segments.

ACTIONS OF THE DIAPHRAGM

As the muscle fibers of the diaphragm are activated during
inspiration, they develop tension and shorten. As a result,
the axial length of the apposed diaphragm diminishes and
the dome of the diaphragm, which essentially corresponds
to the central tendon, descends relative to the costal inser-
tions of the muscle. The dome of the diaphragm remains rel-
atively constant in size and shape during breathing, but its
descent has two effects. First, it expands the thoracic cavity
along its craniocaudal axis. Hence, pleural pressure falls
and, depending on whether the airways are open or closed,
lung volume increases or alveolar pressure falls. Second, it
produces a caudal displacement of the abdominal viscera
and an increase in abdominal pressure, which, in turn,
pushes the ventral abdominal wall outward.

In addition, because the muscle fibers of the costal
diaphragm insert onto the upper margins of the lower six
ribs, they also apply a force on these ribs when they con-
tract, and the cranial orientation of these fibers is such that
this force is directed cranially. It therefore has the effect of
lifting the ribs and rotating them outward (Figure 22-3).
The fall in pleural pressure and the rise in abdominal pres-
sure that result from diaphragmatic contraction, however,
act simultaneously on the rib cage, which probably explains
why the action of the diaphragm on the rib cage has been
controversial for so long.

ACTION OF THE DIAPHRAGM ON THE RIB CAGE

When the diaphragm in anesthetized dogs is activated selec-
tively by electrical stimulation of the phrenic nerves, the upper
ribs move caudally, and the cross-sectional area of the upper
portion of the rib cage decreases.3 In contrast, the cross-
sectional area of the lower portion of the rib cage increases.
If a bilateral pneumothorax is subsequently introduced, so
that the fall in pleural pressure is eliminated, isolated con-
traction of the diaphragm causes a greater expansion of the
lower rib cage, but the dimensions of the upper rib cage now
remain unchanged.3 Thus, the diaphragm contracting alone
in the dog has two opposing effects on the rib cage. On the
one hand, it has an expiratory action on the upper rib cage,
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FIGURE 22-2 Respiratory displacements of the rib cage. A,
Diagram of a typical thoracic vertebra and a pair of ribs (viewed
from above). Each rib articulates with both the body and the trans-
verse process of the vertebra (closed circles) and is bound to it by
strong ligaments (right). The motion of the rib, therefore, occurs
primarily through a rotation around the axis defined by these artic-
ulations (solid line and double arrowhead). From these articulations,
however, the rib slopes caudally and ventrally (B, C). As a result,
when it becomes more horizontal in inspiration (dotted line), it
causes an increase in both the transverse (B) and the anteroposte-
rior (C) diameter of the rib cage (small arrows). Reproduced with
permission from De Troyer A. Respiratory muscle function. In:
Shoemaker WC, Ayres SM, Grenvik A, Holbrook PR, editors.
Textbook of critical care. Philadelphia: WB Saunders; 2000.
p. 1172–84.

FIGURE 22-1 Frontal section of the chest wall at end-expiration.
Note the cranial orientation of the costal diaphragmatic fibers and
their apposition to the inner aspect of the lower rib cage (zone of
apposition).
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and the fact that this action is abolished by a pneumothorax
indicates that it is exclusively the result of the fall in pleural
pressure. On the other hand, the diaphragm also has an inspi-
ratory action on the lower rib cage. Although the cross-
sectional shape of the rib cage in humans differs from that in
the dog, measurements of thoracoabdominal motion during
phrenic nerve pacing in subjects with transection of the upper
cervical cord4,5 and during spontaneous breathing in subjects
with traumatic transection of the lower cervical cord6,7 have
established that the diaphragm contracting alone in humans
also has both an expiratory action on the upper rib cage and
an inspiratory action on the lower rib cage; this inspiratory
action is such that the lower rib cage expands more along its
transverse diameter than along its anteroposterior diameter.7

Experimental and theoretical studies have confirmed that
the inspiratory action of the diaphragm on the lower rib
cage results, in part, from the force that the muscle applies
on the ribs by way of its insertions; this force is convention-
ally referred to as the “insertional” force.8,9 Indeed, the
crural portion of the diaphragm has no direct attachments to
the ribs, and its selective stimulation in dogs induces a
smaller expansion of the lower rib cage than does stimula-
tion of the costal portion.8 The inspiratory action of the
diaphragm on the lower rib cage, however, is also related to
the existence of the zone of apposition (see Figure 22-1).
This zone makes the lower rib cage, in effect, part of the
abdominal container, and measurements in dogs have estab-
lished that, during breathing, the changes in pressure in the
pleural recess between the apposed diaphragm and the rib
cage are almost equal to the changes in abdominal pres-
sure.10 Pressure in this pleural recess rises, rather than falls,
during inspiration, thus indicating that the rise in abdomi-
nal pressure is truly transmitted through the apposed
diaphragm to expand the lower rib cage. The force thus
developed by the diaphragm on the lower rib cage through
the rise in abdominal pressure has been called the “apposi-
tional” force,8,9 and its magnitude depends, in part, on the

size of the zone of apposition. The greater area of apposed
diaphragm at the sides of the rib cage compared with the
front presumably accounts for the fact that isolated contrac-
tion of the diaphragm in humans distorts the lower rib cage
to a more elliptical shape.7

It should be appreciated, however, that the insertional
and appositional forces are largely determined by the resist-
ance provided by the abdominal contents to diaphragmatic
descent. If this resistance is high (ie, if abdominal compli-
ance is low), the dome of the diaphragm descends less, the
zone of apposition remains significant throughout inspira-
tion, and the rise in abdominal pressure is greater.
Therefore, for a given diaphragmatic activation, the apposi-
tional force is increased. A dramatic illustration of this phe-
nomenon is provided by quadriplegic subjects given an
external abdominal compression; in such subjects, when
passive mechanical support to the abdomen is provided by a
pneumatic cuff or an elastic binder, the expansion of the
lower rib cage during inspiration is accentuated.4,5

Conversely, if the resistance provided by the abdominal con-
tents is small (ie, if the abdomen is very compliant), the
dome of the diaphragm descends more easily, the zone of
apposition decreases more, and the rise in abdominal pres-
sure is smaller. Consequently, the inspiratory action of the
diaphragm on the rib cage is decreased. Should the resist-
ance provided by the abdominal contents be eliminated, the
zone of apposition would disappear in the course of inspira-
tion, but, in addition, the contracting diaphragmatic muscle
fibers would become oriented transversely inward at their
insertions onto the ribs, such that the insertional force
would have an expiratory, rather than an inspiratory, action
on the lower rib cage. Indeed, when a dog is eviscerated, the
diaphragm causes a decrease, rather than an increase, in
lower rib cage dimensions.3,8

INFLUENCE OF LUNG VOLUME

The balance between pleural pressure and the insertional
and appositional forces of the diaphragm is markedly
affected by changes in lung volume. As lung volume
decreases from functional residual capacity (FRC) to resid-
ual volume (RV), the zone of apposition increases9 and the
fraction of the rib cage exposed to pleural pressure
decreases. As a result, the appositional force increases while
the effect of pleural pressure diminishes, and hence the
inspiratory action of the diaphragm on the rib cage is
enhanced. Conversely, as lung volume increases above FRC,
the zone of apposition decreases and a larger fraction of the
rib cage becomes exposed to pleural pressure. The inspira-
tory action of the diaphragm on the rib cage is therefore
diminished.3,8,9 When lung volume approaches total lung
capacity (TLC), the zone of apposition all but disappears,
and the diaphragmatic muscle fibers become oriented trans-
versely inward as well as cranially. As in the eviscerated ani-
mal, the insertional force of the diaphragm is then
expiratory, rather than inspiratory, in direction. These two
effects of increasing lung volume account for the inspiratory
decrease in the transverse diameter of the lower rib cage that
is commonly observed in subjects with emphysema and
severe hyperinflation (Hoover’s sign).
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FIGURE 22-3 Insertional component of diaphragmatic action.
During inspiration, as the fibers of the costal diaphragm contract,
they exert a force on the lower ribs (arrow). If the abdominal vis-
ceral mass effectively opposes the descent of the diaphragmatic
dome (open arrow), this force is oriented cranially. Consequently,
the lower ribs are lifted and rotate outward. Reproduced with
permission from De Troyer A. Mechanics of the chest wall muscles.
In: Miller AD, Bishop B, Bianchi AL, editors. Neural control of the
respiratory muscles. Boca Raton (FL): CRC Press; 1996. p. 59–73.
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Changes in lung volume affect not only the action of the
diaphragm on the rib cage but also its inspiratory effect on
the lung. When lung volume in supine dogs, cats, and rab-
bits is passively increased from FRC to TLC, the fall in pleu-
ral pressure induced by selective stimulation of the phrenic
nerves decreases gradually and continuously.11–14 At TLC, in
fact, the pressure fall is almost abolished, and when the res-
piratory system in these animals is inflated to a lung volume
greater than ~104% TLC, the pressure fall is even reversed to
become a pressure rise.11,14 Such an expiratory action of the
diaphragm on the lung has not been observed in humans,
but studies in subjects with transection of the upper cervical
cord and phrenic nerve pacing,4 as well as phrenic nerve
stimulation experiments in normal subjects,15 have shown a
similar decline in the lung-inflating action of the human
diaphragm with increasing lung volume. As in animals, the
diaphragm in humans virtually ceases to generate an inspi-
ratory pressure at TLC.

The adverse effect of hyperinflation on the pressure-
generating ability of the diaphragm is primarily related to
the decrease in muscle length. Indeed, when lung volume 
in animals and in humans is increased from RV to TLC, 
the diaphragmatic muscle fibers shorten by 30 to 40%. In
accordance with the length–tension characteristics of the
muscle, the force exerted in response to a given stimulation
thus decreases markedly. On the other hand, the shape of
the diaphragm silhouette hardly changes over the range of a
normal vital capacity,16,17 and as Smith and Bellemare15 have
pointed out, the relationship between lung volume and the
pressure across the diaphragm (transdiaphragmatic pres-
sure, Pdi) obtained during bilateral stimulation of the
phrenic nerves in humans is very similar to the length–
tension relationship of diaphragmatic muscle fibers in vitro;
if an increase in the radius of curvature (flattening of the
diaphragm) contributed to the decrease in Pdi at high lung
volumes (Laplace’s equation), the decrease in Pdi should be
greater than anticipated on the basis of the decrease in mus-
cle length alone. At very high lung volumes in animals, how-
ever, the dome of the diaphragm does become excessively
flattened, such that the muscle can no longer expand the
abdomen when it contracts. The constriction of the entire
rib cage that the contracting diaphragm induces at such lung
volumes presumably accounts for the lung-deflating action
of the muscle.

INFLUENCE OF POSTURE

Because of the effect of gravity on the abdominal contents
and abdominal wall, a change from the seated to the supine
posture in humans is associated with a marked increase in
abdominal compliance.18 Consequently, the resistance pro-
vided by the abdominal contents to diaphragmatic descent is
less effective in this posture, and the two forces developed
by the diaphragm to expand the lower rib cage are reduced.
Thus, whereas the contracting diaphragm in seated quadri-
plegic subjects causes an increase in the anteroposterior
diameter of the lower rib cage, in the supine posture it pro-
duces a decrease in this diameter.4–7 The increase in the
transverse diameter of the lower rib cage is also less in this
posture.

With a change from the seated to the supine posture, the
action of gravity on the abdominal contents also induces a
reduction in FRC and a lengthening of the diaphragmatic
muscle fibers. Although the concomitant increase in abdom-
inal compliance should cause these fibers to shorten more
for a given activation, the force generated by the contracting
diaphragm might therefore increase. Studies in patients with
transection of the upper cervical cord, in whom bilateral
pacing of the phrenic nerves allows the degree of diaphrag-
matic activation to be maintained constant, have confirmed
the influence of posture on the lung-expanding action of the
diaphragm.4,5 When the patients were supine, the unassisted
paced diaphragm was able to generate an adequate tidal vol-
ume. However, when the patients were gradually tilted head-
up, the change in airway pressure and the tidal volume
produced by pacing were progressively and markedly
reduced.

INTERACTION BETWEEN THE LEFT AND RIGHT

HEMIDIAPHRAGMS

Both in the dog and in humans, each phrenic nerve supplies
its own hemidiaphragm, including all the fibers in the crural
segment on its own side of the esophageal hiatus. However,
when the left and right phrenic nerves in the dog are stimu-
lated simultaneously at a frequency of 10 Hz, the fall in pleu-
ral pressure is 10% greater than the sum of the pressure 
falls obtained during separate left and right stimulation.19

The difference between the pressure change produced by the
canine left and right hemidiaphragms contracting simul-
taneously and the sum of the individual pressures, in fact,
increases gradually to 40 to 50% as the stimulation fre-
quency increases to 35 to 50 Hz.14,19 In humans, the change
in Pdi obtained during simultaneous stimulation of the left
and right phrenic nerves with single twitches is similarly
greater than the sum of the Pdi values obtained during sepa-
rate left and right stimulation.20 Thus, the left and right
hemidiaphragms have a synergistic interaction on the lung,
and this implies that the pressure loss induced by hemidi-
aphragmatic paralysis is greater than anticipated on the basis
of the pressure generated by one hemidiaphragm alone. The
frequency dependence of the synergism further implies that
this additional pressure loss should be particularly promi-
nent when an increase in respiratory neural drive is needed,
such as during exercise.

This peculiar interaction results, in part, from the fact
that the diaphragmatic muscle fibers shorten more during
unilateral contraction than during bilateral contraction.19

Consequently, the force exerted during contraction is
smaller in the first instance than in the second. However, the
main determinant of this interaction is related to the config-
uration of the muscle. That is, during unilateral diaphrag-
matic contraction, the inactive hemidiaphragm is stretched
and develops passive tension, which reduces the caudal dis-
placement of the central portion of the dome and impedes
the descent of the contracting hemidiaphragm. As a result,
the volume displaced (and the pressure generated) by this
particular hemidiaphragm is reduced relative to the volume
that it displaces when the contralateral hemidiaphragm con-
tracts simultaneously.19
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INTERCOSTAL MUSCLES

FUNCTIONAL ANATOMY

The intercostal muscles are two thin muscle layers occupy-
ing each of the intercostal spaces. The external intercostal
muscles extend from the tubercles of the ribs dorsally to the
costochondral junctions ventrally, with their fibers oriented
obliquely caudad and ventrally from the rib above to the rib
below. In contrast, the internal intercostal muscles extend
from the angles of the ribs dorsally to the sternocostal junc-
tions ventrally, with their fibers running caudad and dorsally
from the rib above to the rib below. Thus, although the
intercostal spaces contain two layers of intercostal muscle in
their lateral portion, they contain a single layer in their ven-
tral and dorsal portions. Ventrally, between the sternum and
the chondrocostal junctions, the only fibers are those of the
internal intercostal muscles; because of its location and par-
ticular function (see below), this portion of the internal
intercostal muscles is usually called the “parasternal inter-
costal muscles.” Dorsally, from the angles of the ribs to the
vertebrae, the only fibers come from the external intercostal
muscles. These latter, however, are duplicated in each inter-
space by a thin, spindle-shaped muscle that runs from the
tip of the transverse process of the vertebra cranially to the
angle of the rib caudally; this muscle is the “levator costae.”
All intercostal muscles are innervated by the intercostal
nerves.

ACTIONS OF INTERCOSTAL MUSCLES ON THE RIBS

AND THE LUNG

The actions of the intercostal muscles have conventionally
been regarded according to the theory proposed by
Hamberger,21 as shown in Figure 22-4. When an intercostal
muscle contracts in one interspace, it pulls the upper rib
down and the lower rib up. However, as the fibers of the
external intercostal muscle slope caudad and ventrally from
the rib above to the rib below, their lower insertion is more
distant from the center of rotation of the ribs (ie, the cos-
tovertebral articulations) than their upper insertion.
Consequently, when this muscle contracts, the torque acting
on the lower rib is greater than that acting on the upper rib,
so its net effect would be to raise the ribs and to inflate the
lung. In contrast, as the fibers of the internal intercostal
muscle slope caudad and dorsally from the rib above to the
rib below, their lower insertion is less distant from the cen-
ter of rotation of the ribs than the upper one. As a result,
when this muscle contracts, the torque acting on the lower
rib is smaller than that acting on the upper rib, so its net
effect would be to lower the ribs and to deflate the lung.
Hamberger further concluded that the action of the paraster-
nal intercostal muscles should be referred to the sternum
rather than to the spine; although these muscles form part of
the internal intercostal layer, their contraction would there-
fore raise the ribs and inflate the lung.

In agreement with this theory, selective activation of the
canine parasternal intercostal muscles by electrical stimulation
elicits a large cranial displacement of the ribs and an
increase in lung volume.22,23 Measurements of the respira-
tory displacements of the costal cartilages and the sternum

in normal subjects have indicated that the human paraster-
nal intercostal muscles, particularly those situated in the
second and third interspaces, also have an inspiratory effect
on the lung.24 However, when either the external or the
internal interosseous intercostal muscle in a single inter-
space is selectively stimulated at FRC in the dog, both ribs
move closer together, but the cranial displacement of the rib
below is always greater than the caudal displacement of the
rib above.25,26 More importantly, both in the dog27 and in
humans,28 the external and internal interosseous intercostal
muscles show marked topographic differences in their
actions on the lung. Specifically, in the dog, the external
intercostal muscles in the dorsal portion of the upper inter-
spaces have a significant inspiratory effect, but this effect
decreases rapidly both toward the costochondral junctions
and toward the base of the rib cage (Figure 22-5). As a
result, the external intercostal muscles in the ventral portion
of the lower interspaces have an expiratory, rather than
an inspiratory, effect. The canine internal interosseous
intercostal muscles in the dorsal portion of the lower inter-
spaces have a large expiratory effect, but this effect decreases
ventrally and cranially, such that, in the ventral half of the
first and second interspaces, it is reversed into an inspiratory
effect. The respiratory effects of the external and internal
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FIGURE 22-4 Diagram illustrating the actions of the intercostal
muscles, as proposed by Hamberger.21 The hatched area in each
panel represents the spine, and the two bars oriented obliquely
represent two adjacent ribs; these are linked to each other by the
sternum (right). The external (A) and internal interosseous (B)
intercostal muscles are depicted as single bundles, and the torques
acting on the ribs during contraction of these muscles are repre-
sented by arrows. See text for further explanation.
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intercostal muscles in humans show qualitatively similar
topographic distributions,28 although the expiratory effect
of the human internal intercostal muscles is greatest in the
ventral, rather than the dorsal, portion of the lower inter-
spaces.

The theory of Hamberger cannot explain such dorsoven-
tral and rostrocaudal gradients, and this is because it is
based on a two-dimensional model of the rib cage. Indeed,
the model is planar, and the ribs are modeled as straight bars
rotating around axes that lie perpendicular to the plane of
the ribs (see Figure 22-4). Also, the theory of Hamberger
contains the implicit assumptions that all the ribs have equal
compliances and are equally coupled to the lung.

Real ribs are curved, however, and this curvature has
critical effects on the moments exerted by the intercostal
muscles,27,29 as shown in Figure 22-6A. Because the axis of
rib rotation is oriented dorsally and laterally, at point “a” on 
the rib, the tangent plane of the rib cage is perpendicular to
the axis of rotation. For the external intercostal muscle,
therefore, the distance between the point of attachment of
the muscle on the lower rib and the axis of rotation is
greater than the distance between the point of attachment of
the muscle on the upper rib and the axis of rotation.
Consequently, at point “a,” the moment exerted by the
muscle on the lower rib is greater than the moment exerted on
the upper rib, and the net moment is inspiratory. However,
at point “b,” the tangent plane of the rib cage lies parallel to
the axis of rib rotation, so the distances between the points
of attachment of the muscle on the two ribs and the axes of

rib rotation are equal, and the net moment exerted by the
muscle is zero. Thus, the net inspiratory moment of the
external intercostal muscle is maximal in the dorsal region
of the rib cage, decreases to zero at point “b,” and is reversed
to an expiratory moment in the ventral region of the rib cage
(Figure 22-6B). The net expiratory moment of the internal
intercostal muscle is similarly maximal in the dorsal region,
decreases in magnitude as one moves away from the spine,
and becomes an inspiratory moment in the vicinity of the
sternum (Figure 22-6B). Although the difference between
the expiratory effect of the internal interosseous intercostal
muscles in the dorsal region of the rib cage and the inspira-
tory effect of the parasternal intercostal muscles was already
inferred by Hamberger, it was not appreciated that the differ-
ences between the actions of the muscles in the dorsal and
ventral regions are the result of gradual transitions, not abrupt
changes of mechanism at the costochondral junctions.

In addition, in contrast to the model of Hamberger, the
radii of curvature of the ribs increase from the top to the
base of the rib cage, the rotational compliances of the differ-
ent ribs are different,23,28 and the coupling of the different
ribs to the lung varies from the top to the base of the rib cage
as well.30 Specifically, in the dog at FRC, the change in lung
volume produced by a given rib displacement increases
gradually with increasing rib number in the upper half of the
cage, whereas in the lower half of the cage, the change in
lung volume produced by a given rib displacement decreases
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FIGURE 22-5 Actions of the canine external (A) and internal
interosseous (B) intercostal muscles on the lung. These data are the
maximal changes in airway pressure (�Pao) that the muscles in the
dorsal, middle, and ventral portions of the second, fourth, sixth,
eighth, and tenth interspaces can generate when contracting
against a closed airway. A negative �Pao indicates an inspiratory
effect, whereas a positive �Pao indicates an expiratory effect.
Reproduced with permission from De Troyer A et al.27
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FIGURE 22-6 Effects of rib curvature on the net moment exerted
by an intercostal muscle. The plan form of a typical rib in the dog
and its axis of rotation (bold vector) are shown in (A). At point “a,”
the distances between the points of attachment of an intercostal
muscle on the lower and upper ribs and the axes of rotation of the
ribs are different, and the muscle exerts a net moment on the ribs.
At point “b,” however, the distances between the points of attach-
ment of an intercostal muscle on the lower and upper ribs and the
axes of rotation of the ribs are equal, and the muscle exerts no net
moment. Thus, the net moment exerted by the muscle depends on
the angular position (�) around the rib, as shown in B. The exter-
nal intercostal muscle (continuous line) has the greatest inspirat-
ory moment in the dorsal portion of the rib cage (� between 15°
and 60°); this inspiratory moment then decreases as one moves
around the rib cage (� between 60° and 120°) and is reversed into
an expiratory moment in the vicinity of the costochondral junction 
(� greater than 120°). The internal intercostal muscle (dashed line)
shows a similar gradient in expiratory moment.
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rapidly with increasing rib number. As a result of these
topographic differences in rib compliance and rib–lung cou-
pling, both the external and internal interosseous intercostal
muscles in the upper interspaces tend to have an inspiratory
effect on the lung. In contrast, in the lower interspaces, both
intercostal muscles tend to have an expiratory effect.30 As
shown in Figure 22-5, the location of the muscles along the
rostrocaudal axis of the rib cage is the single most important
determinant of their respiratory effects, and the orientation
of the muscle fibers primarily operates to modulate these
effects. That is, for a given muscle mass, the external inter-
costal muscle in an upper interspace has a larger inspiratory
effect on the lung than the internal intercostal muscle, and the
external intercostal muscle in a lower interspace has a smaller
expiratory effect than the internal intercostal muscle.30

RESPIRATORY FUNCTION OF INTERCOSTAL MUSCLES

These topographic differences in respiratory effects imply
that the actions of the muscles on the lung during breathing
are largely determined by the topographic distribution of
neural drive. Electromyographic studies in dogs,22 cats,31,32

baboons,33 and humans34–36 have clearly established that the
parasternal intercostal muscles invariably contract during
the inspiratory phase of the breathing cycle. These muscles,
therefore, have a definite inspiratory action on the lung dur-
ing breathing. Similarly, the external intercostal muscles in
animals and in humans are active only during inspira-
tion.31–34,37,38 However, external intercostal muscle inspira-
tory activity is found exclusively in the muscle areas with an
inspiratory mechanical advantage, and the topographic dis-
tribution of this activity is closely matched with the topo-
graphic distribution of inspiratory effect.37–39 Both in the
dog and in humans, inspiratory activity in the external inter-
costal muscles is thus greatest in the dorsal portion of the
upper interspaces, that is, in the areas where the muscles
have the greatest inspiratory effect. Inspiratory activity then
declines gradually in the caudal and the ventral directions,
as does the inspiratory effect. The external intercostal mus-
cles with an expiratory effect, that is, in the ventral portion
of the lower interspaces, are never active during breathing,
including when the demand placed on the respiratory mus-
cle pump is increased by carbon dioxide–enriched gas mix-
tures or by external mechanical loads.38 This distribution of
neural drive confers to the external intercostal muscles an
inspiratory action on the lung during breathing.

On the other hand, the internal interosseous intercostal
muscles are active only during expiration, and the topo-
graphic distribution of expiratory activity in these muscles
mirrors the topographic distribution of expiratory effect. In
the dog, internal intercostal muscle expiratory activity is
thus greatest in the dorsal portion of the lower interspaces
and decreases progressively in the cranial and ventral direc-
tions.38 The areas of internal interosseous intercostal muscle
with an inspiratory effect, that is, in the ventral portion of
the upper interspaces, are never active during breathing.
This distribution of neural drive must confer on the internal
interosseous intercostal muscles an expiratory action on the
lung during breathing. Thus, the external and internal
interosseous intercostal muscles do have opposite actions on

the lung during breathing, as conventionally thought, but it
must be appreciated that these opposite actions are prima-
rily the result of selective regional activation of the muscles
rather than the orientations of the muscle fibers.

Although the external intercostal muscles (including the
levator costae) in the upper interspaces and the parasternal
intercostal muscles contract together during inspiration,
several observations indicate that in anesthetized animals
these two muscle groups contribute differently to the cranial
displacement of the ribs and the expansion of the lung. First,
in anesthetized dogs and cats, the inspiratory cranial dis-
placement of the ribs occurs together with a caudal displace-
ment of the sternum, and this results from the action of
the parasternal intercostal muscles.22,40,41 Indeed, isolated
contraction of these muscles causes the sternum to move
caudally,22 whereas isolated contraction of the external
intercostal muscles displaces the sternum cranially.41,42

Second, when the parasternal intercostal muscle in a single
interspace is selectively denervated in supine dogs43 and in
upright baboons,33 the normal inspiratory shortening of the
muscle is virtually abolished. Third, when the canine
parasternal intercostal muscles in all interspaces are dener-
vated, there is a compensatory increase in external inter-
costal muscle inspiratory activity, yet the inspiratory cranial
displacement of the ribs is markedly reduced.44 Denervation
of the parasternal intercostal muscles in all interspaces in
dogs with diaphragmatic paralysis also elicits a large
decrease in tidal volume.41 In contrast, when the canine
external intercostal muscles in all interspaces are severed
and the parasternal intercostal muscles are left intact, the
inspiratory cranial displacement of the ribs and tidal volume
show only moderate reductions, although parasternal mus-
cle inspiratory activity remains unchanged.41,44 In anes-
thetized animals, therefore, the contribution of the
parasternal intercostal muscles to resting breathing is much
greater than that of the external intercostal muscles.

However, whereas the parasternal intercostal muscles in
the dog are thicker than the external intercostal muscles, in
humans the external intercostal muscles are thicker, and the
total mass of external intercostal muscle is about six times
greater than the parasternal intercostal muscle mass.28 As a
result, the potential inspiratory effect of the external inter-
costal muscles in humans is about five times greater.28 In
addition, the results of recent electromyographic studies
have shown that during resting breathing in normal sub-
jects, the external intercostal muscle in the dorsal portion of
the third interspace and the parasternal intercostal muscle in
the same interspace start firing simultaneously at the onset
of inspiration, but the external intercostal muscle motor
units fire with greater discharge rates at the peak of inspira-
tion.39 This suggests that, in humans, the dorsal areas of the
external intercostal muscle receive greater neural drive 
than the parasternal intercostal muscles and make a greater
contribution to lung inflation.

INFLUENCE OF LUNG VOLUME

In the dog, the length–tension relationship of the paraster-
nal and external intercostal muscles is contracted on its
length axis compared with that of the diaphragm.45
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Therefore, if the parasternal intercostal and external inter-
costal muscles in the upper interspaces shortened as much
as the diaphragm during passive inflation above FRC, their
force-generating ability would decrease more. However,
whereas the diaphragm shortens by 30 to 40% during infla-
tion from FRC to TLC, the parasternal and upper external
intercostal muscles shorten by only ~10%.23,27 In addition,
whereas the resting FRC length of the diaphragm in supine
dogs is close to or a little shorter than the muscle optimal
length (Lo),46,47 the canine parasternal intercostal muscles 
at FRC are 10 to 15% longer than Lo.45 Consequently,
increasing lung volume above FRC causes the diaphragm
and the upper external intercostal muscles to move away
from Lo but causes the parasternal intercostal muscles to
move toward Lo. The net result of these changes is that the
force-generating ability of the upper external intercostal
muscles should diminish as volume is increased from FRC
to TLC; in contrast, the force-generating ability of the canine
parasternal intercostal muscles remains unchanged or
slightly increases.48,49

The fall in pleural pressure produced by the contracting
parasternal and external intercostal muscles, however, is
determined by the interaction between the force developed
by the muscles and the ability of the ribs to move cranially
and outward. In the dog, the impedance of the ribs to cra-
nial displacement increases as lung volume is increased
above FRC.25 Moreover, as the ribs become more horizontal
with inflation, one would expect that a given cranial rib dis-
placement would lead to a smaller outward displacement.
Such alterations in rib displacement should add to the
length–tension characteristics of the muscles to reduce the
lung-expanding action of the external intercostal muscles at
high lung volumes; they might reduce the lung-expanding
action of the parasternal intercostal muscles as well, even
though the force developed by them might be greater than at
FRC. Indeed, DiMarco and colleagues50 have shown in dogs
that the fall in pleural pressure induced by tetanic, simulta-
neous stimulation of the parasternal and interosseous
(external and internal) intercostal muscles in the upper six
or seven interspaces decreases gradually as lung volume is
increased above FRC. Thus, the change in pressure obtained
during stimulation at TLC was ~30% of the change obtained
during stimulation at FRC, and similar observations were
made during isolated stimulation of the interosseous inter-
costal muscles.50 Ninane and Gorini51 also observed that the
fall in pleural pressure produced by selective contraction of the
canine parasternal intercostal muscles decreases progressively
as lung volume is increased above FRC. The effect of lung vol-
ume on the human intercostal muscles, however, is unknown.

NONRESPIRATORY FUNCTION OF INTERCOSTAL

MUSCLES

The insertions and orientations of the external and internal
intercostal muscles suggest that these muscles would also be
able to twist the rib cage (Figure 22-7). Thus, contraction of
the external intercostal muscles on one side of the sternum
would rotate the ribs in a transverse plane, so that the upper
ribs would move ventrally whereas the lower ribs would move
dorsally. In contrast, contraction of the internal intercostal

muscles on one side of the sternum would move the upper
ribs dorsally and the lower ribs ventrally. In agreement with
this idea, Decramer and colleagues52 have found in anes-
thetized dogs that the external and internal interosseous
intercostal muscles show large, reciprocal changes in length
during passive rotations of the thorax. When the animal’s
trunk was twisted to the left, the external intercostal mus-
cles on the right side and the internal interosseous inter-
costal muscles on the left side shortened. At the same time,
the external intercostal muscles on the left side and the
internal intercostal muscles on the right side lengthened.
The opposite pattern was seen when the animal’s trunk was
twisted to the right, with a marked shortening of the right
internal and left external intercostal muscles and a lengthen-
ing of the left internal muscles and right external muscles.
Thus, the length of these muscles changed in the way
expected if they were producing the rotations, and indeed,
electromyographic studies in normal humans have shown
that the external intercostal muscles on the right side of the
chest are activated when the trunk is rotated to the left,
whereas they remain silent when the trunk is rotated to the
right53; conversely, the internal intercostal muscles on the right
side contracted only when the trunk was rotated to the right.

TRIANGULARIS STERNI

The triangularis sterni, also called the transversus thoracis,
is not conventionally included among the intercostal
muscles. However, this muscle lies deep to the parasternal
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FIGURE 22-7 Diagram of an intercostal space on the right side of
the chest (lateral view), illustrating the actions of the external (A)
and internal interosseous (B) intercostal muscles during rotations
of the trunk. As in Figure 22-4, the two bars oriented obliquely rep-
resent two adjacent ribs, and the muscles are depicted as single
bundles. The arrows indicate the component of tension vector act-
ing along the ribs. Adapted from De Troyer A. Mechanics of the
chest wall muscles. In: Miller AD, Bishop B, Bianchi AL, editors.
Neural control of the respiratory muscles. Boca Raton (FL): CRC
Press; 1996. p. 59–73.
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intercostal muscles, and its fibers are nearly perpendicular to
the latter, running from the dorsal aspect of the caudal half
of the sternum to the inner surface of the costal cartilages of
the third to seventh ribs. In contrast to the parasternal inter-
costal muscles, therefore, its selective stimulation in the dog
induces a large caudal displacement of the ribs with a small
cranial displacement of the sternum and a decrease in lung
volume.54 The triangularis sterni also receives its motor sup-
ply from the intercostal nerves.

In quadrupeds, the triangularis sterni invariably con-
tracts during the expiratory phase of the breathing
cycle.54–56 In so doing, it pulls the ribs caudally and deflates
the rib cage below its neutral (resting) position.54

Consequently, when the muscle relaxes at the end of expira-
tion, there is a passive rib cage expansion and an increase in
lung volume that precedes the onset of inspiratory muscle
contraction. In these animals, the triangularis sterni thus
shares the work of breathing with the inspiratory muscles
and helps the parasternal and upper external intercostal mus-
cles produce the rhythmic inspiratory expansion of the rib
cage.54 In humans, however, the muscle is thin and usually
inactive during resting breathing.57 Therefore, even though it
contracts during expiratory efforts such as coughing, laugh-
ing, and speech,57 its expiratory effect on the lung is small
compared with that of the internal intercostal muscles.24,28

MUSCLES OF THE NECK

SCALENE MUSCLES

The scalene muscles in humans comprise three muscle
heads that run from the transverse processes of the lower
five cervical vertebrae to the upper surfaces of the first two
ribs. Although they have traditionally been considered to be
“accessory” muscles of inspiration, electromyographic stud-
ies with concentric needle electrodes have established that,
in normal humans, these muscles invariably contract during
inspiration, including when the increase in lung volume is
very small.35,36,58,59

When the scalene muscles are selectively activated by
electrical stimulation in the dog, they produce a large cranial
displacement of the ribs and sternum, an increase in rib cage
anteroposterior diameter, and an increase in lung volume.60

Since there is no clinical setting that causes paralysis of all
the inspiratory muscles without also affecting the scalene
muscles, the isolated action of these muscles on the human
rib cage cannot be defined precisely. Two observations, how-
ever, indicate that contraction of the scalene muscles is an
important determinant of the expansion of the upper rib
cage during breathing. First, when normal subjects attempt
to inspire with the diaphragm alone, there is a marked,
selective decrease in scalene muscle activity associated with
either less inspiratory increase or a paradoxical decrease in
anteroposterior diameter of the upper rib cage.36 Second, the
inspiratory inward displacement of the upper rib cage char-
acteristic of quadriplegia is usually not observed when
scalene muscle function is preserved after lower cervical
cord transection.7 As the scalene muscles are innervated
from the lower five cervical segments, persistent inspiratory
contraction is frequently seen in subjects with a transection

at the C7 level or below. In such subjects, the anteroposte-
rior diameter of the upper rib cage tends to remain constant
or to increase slightly during inspiration. The fall in pleural
pressure produced by a maximal, isolated contraction of
these muscles in normal humans would be similar to
that caused by the parasternal intercostal muscles in all
interspaces.61

STERNOCLEIDOMASTOID MUSCLES AND OTHER

ACCESSORY MUSCLES OF INSPIRATION

Many additional muscles, such as the pectoralis minor, the
trapezius, the erector spinae, the serrati, and the sternoclei-
domastoid muscles, can elevate the ribs when they contract.
These muscles, however, run between the shoulder girdle
and the rib cage, between the spine and the shoulder girdle,
or between the head and the rib cage. Therefore, they have
primarily postural functions. In healthy individuals, they
contract only during increased inspiratory efforts; in con-
trast to the scalene muscles, therefore, they are true “acces-
sory” muscles of inspiration.

Of all these muscles, only the sternocleidomastoid mus-
cles, which descend from the mastoid process to the ventral
surface of the manubrium sterni and the medial third of 
the clavicle, have been thoroughly studied. The pressure-
generating ability of the sternocleidomastoid muscles in
normal humans is about the same as that of the scalene
muscles,61 and their action on the rib cage has been inferred
from measurements of chest wall motion in subjects with
transection of the upper cervical cord. Indeed, in such sub-
jects, the diaphragm, intercostal muscles, scalene muscles,
and abdominal muscles are paralyzed, but the sternocleido-
mastoid muscles (the motor innervation of which largely
depends on the eleventh cranial nerve) are spared and
contract forcefully during unassisted inspiration.4,62 When
breathing spontaneously, these subjects show a prominent
inspiratory cranial displacement of the sternum and a large
inspiratory expansion of the upper rib cage, particularly in
its anteroposterior diameter. This prominent cranial dis-
placement of the sternum, however, combined with the fall
in intrathoracic pressure, elicits a decrease in the transverse
diameter of the lower rib cage4,62 (Figure 22-8).

ABDOMINAL MUSCLES

FUNCTIONAL ANATOMY

The four abdominal muscles with significant respiratory
function in humans make up the ventrolateral wall of the
abdomen. The rectus abdominis muscle is the most ventral
of these muscles. It originates from the ventral aspect of the
sternum and the fifth, sixth, and seventh costal cartilages
and runs caudally along the whole length of the abdominal
wall to insert into the pubis. The muscle is enclosed in a
sheath formed by the aponeuroses of the three muscles situ-
ated laterally. The most superficial of these is the external
oblique muscle, which originates by fleshy digitations from
the external surface of the lower eight ribs, well above the
costal margin, and directly covers the lower ribs and inter-
costal muscles. Its fibers radiate caudally to the iliac crest
and inguinal ligament and medially to the linea alba. The
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internal oblique muscle lies deep to the external oblique
muscle. Its fibers arise from the iliac crest and inguinal liga-
ment and diverge to insert on the costal margin and an
aponeurosis contributing to the rectus sheath down to the
pubis. The transversus abdominis muscle is the deepest of
the muscles of the lateral abdominal wall. It arises from the
inner surface of the lower six ribs, where it interdigitates
with the costal insertions of the diaphragm. From this ori-
gin, and from the lumbar fascia, the iliac crest, and the
inguinal ligament, its fibers run circumferentially around the
abdominal visceral mass and terminate ventrally in the rec-
tus sheath.

ACTIONS OF THE ABDOMINAL MUSCLES

These four muscles have important functions as flexors (rec-
tus abdominis muscle) and rotators (external oblique and
internal oblique muscles) of the trunk, but as respiratory
muscles, they have two main actions. First, as they contract,
they pull the abdominal wall inward and produce an
increase in abdominal pressure. As a result, there is a cranial
motion of the diaphragm into the thoracic cavity, leading to
an increase in pleural pressure and a decrease in lung vol-
ume. Second, these four muscles displace the rib cage
through their insertions on the ribs. These insertions would
suggest that the action of all abdominal muscles is to pull the
ribs caudally and to deflate the rib cage, another expiratory
action. Measurements of rib cage motion during electrical
stimulation of the individual muscles in dogs have shown,
however, that these muscles also have an inspiratory action
on the rib cage.63,64 Indeed, the rise in pleural pressure
resulting from the cranial displacement of the diaphragm
tends to expand the portion of the rib cage apposed to the

lung. Furthermore, by forcing the diaphragm cranially and
stretching it, the contracting abdominal muscles induce
both an increase in size of the zone of apposition of the
diaphragm to the rib cage (see Figure 22-1) and an increase
in passive diaphragmatic tension. This passive tension tends
to raise the lower ribs and to expand the lower rib cage in
the same way as does an active diaphragmatic contraction
(“insertional” force).

The action of the abdominal muscles on the rib cage is
thus determined by the balance between the insertional,
expiratory force of the muscles and the inspiratory force
related to the rise in pleural and abdominal pressures.
Isolated contraction of the external oblique muscle in
humans produces a small caudal displacement of the ster-
num and a large decrease in the rib cage transverse diame-
ter, but the rectus abdominis muscle, while causing a
marked caudal displacement of the sternum and a large
decrease in the anteroposterior diameter of the rib cage, also
produces a small increase in the rib cage transverse diame-
ter.65 The isolated actions of the internal oblique and trans-
versus abdominis muscles on the human rib cage are not
known. The anatomic arrangement of the transversus abdo-
minis muscle, however, would suggest that, among the
abdominal muscles, this muscle has the smallest insertional,
expiratory action on the ribs and the greatest effect on
abdominal pressure. Isolated contraction of the transversus
abdominis muscle should therefore produce little or no
expiratory rib cage displacement.

RESPIRATORY FUNCTION OF THE ABDOMINAL MUSCLES

Irrespective of their actions on the rib cage, the abdominal
muscles are primarily expiratory muscles through their
action on the diaphragm and the lung, and they play impor-
tant roles in activities such as coughing and speaking.
However, these muscles may also assist inspiration, and the
horse breathing at rest provides a dramatic illustration of
this inspiratory action.66 As shown in Figure 22-9, this ani-
mal displays a biphasic airflow pattern during both expira-
tion and inspiration. The first part of expiration results from
the relaxation of the inspiratory muscles and is, therefore,
essentially passive. As expiration proceeds, however, there is
strong contraction of the abdominal muscles, which deflates
the respiratory system below its relaxation volume and gen-
erates a second peak of expiratory airflow. At the onset of the
subsequent inspiration, the abdominal muscles relax. In so
doing, they promote passive descent of the diaphragm and
induce an increase in lung volume as the respiratory system
returns toward its relaxation volume; this phenomenon
accounts for the first peak of inspiratory airflow. After inspi-
ratory flow diminishes, the inspiratory muscles contract,
producing a second peak of inspiratory flow. Although such
a flow pattern is rather characteristic of the horse, dogs use
a similar strategy of breathing. When anesthetized dogs are
placed in the head-up or the prone posture, relaxation of the
abdominal muscles at end-expiration accounts for up to 
40 to 60% of tidal volume.67,68

Healthy humans do not use such a breathing strategy at
rest. However, phasic expiratory contraction of the abdomi-
nal muscles does occur whenever the demand placed on the
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FIGURE 22-8 Pattern of rib cage motion during mechanical ven-
tilation (left) and during spontaneous breathing (right) in a quad-
riplegic subject with a traumatic transection of the upper cervical
cord (C1). Each panel shows, from top to bottom, the respiratory
changes in anteroposterior (AP) diameter of the lower rib cage, the
changes in AP diameter of the upper rib cage, the changes in trans-
verse diameter of the lower rib cage, and the changes in xiphipubic
distance. Upward deflections correspond to an increase in diameter
or an increase in xiphipubic distance (ie, a cranial displacement of
the sternum); I indicates the duration of inspiration. Note that all
rib cage diameters and the xiphipubic distance increase in phase
during mechanical inflation. During spontaneous inspiration, how-
ever, the xiphipubic distance and the upper rib cage AP diameter
increase more than the lower rib cage AP diameter, and the lower
rib cage transverse diameter decreases.
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inspiratory muscles is increased, such as during exercise or
during the breathing of carbon dioxide-enriched gas mix-
tures. It is noteworthy that, in these conditions, the trans-
versus abdominis muscle is recruited well before activity can
be recorded from either the rectus abdominis muscle or the
external oblique muscle.69,70 In view of the actions of these
muscles, this preferential recruitment of the transversus
abdominis muscle further strengthens the idea that the effect
of the abdominal muscles on abdominal pressure is far more
important in the act of breathing than is their action on the
rib cage.

INFLUENCE OF LUNG VOLUME

Whereas passive inflation causes shortening of the
diaphragm and inspiratory intercostal muscles, it induces
lengthening of the abdominal muscles, particularly the
transversus abdominis and internal oblique muscle. In
supine, anesthetized dogs, these two muscles lengthen by 
15 to 25% during inflation from FRC to TLC, whereas the
rectus abdominus and external oblique muscles lengthen by
only 1 to 3%.71 With passive inflation, therefore, the force

produced by the contracting abdominal muscles increases,
and in dogs and rabbits, the rise in abdominal pressure
obtained during selective, tetanic stimulation of the muscles
at TLC is ~25% greater than the pressure rise obtained for
the same stimulation at FRC.64 A similar observation has
been made during magnetic stimulation of the abdominal
muscles in normal humans and in quadriplegic subjects.72

In addition, passive inflation induces a decrease in the pas-
sive diaphragmatic tension, particularly when the subjects
are in the supine posture. As a result, the rise in abdominal
pressure generated by the abdominal muscles is better trans-
mitted to the pleural cavity, which further enhances the
lung-deflating action of the muscles.64

SUMMARY AND CONCLUSIONS

Although the diaphragm is the main respiratory muscle in
humans, movement of the chest wall during breathing is an
integrated process that involves many muscles. During
spontaneous quiet breathing, the parasternal intercostal
muscles, the external intercostal muscles in the dorsal por-
tion of the upper interspaces, and the scalene muscles con-
tract in a coordinated manner during inspiration to lift the
ribs and expand the upper half of the rib cage. Relaxation of
these muscles at end-inspiration allows the respiratory sys-
tem to return, through its passive elastic properties, to its
neutral (resting) position. During exercise, however, as the
production of carbon dioxide by the locomotor muscles is
augmented, the regulation of chest wall muscle activation
becomes even more complex, involving not only increased
activation of the muscles already active during resting
breathing but also the recruitment of additional muscles 
that augment chest wall expansion (the so-called “acces-
sory” muscles). In addition, exercise hyperpnea is associated
with phasic expiratory contraction of muscles, such as the
transversus abdominis muscle, the triangularis sterni mus-
cle, and the internal interosseous intercostal muscles in the
lower interspaces, that deflate the abdomen and the rib cage
and increase expiratory airflow, so as to bring rhythmically
the respiratory system below its resting volume. Although
these muscles have an expiratory action on the lungs, their
relaxation at end-expiration causes an increase in lung
volume; they therefore reduce the load on the inspiratory
muscles and help them meet the increased ventilatory
requirements.

Breathing is primarily an automatic process, and the
pattern of respiratory muscle activation is to a large extent
“hard-wired” to the central respiratory controller. Thus,
essentially similar adaptations take place when the work of
breathing is increased by disease. When some respiratory
muscle groups are weak or paralyzed, the remaining muscles
have to overcome the entire resistive and elastic load;
the strain imposed on them is consequently greater than
normal. Similarly, when airflow resistance is abnormally
elevated or when dynamic pulmonary and / or chest wall
compliance is abnormally reduced, the inspiratory muscles
have to generate a greater reduction in pleural pressure to
inflate the lungs. The presence of static or dynamic hyperin-
flation places an additional load on these muscles by making
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FIGURE 22-9 Strategy of breathing in the horse. A, Traces of air-
flow (V̇), electromyogram of the diaphragm (Edi), and electromyo-
gram of the abdominal internal oblique muscle (Eabd) versus time.
Note that the onset of inspiratory flow clearly precedes the onset of
Edi and that the onset of expiratory flow precedes the onset of Eabd.
B, The corresponding flow–volume loop, in which the raw Edi sig-
nal has been electrically added to the flow tracing, also shows that
most of the Edi signal is in the second phase of inspiration. C, The
flow–volume loop with the raw Eabd signal electrically added to
the flow tracing further shows that the Eabd signal is confined to the
second phase of expiration. Reproduced with permission from
Koterba AM et al.66
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them operate at shorter than normal lengths and by reduc-
ing their ability to lower pleural pressure. When breathing at
rest, patients with severe obstructive or restrictive pul-
monary impairment will therefore use their muscles in
much the same way as normal subjects do during exercise.
In such patients, however, as in patients with respiratory
muscle paralysis, some of the contracting muscles may have
little or no beneficial effect on the act of breathing.
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