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Mechanics of the Respiratory Muscles
André De Troyer*1 and Aladin M. Boriek2

ABSTRACT:
This article examines the mechanics of the muscles that drive expansion or contraction of the chest
wall during breathing. The diaphragm is the main inspiratory muscle. When its muscle fibers are
activated in isolation, they shorten, the dome of the diaphragm descends, pleural pressure (Ppl)
falls, and abdominal pressure (Pab) rises. As a result, the ventral abdominal wall expands, but a
large fraction of the rib cage contracts. Expansion of the rib cage during inspiration is produced
by the external intercostals in the dorsal portion of the rostral interspaces, the intercartilaginous
portion of the internal intercostals (the so-called parasternal intercostals), and, in humans, the
scalenes. By elevating the ribs and causing an additional fall in Ppl, these muscles not only
help the diaphragm expand the chest wall and the lung, but they also increase the load on the
diaphragm and reduce the shortening of the diaphragmatic muscle fibers. The capacity of the
diaphragm to generate pressure is therefore enhanced. In contrast, during expiratory efforts,
activation of the abdominal muscles produces a rise in Pab that leads to a cranial displacement
of the diaphragm into the pleural cavity and a rise in Ppl. Concomitant activation of the internal
interosseous intercostals in the caudal interspaces and the triangularis sterni during such efforts
contracts the rib cage and helps the abdominal muscles deflate the lung. C© 2011 American
Physiological Society.Compr Physiol 1:1273-1300, 2011.

Introduction
The respiratory muscles are those skeletal muscles that drive
expansion or contraction of the chest wall during breathing
and, thus, pump air in and out of the lungs. Because the me-
chanics of a skeletal muscle is essentially determined by the
anatomy of the muscle and by the structures it displaces when
it contracts, the present article starts with a discussion of the
basic mechanical structure of the chest wall. It next analyzes
the mechanics of each group of muscles. For the sake of clar-
ity, the mechanics of the diaphragm, the intercostal muscles,
the muscles of the neck, and the muscles of the abdominal
wall are analyzed sequentially. However, since all these mus-
cles work together in a coordinated manner during breathing,
the mechanical interactions between them are also examined.
To be sure, many of these muscles are also involved in a vari-
ety of nonrespiratory activities, such as vomiting, defecation,
and trunk motion, but these functions are not covered in this
review.

The Chest Wall
The chest wall can be thought of as consisting of two
compartments—the rib cage and the abdomen—separated
by a thin musculotendinous structure, the diaphragm (99)
(Fig. 1). These two compartments are mechanically arranged
in parallel. Expansion of the lungs, therefore, can be accom-
plished by expansion of either the rib cage or the abdomen or
of both compartments simultaneously.

The displacements of the rib cage during breathing are es-
sentially related to the motion of the ribs. Each rib articulates

at its head with the bodies of its own vertebra and of the verte-
bra above, and at its tubercle with the transverse process of its
own vertebra. The head of the rib is closely connected to the
vertebral bodies by radiate and intra-articular ligaments, such
that only slight gliding movements of the articular surfaces
can occur. 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. Thus the costovertebral and costo-
transverse joints together form a hinge, and the displacements
of the rib during breathing occur primarily through a rotation
around the long axis of its neck, as shown in Figure 2 A. This
axis is oriented laterally, dorsally, and caudally. In addition,
the ribs are curved and slope caudally and ventrally from their
costotransverse articulations, such that their ventral ends, the
costal cartilages, and the junctions of the cartilages with the
sternum are more caudal than their dorsal part (Fig. 2, B
and C). When the ribs are displaced in the cranial direction,
therefore, their ventral ends move laterally and ventrally as
well as cranially, the costal cartilages rotate cranially around
the chondrosternal junctions, and the sternum is displaced
ventrally. As a result, both the lateral and the dorsoventral di-
ameters of the rib cage usually increase (Fig. 2, B and C); the
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Figure 1 Coronal section of the human chest wall at end expiration.
The costal diaphragmatic fibers run mainly cranially from their insertions
on the lower ribs and are directly apposed to the inner aspect of the
lower rib cage (zone of apposition). (Reproduced, with permission, from
De Troyer A, Loring SH. Actions of the respiratory muscles. In: Roussos C,
editor. The Thorax (2nd ed), Vol. 85. New York: Marcel Dekker, 1995,
pp. 535-563).

component of rib rotation that occurs around the transverse
axis is conventionally called the “pump-handle” component,
and the component that occurs around the dorsoventral axis is
conventionally called the “bucket-handle” component. Con-
versely, a caudal displacement of the ribs is usually associated
with a decrease in the lateral and the dorsoventral diameters
of the rib cage. This pattern of rib motion implies that the
muscles that elevate the ribs have an inspiratory effect on
the rib cage, whereas the muscles that lower the ribs have an
expiratory effect.

It is notable, however, that although all the ribs move
predominantly by a rotation around the axis of their neck, the
costovertebral joints of ribs 7 to 10 have less constraint on
their motion than the costovertebral joints of ribs 1 to 6. Also,
whereas the ribs 1 to 6 are connected to the sternum by short
costal cartilages, ribs 8 to 10 have long costal cartilages that
articulate with one another by little synovial cavities. Hence,
the upper ribs tend to move as a unit with the sternum, but the
lower ribs have greater freedom of motion. Both in animals
and in humans, deformations of the rib cage may therefore
occur during contraction of the muscles that insert on it.

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
volume, its contents are virtually incompressible. This implies
that any inward displacement of parts of the surrounding con-
tainer results in an equal outward displacement of other parts.
Furthermore, many of these boundaries, such as the spine
dorsally, the pelvis caudally, and the iliac crests laterally,
are virtually fixed. Consequently, the parts of the abdominal

(A)

(B) (C)

Figure 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 transverse process of the ver-
tebra (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 articulations (solid line and double arrow-
head). (B) and (C) ventral and lateral views, respectively, of the rib at
end expiration (solid lines) and end inspiration (dotted lines). When the
rib becomes more horizontal in inspiration, the transverse (B) and the
anteroposterior (C) diameter of the rib cage increase (small arrows),
and the sternum is displaced ventrally (vertical line in C). (Reproduced,
with permission, from De Troyer A. Respiratory muscle function. In:
Shoemaker WC, Ayres SM, Grenvik A, Holbrook PR, editors. Textbook
of Critical Care. W.B. Saunders, 2000, pp. 1172-1184).

container that can be displaced are largely limited to the ven-
tral abdominal wall and the diaphragm. When the diaphragm
descends (see below), therefore, abdominal pressure (Pab) in-
creases, and the ventral wall of the abdomen is displaced
outward; conversely, when the abdominal muscles contract,
the ventral abdominal wall moves inward, Pab rises, and the
diaphragm is displaced cranially into the thoracic cavity.

The Diaphragm
Functional anatomy
The muscle fibers of the diaphragm radiate from a central
tendinous structure, the “central tendon,” to insert peripher-
ally into skeletal structures. Depending on the nature of these
skeletal structures, the muscle of the diaphragm is conven-
tionally divided into two main components: (i) the crural (or
vertebral) portion that, in humans, inserts on the ventrolateral
aspect of the first three lumbar vertebrae and on the aponeu-
rotic arcuate ligaments; and (ii) the costal portion that inserts
on the xiphoid process of the sternum and the upper margins
of the lower six ribs. When projected on a lateral view of the
thorax, the line of insertion of the diaphragm on the ribs slants
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caudally and dorsally, and the muscle fibers of the costal por-
tion run nearly perpendicular to this line of insertion (11).
From their insertions on the ribs, therefore, the costal muscle
fibers run obliquely in the cranial-dorsal direction. Although
the older literature suggested the possibility of an intercostal
motor innervation of some portions of the diaphragm (145),
it is now clearly established that the only motor supply to
the muscle is through the phrenic nerves. Thus, both in hu-
mans and in the dog, each phrenic nerve supplies its own
hemidiaphragm, including all the fibers in the crural portion
on its own side of the esophageal hiatus (13, 102), and when a
phrenic nerve is sectioned, the corresponding hemidiaphragm
is paralyzed and undergoes atrophy (13, 94, 153).

Because the muscle fibers of the costal diaphragm run in
the cranial-dorsal direction from their insertions on the ribs,
they are directly apposed to the inner aspect of the lower rib
cage and constitute the so-called “zone of apposition” of the
diaphragm to the rib cage, as shown in Figure 1 (129). In
humans at FRC (functional residual capacity), this zone of
apposition represents approximately 25% to 40% of the total
surface area of the rib cage (130) and approximately 60% to
65% of the total surface area of the muscle (82, 139). The
result of this anatomic arrangement is that the diaphragm is
usually regarded as an elliptical cylindroid capped by a dome,
the cylindrical part corresponding to the zone of apposition
and the dome being primarily made of the central tendon.

As the muscle fibers of the diaphragm are activated dur-
ing inspiration, they develop tension and shorten. As a result,
the axial length of the apposed diaphragm diminishes and the
dome of the diaphragm descends relative to its costal inser-
tions. The central tendon is very stiff and effectively inexten-
sible (93), so the dome of the diaphragm remains essentially
constant in size as it descends. A remarkable feature of the
diaphragm, however, is that the shape of the muscular por-
tion is also relatively constant, independent of the differences
in muscle tension that may occur. Specifically, using biplane
fluoroscopy to measure the curvatures of the mid-costal di-
aphragm in supine dogs, Boriek et al. (9) showed that the
curvatures both in the direction of the muscle fibers and in the
direction perpendicular to the muscle fibers at end-inspiration
were similar to those at the relaxed FRC and to those after
passive inflation as well. The curvature of the muscle was
also nearly constant after the animals were shifted from the
supine to the prone posture. The mechanism that allows the
diaphragm to maintain such a stable shape remains uncer-
tain, but a finite element model analysis has suggested that
the inextensibility of the central tendon and the anisotropy of
the muscular portion play a major role in this phenomenon
(10). Indeed, stretch experiments of canine diaphragm strips
in vitro have shown that the stiffness of the muscle in the di-
rection transverse to the muscle fibers is substantially greater
than that along the muscle fibers (8, 93). It should be pointed
out, however, that, although the muscle is stiffer in the direc-
tion transverse to the muscle fibers, this stiffness is not high
enough to account for the observation that during diaphrag-
matic contraction, strain in the transverse direction is very

small. Based on this observation, one can therefore infer that
during contraction, stress is small in the direction transverse
to the muscle fibers and significant only along the muscle
fibers (7, 8).

Respiratory action of the diaphragm
During breathing, therefore, the diaphragm functions essen-
tially like a piston, and the descent of the dome produces both
an expansion of the pleural cavity along its craniocaudal axis
and a caudal displacement of the abdominal viscera leading
to an outward motion of the ventral abdominal wall. Conse-
quently, intrapleural pressure (Ppl) falls and, if the airway is
open, lung volume increases. Moreover, Pab rises, and at equi-
librium, the force generated by the active diaphragm balances
the difference between Pab and Ppl, that is, transdiaphragmatic
pressure (Pdi).

In addition, measurements of thoracoabdominal motion
in subjects with complete, traumatic transection of the lower
cervical cord, in whom the diaphragm is the only muscle ac-
tive during resting inspiration, have shown that in humans,
the diaphragm contracting alone also displaces the rib cage.
Thus, when such subjects are breathing at rest in the seated
posture, they have an inspiratory decrease in the anteroposte-
rior diameter of the upper rib cage together with an increase
in the diameters, particularly the transverse diameter, of the
lower rib cage (69, 133). Measurements of thoracoabdominal
motion during phrenic nerve pacing in subjects with tran-
section of the upper cervical cord have confirmed that the
isolated diaphragm in humans has an expiratory action on the
upper rib cage and an inspiratory action on the lower rib cage
(22, 154).

Mechanisms of action of the diaphragm
on the rib cage

The inspiratory action of the diaphragm on the lower rib cage
is, in part, related to the insertions of the muscle on the lower
ribs. Thus, because the muscle fibers run mainly cranially
from their insertions on the lower ribs, they exert a cranially
oriented force on these ribs when they contract. This force,
conventionally referred to as the “insertional force,” has there-
fore the effect of lifting the lower ribs and rotating them
outward (60, 120). Moreover, the existence of a zone of ap-
position of the diaphragm to the rib cage (Fig. 1) makes the
lower rib cage, in effect, part of the abdominal container,
and measurements in dogs have shown that, during resting
breathing, the changes in pressure in the pleural recess be-
tween the apposed diaphragm and the rib cage are nearly
equal to the changes in Pab (157). Pressure in this pleural re-
cess rises, rather than falls, during inspiration, thus indicating
that the rise in Pab is truly transmitted through the apposed
diaphragm to expand the lower rib cage. The force thus de-
veloped by the diaphragm on the lower rib cage through the
rise in Pab has been called the “appositional” force (60, 120),
and its magnitude depends, in part, on the size of the zone of
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apposition. Both in humans (69, 82) and in the dog (11), the
area of apposed diaphragm at the lateral rib cage is greater
than that at the ventral rib cage, and this probably accounts for
the fact that isolated contraction of the diaphragm in humans
expands the lower rib cage more along its transverse than its
anteroposterior diameter (69).

The respective roles played by the insertional and appo-
sitional forces in determining the inspiratory action of the
diaphragm on the lower rib cage have not been assessed. It
should be appreciated, however, that these forces are largely
determined by the elastance of the abdomen. If abdominal
elastance is increased (i.e., if abdominal compliance is de-
creased), the descent of the dome of the diaphragm in re-
sponse to a given muscle activation is smaller, the zone of
apposition at end-inspiration is larger, and the rise in Pab is
greater. Therefore, the appositional and insertional forces are
increased. A dramatic illustration of this phenomenon is pro-
vided by quadriplegic subjects given an external abdominal
compression; in such subjects, when a passive mechanical
support to the abdomen is provided by a pneumatic cuff or
an elastic binder, the expansion of the lower rib cage dur-
ing inspiration is larger (22, 154). Conversely, if abdominal
elastance is reduced (i.e., if the abdomen is more compliant),
the dome of the diaphragm descends more easily, the zone of
apposition at end-inspiration is smaller, and the rise in Pab is
also smaller. Consequently, the inspiratory expansion of the
lower rib cage is decreased. Such a decrease in abdominal
elastance occurs when humans change from the seated to the
supine posture (71, 149), and indeed, whereas the contracting
diaphragm in seated quadriplegic subjects causes an increase
in the anteroposterior diameter of the lower rib cage, in the
supine posture, it produces a decrease in this diameter (22,
69, 154); in such subjects, the increase in the transverse di-
ameter of the lower rib cage during inspiration is also less in
the supine than in the seated posture (69).

On the other hand, isolated contraction of the diaphragm in
quadriplegic subjects causes a decrease in the anteroposterior
diameter of the upper rib cage in all body positions. Simi-
larly, when the diaphragm in anesthetized dogs and rabbits is
activated selectively by electrical stimulation of the phrenic
nerves, the upper ribs move caudally and the transverse diam-
eter of the upper rib cage decreases. When the stimulation of
the phrenic nerves is then repeated after bilateral pneumotho-
races have been introduced so as to uncouple the rib cage from
the lung and eliminate the fall in Ppl, however, the upper ribs
remain stationary and the transverse diameter of the upper rib
cage is unaltered (26, 50). These observations indicate that
the effect on the upper ribs of the insertional and appositional
forces developed by the diaphragm is relatively small and that
the action of the muscle on these ribs is primarily the result
of the fall in Ppl.

Response to phrenic nerve stimulation

Whereas the respiratory action of the diaphragm in humans
has been primarily inferred from observations obtained dur-

ing breathing in subjects with quadriplegia, studies of the
action of the muscle in animals have been performed using
isolated supramaximal stimulation of the phrenic nerves. This
technique is useful to study the mechanics of the diaphragm,
because it produces a constant, well-defined level of muscle
activation and avoids simultaneous contraction of other mus-
cles. Therefore, it allows accurate assessments of the relation-
ships among muscle length, muscle displacement, �Ppl, and
�Pab to be made. It also allows for the precise evaluation of
the response of the diaphragm to different conditions, such as
lung inflation and ascites (see below). Isolated stimulation of
the phrenic nerves, however, produces extreme shortening of
the muscle fibers and marked distortion of the rib cage. Specif-
ically, in anesthetized dogs, whereas the diaphragm shortens
by 5% to 10% of its resting, end-expiratory length during quiet
inspiration (12, 68, 134, 151), during isolated supramaximal
phrenic nerve stimulation at FRC, the muscle shortens by ap-
proximately 40% (6, 51, 68, 89). In this condition, therefore,
the zone of apposition decreases markedly, so that most of the
lower rib cage becomes exposed to the expiratory effect of
Ppl, rather than the inspiratory effect of Pab. As a result, the
lowermost ribs also move caudally, rather than cranially (51).

As Leduc et al. (104) have pointed out, however, the
change in length of the costal portion of the diaphragm in
a given maneuver is, as a first approximation, proportional to
the relative displacement of the dome and the muscle inser-
tions into the lower ribs. It would be expected, therefore, that a
given diaphragm shortening would produce a larger descent of
the dome if the muscle insertions into the ribs move caudally
than it would if these insertions did not move. Using com-
puted tomography, De Troyer et al. (51) recently measured
diaphragm length and displacement in dogs to evaluate the
role played by the caudal motion of the lower ribs in produc-
ing the descent of the dome of the diaphragm during isolated,
supramaximal phrenic stimulation, and they concluded that in
this condition, the caudal motion of the lower ribs contributes
nearly a quarter of the descent of the dome. In addition, based
on the fact that the descent of the dome is the primary cause
of �Ppl during isolated diaphragm contraction, these investi-
gators further speculated that the caudal motion of the lower
ribs, taken alone, would make a significant contribution to
the total �Ppl generated by the diaphragm. This hypothesis,
however, remains to be validated.

Effect of lung inflation
It has long been recognized that, when the airways in dogs (97,
124, 132), cats (72, 124, 137), and rabbits (146) are occluded
and the diaphragm is selectively activated by stimulation of
the phrenic nerves, the �Ppl or �Pao that occurs during stim-
ulation is closely dependent on the lung volume before stim-
ulation. Data obtained in a recent study in six dogs (51) are
shown in Figure 3. When phrenic nerve stimulation was per-
formed at FRC, �Pao was −34.8 ± 2.8 cmH2O. However, this
pressure change decreased rapidly and continuously as lung
volume increased, such that, when phrenic nerve stimulation
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Figure 3 Mean ± SE changes in airway opening pressure (�Pao) and
abdominal pressure (�Pab) obtained from six dogs during isolated, bi-
lateral stimulation of the phrenic nerves at five different lung volumes
from FRC (transrespiratory pressure = 0 cmH2O) to TLC (transrespi-
ratory pressure = 30 cmH2O). All stimulations were performed while
the endotracheal tube was occluded. The capacity of the diaphragm to
generate pressure, in particular pleural pressure, decreases markedly
with increasing lung volume. (Reproduced, with permission, from
ref. 51).

was performed at TLC (total lung capacity) (transrespiratory
pressure = 30 cmH2O), it was only −3.0 ± 0.4 cmH2O. The
rise in Pab during stimulation also decreased progressively
as lung volume increased from FRC (13.8 ± 1.6 cmH2O) to
TLC (2.3 ± 0.4 cmH2O). A similar decline in �Ppl with in-
creasing lung volume has been reported by Danon et al. (22)
in three subjects with transection of the upper cervical cord
and phrenic nerve pacing, and by Smith and Bellemare (150)
in six healthy individuals during stimulation of the phrenic
nerves with single twitches. Thus, both in animals and in hu-
mans, the capacity of the diaphragm to generate pressure, in
particular Ppl, decreases with increasing lung volume and is
almost zero at TLC. The primary cause of this lung volume
dependence lies in the relation between the contractile force
developed by the muscle and its length.

Force-length relationship of the diaphragm

As reviewed in detail in the previous article of this Handbook
(Reid & Sieck) in Comprehensive Physiology, the force devel-
oped by a skeletal muscle bundle during isometric contraction
in vitro varies with the length of the muscle. Specifically, as
the length of the muscle during contraction increases, active
force increases until a maximum is reached. The length cor-

responding to the maximum active force is usually referred
to as the optimal length (Lo), and when muscle length in-
creases beyond Lo, active force decreases again. McCully and
Faulkner (126) studied the force-length relationship in ex-
cised diaphragmatic muscle bundles from five animal species
(rats, cats, dogs, pigs, and monkeys), and they demonstrated
that the relationship for the diaphragm is essentially similar
to that for limb muscles.

To assess the force-length relationship for the diaphragm
in vivo, Road et al. (142) measured diaphragm muscle length
(by sonomicrometry) and Pab in supine dogs while supra-
maximal stimuli were delivered to the phrenic nerves in the
thorax. As the animals had bilateral pneumothoraces, Ppl was
zero and �Pab reflected muscle force. Also, the abdomen and
lower rib cage in the preparation were enclosed in a cast, and
diaphragm length was controlled by a piston that penetrated
the cast. As is shown in Figure 4, the relationship between Pdi

and muscle length in these animals (dashed line) was similar
to the force-length curve obtained for diaphragmatic mus-
cle bundles in vitro (75, 126). Thus Pdi was greatest when
muscle length during stimulation was near the relaxed FRC
length (LFRC), and it decreased progressively as muscle length
decreased such that it was approximately zero when muscle
length was approximately 40% of LFRC. Road et al. (142) con-
cluded, therefore, that in supine dogs, the relaxed diaphragm
at FRC is close to Lo; several studies comparing diaphragm
muscle length in supine dogs with Lo measured in vitro have
amply confirmed this conclusion (75, 76, 122). In addition,
Road et al. (142) also concluded that Pdi is primarily or ex-
clusively determined by the length of the diaphragm during
contraction, thus suggesting that the adverse effect of lung
inflation on Pdi would be the result of the decrease in active
muscle length.

The role of diaphragm muscle length in determining the
lung-volume dependence of Pdi was subsequently examined
by Hubmayr et al. (89) and De Troyer et al. (51). Using
biplane fluoroscopy or computed tomography, these inves-
tigators measured diaphragm muscle length in dogs while
the phrenic nerves were stimulated in the neck at different
lung volumes. In contrast to Road et al. (142), the pleural
space in these animals was left intact (so Pdi = Pab − Ppl).
In addition, and more importantly, the abdomen and rib cage
were not constrained, so that the diaphragm was allowed to
shorten substantially during phrenic nerve stimulation. The
two studies reported essentially similar results. In the study
by De Troyer et al. (51) for example, during stimulation at
FRC, the muscle shortened to 60% of LFRC, and Pdi was, on
average, 54.5 ± 3.7 cmH2O. As shown in Figure 4, there-
fore, the data point corresponding to FRC was very close to
the curve obtained by Road et al. (142). As lung volume in-
creased from FRC, however, Pdi during stimulation decreased
markedly, but diaphragm muscle length decreased only mod-
erately; at TLC, Pdi was 5.3 ± 0.8 cmH2O while muscle
length was 51% of LFRC. Consequently, the data points cor-
responding to higher lung volumes lay well below the curve
obtained by Road et al. (142) (Fig. 4). In other words, during
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Figure 4 Relationship between transdiaphragmatic pressure (Pdi) and diaphragm
muscle length during isolated, supramaximal phrenic nerve stimulation at different lung
volumes. The dashed line in the main panel is the aggregate relationship obtained for
the costal and crural portions of the canine diaphragm in vivo by Road et al. (136), and
the closed circles are the mean ± SE values obtained from six dogs (same animals as
in Figure 3) during phrenic nerve stimulation at increasing lung volumes from FRC (top
circle) to TLC (bottom circle). Muscle length was measured by computed tomography
and is expressed as a percentage of muscle length during relaxation at FRC (LFRC).
Note that the data point obtained at FRC is close to the length-tension relationship of
Road et al., but the data points obtained at high lung volumes lay well below the curve.
Data in the inset are the mean values obtained before (closed circles) and after (open
circle; bars, ± SE) bilateral pneumothorax in a subset of four animals. (Redrawn, with
permission, from ref. 63).

isolated phrenic nerve stimulation at high lung volumes, Pdi

was smaller than anticipated on the basis of muscle length
alone.

Because the abdominal contents are incompressible, the
changes in Pab during slow breathing maneuvers and expul-
sive efforts are essentially uniform throughout the abdominal
cavity (131). On the other hand, measurements of pleural sur-
face pressure in dogs have shown that significant topographic
differences in �Ppl may occur during breathing depending
on the pattern of respiratory muscle contraction (27). Specif-
ically, after the phrenic nerves in the animals were sectioned,
so that breathing was entirely accomplished by the inspira-
tory intercostal muscles, the values of �Ppl over the apex
of the lung were larger than those over the lung base. Con-
versely, during isolated stimulation of the phrenic nerves, the
values of �Ppl over the base of the lung were larger. To the
extent that the values of �Ppl reported by Hubmayr et al.
(89) and De Troyer et al. (51) were obtained, respectively,
with a balloon-catheter system placed in the esophagus and
a catheter connected to the endotracheal tube, the possibility
therefore had to be considered that these values were smaller
than the pressure changes over the lung-apposed surface of
the diaphragm, and, hence, that the values of Pdi in these stud-
ies underestimated the actual pressure differences across the
diaphragm.

This possibility was tested experimentally in four of the
six dogs reported in Figures 3 and 4. Thus, after the phrenic
nerves were stimulated at different lung volumes, bilateral
pneumothoraces were performed so as to abolish the topo-
graphic differences in �Ppl, and stimulation of the phrenic
nerves was repeated (unpublished observations). The results
of this experiment are shown in the inset of Figure 4. Mus-
cle length during phrenic stimulation after pneumothorax was
52.8% of LFRC, and Pdi was 14.2 cmH2O. As a result, the data
point (open circle) was very close to that obtained in the intact
animals after passive lung inflation to a transrespiratory pres-
sure of +21 cmH2O, that is, it remained well below the curve
obtained by Road et al. (142). It follows from this observation
that in supine dogs, a factor other than muscle length operates
to reduce Pdi during phrenic stimulation at high lung volumes.

The diaphragm is sufficiently thin so that it can be re-
garded as a membrane, and the pressure difference across a
membrane is proportional both to the membrane stress and
to the curvature (Laplace’s law). In an attempt to explain the
marked decrease in Pdi during isolated phrenic nerve stim-
ulation at high lung volumes, Boriek et al. (6, 12) therefore
measured both the changes in length and the changes in curva-
ture of the canine diaphragm during spontaneous inspiratory
efforts and during isolated phrenic nerve stimulation at differ-
ent lung volumes. When the animals performed spontaneous
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inspiratory efforts at lung volumes between FRC and TLC,
muscle length decreased to 85% to 60% of LFRC, and the
radius of muscle curvature remained nearly constant. How-
ever, when the phrenic nerves were stimulated, muscle length
decreased further to 50% to 60% of LFRC, and the radius of
diaphragm curvature increased sharply (6). In agreement with
this finding, De Troyer and Wilson (63) observed that as di-
aphragm muscle length during phrenic stimulation decreased
from 60% LFRC at FRC to 51% LFRC at TLC (Fig. 4), the radius
of curvature of the mid-costal diaphragm increased by a fac-
tor of two. Thus, with isolated maximal diaphragm activation
in the intact animal, the curvature of the muscle decreases as
muscle length decreases, and this decrease in curvature adds
to the decrease in muscle length to reduce Pdi at high lung
volumes.

The question arises, therefore, as to what causes di-
aphragm muscle length to be smaller during maximal acti-
vation at TLC than during maximal activation at FRC. The
answer to the question lies in the difference in the load im-
posed on the muscle by the lung and chest wall. Thus, as
we have previously pointed out, when the diaphragm is acti-
vated, the muscle fibers shortens, the dome of the diaphragm
descends, Ppl decreases, and Pab increases, and at equilibrium,
the Pdi generated by the muscle balances the load imposed by
Ppl and Pab. The interplay between the pressure generated by
the muscle, the load applied to the muscle, and muscle length
can be illustrated by using the diagram shown in Figure 5
(63, 162).

Graphical representation of diaphragm action

The continuous lines in this diagram are the Pdi-length rela-
tionships obtained for the maximally active and the passive
diaphragm in supine dogs: muscle length is expressed as a
fraction of Lo (or LFRC), and Pdi is expressed as a fraction of
the value during maximal activation at Lo (maximal value). As
we discussed earlier, Pdi during supramaximal phrenic nerve
stimulation decreases gradually as muscle length decreases
from LFRC to 60% of LFRC, and it then decreases more rapidly
as muscle length decreases further to approximately 50% of
LFRC. Also, measurements of diaphragm muscle length (51,
152, 158) and Pdi (48, 89, 137, 142) have established that,
during relaxation in supine dogs and cats, the action of grav-
ity on the abdominal visceral mass induces stretching of the
diaphragm and, therefore, elicits a significant amount of pas-
sive tension (and Pdi) in the muscle at FRC. During passive
inflation, however, the rise in Ppl reduces the load on the di-
aphragm. As a result, the dome of the diaphragm descends,
muscle length decreases, and passive tension decreases as
well. Passive Pdi, in fact, is essentially eliminated at a muscle
length corresponding to approximately 70% of LFRC.

The dashed lines in Figure 5 represent the load imposed
on the diaphragm by Pdi as a function of diaphragm length at
FRC and at TLC, and they are drawn so that the load line at
each lung volume intersects the maximally active Pdi-length
curve at the observed values of muscle length and Pdi. At FRC,
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Figure 5 Graphical representation of the effect of inflation on the
pressure developed by the diaphragm. The continuous lines are the
Pdi-length relationships for the maximally active and the passive di-
aphragm, and the dashed lines are the load lines describing the load
imposed by the lung and chest wall on the diaphragm during iso-
lated contraction at FRC and during isolated contraction at TLC. Pdi
is expressed as a fraction of the maximal value, and muscle length is
expressed as a fraction of optimal length (Lo). The pressure developed
by the diaphragm during phrenic nerve stimulation at a given lung
volume is given by the intersection (closed circle) of the load line with
the maximally active Pdi-length curve. (Reproduced, with permission,
from ref. 63).

the relaxed diaphragm is close to Lo, and when the muscle is
maximally activated against an occluded airway, it shortens to
approximately 60% of Lo so that Pdi is approximately 0.40 of
its maximal value. With passive inflation from FRC to TLC,
however, the decrease in the load on the relaxed diaphragm
causes the muscle to shorten to approximately 70% of LFRC

(51, 75, 134, 152, 158). In addition, it is well established
that the elastance of the rib cage in dogs is larger at low
lung volumes and decreases as lung volume increases (26,
37). Therefore, compared with the load line at FRC, the load
line for TLC is displaced downward and is not as steep. As a
result, when the phrenic nerves are stimulated at TLC, muscle
length at equilibrium is approximately 51% of Lo, and Pdi is
only 0.04 of the maximal value. The diagram also shows that
the amount of muscle shortening during maximal activation
at TLC (∼ 16% Lo) is much smaller than that at FRC (∼40%
Lo), and thus the magnitude of the descent of the dome and
the magnitude of �Pao are also smaller.

As previously pointed out, however, isolated maximal di-
aphragm activation causes extreme shortening of the muscle
fibers and marked distortion of the chest wall. During spon-
taneous inspiratory efforts, in fact, the diaphragm is never
maximally activated (86) and always contracts in a coordi-
nated manner with the intercostal muscles (30, 38, 47). As
a result, the degree of diaphragm shortening is smaller, and

Volume 1, July 2011 1279



P1: OTA/XYZ P2: ABC
JWBT335-c100009 JWBT335/Comprehensive Physiology February 9, 2012 19:35 Printer Name: Yet to Come

Mechanics of the Respiratory Muscles Comprehensive Physiology

measurements in dogs have shown that during such sponta-
neous efforts, the radius of muscle curvature remains constant
(6, 12). Studies of diaphragm silhouette in normal humans us-
ing chest radiographs (127, 138), magnetic resonance imaging
(82), and computed tomography (139) have also shown that
maximal inspiration from FRC to TLC causes little or no
change in diaphragm curvature in the coronal plane. There-
fore, even though maximal inspiration to TLC produces a
decrease in curvature of the human diaphragm in the sagittal
plane (82), it appears that Pdi during spontaneous inspiratory
efforts is primarily or exclusively determined by active muscle
length (82, 150).

Effect of ascites
Accumulation of liquid in the peritoneal cavity commonly oc-
curs as a complicating feature of many diseases of the liver and
peritoneum, and studies in dogs have shown that this setting,
when produced acutely, has a marked influence on diaphragm
mechanics (89, 104, 106). Thus, as the amount of liquid
in the cavity gradually increases, Pab at end-expiration rises,
the diaphragm moves cranially, and the ventrolateral wall of
the abdomen expands outward. The relaxed diaphragm and
abdominal muscles, therefore, lengthen and develop greater
passive tension (104, 107), so that the elastance of the abdom-
inal compartment progressively increases (106). In contrast
to lung inflation, therefore, the load imposed by the chest wall
on the diaphragm is greater, and the load line for the muscle
is both displaced upward and more steep, as shown in the
diagram (analogous to Fig. 5) given in Figure 6. As a result,
the muscle during phrenic nerve stimulation is longer and
develops greater force. Specifically, after a moderate amount
(100 ml per kg of body weight) of liquid was introduced into
the abdominal cavity in supine dogs, the relaxed diaphragm
was lengthened to approximately 107% of Lo, and the muscle
during maximal, isolated activation shortened to only approx-
imately 70% of Lo (104). Consequently, whereas Pdi in the
control condition was 0.40 of the maximal value, in moderate
ascites, it was 0.53 of the maximal value (closed triangle in
Fig. 6). It is worth pointing out, however, that, because the
amount of diaphragm shortening in ascites is reduced, the de-
scent of the dome is smaller and �Ppl is also smaller. Thus
the increase in muscle force translates into a greater �Pab,
but the lung-expanding action of the diaphragm is impaired.

As ascites becomes more severe, the load line for the
diaphragm is further displaced upward and steepened, and
indeed when the amount of liquid in the dogs was increased
to 200 ml per kg of body weight, muscle length during phrenic
nerve stimulation was increased to approximately 80% of Lo.
It would be expected, therefore, that the force generated by the
muscle would be increased to 0.72 of the maximal value (open
square in Fig. 6). However, severe ascites also causes a marked
expansion of the lower rib cage and induces an increase in the
radius of diaphragm curvature (104). As a result, as occurs
during lung inflation, Pdi during phrenic nerve stimulation
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Figure 6 Graphical analysis of the pressure generated by the di-
aphragm in the presence of ascites. The continuous lines describing
the Pdi-length relationships for the maximally active and the passive di-
aphragm, and the dashed line describing the load line for the isolated
diaphragm in the control condition are the same as those in Figure
5. The thin solid lines are the two load lines for the diaphragm in the
presence of moderate and severe ascites. With moderate ascites, the
relaxed diaphragm lengthens and the elastance of the abdomen in-
creases, so that the load line is displaced upward and is more steep. As
a result, the diaphragm during phrenic nerve stimulation shortens less
and generates a larger pressure (closed triangle). With severe ascites,
the load line is further displaced upward and still more steep, but the
radius of diaphragm curvature during phrenic stimulation increases.
Consequently, the active diaphragm is even longer, but the pressure
generated (closed square) is smaller than anticipated on the basis of
muscle length alone (open square).

is smaller than anticipated on the basis of muscle length. In
fact, Pdi in severe ascites was only 0.51 of the maximal value
(closed square in Fig. 6), and the lung-expanding action of
the diaphragm was severely impaired (104, 106).

Interaction between the left and right
hemidiaphragms
Although each phrenic nerve in humans supplies its own
hemidiaphragm, the �Pdi obtained during simultaneous stim-
ulation of the left and right phrenic nerves with single twitches
in healthy individuals is greater than the sum of the �Pdi’s ob-
tained during their separate stimulation (4). Similarly, when
the two phrenic nerves in dogs are stimulated simultaneously
at FRC with a frequency of 10 Hz, �Pao is 10% greater than
the sum of the �Pao values produced by their separate stimula-
tion (37). Moreover, as the frequency of stimulation increases,
the �Pao during simultaneous left and right stimulation in-
creases progressively relative to the sum of the �Pao produced
by their separate stimulation, so that it is approximately 40%

1280 Volume 1, July 2011



P1: OTA/XYZ P2: ABC
JWBT335-c100009 JWBT335/Comprehensive Physiology February 9, 2012 19:35 Printer Name: Yet to Come

Comprehensive Physiology Mechanics of the Respiratory Muscles

greater than the sum for a stimulation frequency of 30 to
50 Hz (37, 132). Thus the left and right hemidiaphragms have
a synergistic interaction, and this implies that the pressure
loss induced by a hemidiaphragmatic paralysis is greater than
half of the pressure generated by the entire diaphragm. The
frequency dependence of the synergism further implies that
this additional pressure loss should be particularly prominent
when respiratory neural drive is increased, such as during
exercise.

Radiographic measurements of the changes in length of
the canine diaphragm showed that the active muscle fibers
shorten markedly during both unilateral and bilateral phrenic
nerve stimulation, but that they tend to shorten less dur-
ing bilateral stimulation (37). Consequently, the diaphragm
would develop greater force during bilateral than during uni-
lateral contraction. Furthermore, and more importantly, the
configuration of the diaphragm during unilateral stimulation
is very different from that during bilateral stimulation, as
shown in Figure 7. That is, during unilateral stimulation, the
active hemidiaphragm shortens and moves caudally, while the
contralateral, inactive hemidiaphragm is stretched and pulled
in both the medial and the caudal direction. The contralateral
hemidiaphragm, therefore, develops greater passive tension,
and this tension, being transmitted through the central tendon,

Bilateral 
stimulation

Right
stimulation

Relaxation

Figure 7 Contours of the diaphragm seen on anteroposterior radio-
graphs in a dog during relaxation at FRC, during isolated tetanic stim-
ulation of the right phrenic nerve (dashed line), and during combined
stimulation of the left and right phrenic nerves. Stimulation frequency =
50 Hz. The two short bars on each contour correspond to the junctions
of the muscle fibers with the central tendon and show the lateral shift
of the tendon (and the mediastinum) during unilateral phrenic nerve
stimulation. The surface area (volume) swept by the diaphragm dur-
ing simultaneous contraction of the right and left hemidiaphragms is
more than twice that swept when the right hemidiaphragm contracts in
isolation.

impedes the shortening of the contracting muscle fibers. As
a result, the caudal displacement of the contracting hemidi-
aphragm is reduced, and the volume swept by the diaphragm
is less than half that swept when the two hemidiaphragms
contract simultaneously (37).

Role of the mediastinum in the mechanics of
the diaphragm
Because isolated activation of a hemidiaphragm in the dog
induces a caudal displacement of the contralateral, inactive
hemidiaphragm and a lateral shift of the mediastinum toward
the active side (Fig. 7) (37), it would be expected that stimula-
tion of one phrenic nerve would produce a fall in Ppl both over
the lung apposed to the active hemidiaphragm and over the
lung apposed to the inactive hemidiaphragm. To compare the
pressure changes occurring over the individual lungs in this
condition, two endotracheal tubes were inserted in the right
and left main stem bronchi and occluded at end-expiration,
and the mean �Ppl’s over the two lungs were assessed by mea-
suring the �Pao’s in the two tubes (34). When the right or the
left phrenic nerve was stimulated, �Pao on the inactive side
was 0.65 times the �Pao on the active side. However, when the
diaphragm was inactive and inspiration was accomplished by
the inspiratory intercostal muscles in one hemithorax, �Pao

on the inactive side was, on average, 0.92 times the �Pao

on the active side. On the basis of these observations, it was
therefore concluded that the descent of the diaphragm during
isolated contraction causes stretching and stiffening of the
mediastinum so that the pressure transmission from the ipsi-
lateral to the contralateral pleural cavity is reduced (34). This
would imply that the mediastinum exerts a cranially oriented
force on the diaphragm; if significant, this force might even
prevent the diaphragm from descending excessively during
contraction.

Two experiments were performed in an attempt to evalu-
ate the role played by the mediastinum in the mechanics of
the canine diaphragm (36). In the first experiment, the medi-
astinum, including the pericardium, was extensively severed,
and �Pao was measured while the phrenic nerves in the neck
were stimulated at different lung volumes between FRC and
TLC; diaphragm muscle length in this study was also mea-
sured by computed tomography. The �Pao values and the
changes in diaphragm length obtained in these animals were
no different from those obtained in animals with an intact
mediastinum. The decrease in �Pao with increasing lung vol-
ume was also unaltered. In the second experiment, loads were
applied in the caudal direction to the central tendon to estab-
lish the force-displacement relationship of the mediastinum,
including the attachments of the large vessels and the esoph-
agus to the diaphragm. The results indicated that the canine
mediastinum operates on the most compliant part of its force-
displacement relationship and that the force it exerts on the
diaphragm is small compared with the force developed by the
muscle during contraction, except at high lung volumes. Thus
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these two experiments collectively lead to the conclusion that,
although the mediastinum in the dog is able to sustain signif-
icant transmural pressure, it has only a limited influence on
the mechanics of the diaphragm.

The extent to which this conclusion also applies to humans
is uncertain. It is noteworthy, however, that the ventral part of
the mediastinum in humans is considerably thicker than that
in the dog. In addition, the central tendon in humans is more
firmly attached to the mediastinal structures, in particular the
pericardium, than in the dog. It would be reasonable to specu-
late, therefore, that the mediastinum in humans is stiffer than
that in the dog and, thus, that it might impact on the mechanics
of diaphragm.

The Intercostal Muscles
Functional anatomy
The intercostal muscles form two thin layers that span each
of the intercostal spaces. The outer layer, the external inter-
costals, extends from the tubercles of the ribs dorsally to the
costochondral junctions ventrally. The fibers of this layer are
oriented obliquely, in the caudal-ventral direction, from the
rib above to the rib below. In contrast, the inner layer, the in-
ternal intercostals, extends from the chondrosternal junctions
to near the tubercles of the ribs, and its fibers run in the caudal-
dorsal direction from the rib above to the rib below. Thus, the
intercostal spaces contain two layers of intercostal muscle in
their lateral portion but a single layer in their ventral portion
and sometimes in their dorsal portion as well. Dorsally, in
the immediate vicinity of the vertebrae, there may be a small
space without internal intercostal muscle fibers. The exter-
nal intercostal muscle in this area, however, is duplicated in
each interspace by the levator costae, a thin, triangular-shaped
muscle that originates from the tip of the transverse process
of the vertebra and fans out laterally to insert onto the cau-
dal rib. Ventrally, between the sternum and the chondrocostal
junctions, the external intercostals are replaced by a fibrous
aponeurosis, the anterior intercostal membrane, and the only
muscle fibers are those of the internal intercostals. The in-
ternal intercostals in this region are distinguished from the
interosseous intercostals by both their location and their func-
tion (see below) and are conventionally called the “parasternal
intercostals.”

Although the external intercostal muscle does not extend
to the ventral region of the rib cage, the parasternal intercostals
are covered on their inner surface by a thin muscle called
the triangularis sterni or transversus thoracis. This muscle is
not usually considered among the intercostal muscles, yet its
fibers run cranially and laterally from the dorsal aspect of the
caudal half of the sternum to the inner surface of the costal car-
tilages of the third to seventh ribs. These fibers, therefore, are
oriented nearly perpendicular to those of the parasternal inter-
costals and parallel to the external intercostals. All intercostal

muscles, including the triangularis sterni, are innervated by
the intercostal nerves.

Actions of intercostal muscles
The theory of Hamberger

The actions of the intercostal muscles have been the subject of
many diverging theories throughout medical history. Because
these theories did not have solid experimental evidence, they
will not be examined here. However, even though it was not
validated, the theory of Hamberger (85) deserves a special
mention because it has provided the basis for conventional
thinking of intercostal muscle action for a long time.

This theory is based on an analysis of the model of the
ribs and intercostal muscles shown in Figure 8. When an
intercostal muscle in one interspace contracts, it pulls the
upper rib down and the lower rib up. However, the fibers of
the external intercostal slope in the caudal-ventral direction
from the rib above to the rib below (Fig. 8A). Therefore,
their lower insertion is further from the axis of rotation of
the ribs (i.e., the costovertebral articulations) than their upper
insertion. Consequently, when these fibers contract, exerting
equal and opposite forces at the two insertions, the torque
acting on the lower rib, which tends to raise it, is greater than
that acting on the upper rib, which tends to lower it. The net

Figure 8 Diagram illustrating the actions of the intercostal muscles,
as proposed by Hamberger (85). The two bars oriented obliquely in
each panel represent two adjacent ribs. The external and internal (in-
terosseous) intercostal muscles are depicted as single bundles, and
the torques acting on the ribs during contraction of these muscles are
represented by arrows. When the external intercostal contracts (A), the
torque acting on the lower rib is greater than that acting on the up-
per rib; the opposite is true when the internal intercostal contracts (B).
(Reproduced, with permission, from ref. 47).
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effect of the external intercostal, therefore, would be to raise
the ribs and to inflate the lung. On the other hand, the fibers
of the internal intercostal slope in the caudal-dorsal direction
from the rib above to the rib below (Fig. 8B), such that their
lower insertion is less distant from the center of rotation of the
ribs than their upper insertion. 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 (85) also concluded
that the action of the parasternal intercostals should be referred
to the sternum, rather than to the spine. Consequently, even
though these muscles are part of the internal intercostal layer,
their contraction should raise the ribs and inflate the lung.

The widespread acceptance of the theory of Hamberger
as a description of intercostal muscle mechanics has probably
been the result of two factors. First, the rib cage is a complex,
three-dimensional structure, and the theory provided a simple,
convenient, two-dimensional model for this structure. Second,
most electrical recordings from intercostal muscles and nerves
in animals and from intercostal muscles in humans appeared
to be consistent with the conclusions of the theory.

Respiratory effects of intercostal muscles

Because many intercostal muscles are inaccessible and can-
not be activated in isolation, their respiratory action has been
assessed by using a standard theorem of mechanics, the reci-
procity theorem of Maxwell. When applied to the respiratory
system (159, 160), this theorem predicts that the respiratory
effect of a particular muscle (that is, the �Pao produced by the
muscle during isolated contraction against a closed airway)
is related to the mass of the muscle (m), the active muscle
tension per unit cross-sectional area (σ), and the fractional
change in muscle length (�L/L) per unit increase in volume
of the relaxed chest wall (�VL)Rel, such that

�Pao = m σ[�L/(L�VL )]Rel (1)

For a machine, such as a lever, mechanical advantage is
defined as the ratio of the force delivered at the load to the force
applied at the handle. By analogy, the mechanical advantage
of a respiratory muscle may therefore be defined as �Pao/mσ

and, according to Eq. (1), could be evaluated by measuring
[�L/(L�VL)]Rel. In other words, a muscle that shortens during
passive inflation (negative �L/L) would have an inspiratory
mechanical advantage and would cause a fall in Pao when it
contracts alone (inspiratory effect). Conversely, a muscle that
lengthens during passive inflation (positive �L/L) would have
an expiratory mechanical advantage and would cause a rise
in Pao during isolated contraction (expiratory effect).

The validity of Eq. (1) has been tested experimentally
on a number of canine respiratory muscles, including the
parasternal intercostals and the triangularis sterni, and these
observations confirmed the equation in all respects (53, 55,
114). Thus for all these muscles, there was a unique relation-
ship between �Pao/m during isolated, maximal stimulation

and [�L/(L�VL)]Rel. In addition, the coefficient of propor-
tionality (σ ) between the two variables was 3.0 kg/cm2, in
close agreement with values of maximal active muscle ten-
sion measured in vitro (21, 73, 75, 76). Therefore, to assess
the maximal respiratory effects of the external and internal
interosseous intercostals in dogs, De Troyer et al. (56) mea-
sured the masses of the muscles throughout the rib cage and
their fractional changes in length during passive inflation, and
for each muscle area, they multiplied �L/L by m and by 3.0.

The maximal respiratory effects of the canine external
and internal intercostal muscles in the dorsal third, middle
third, and ventral third of the even-numbered interspaces are
shown in Figure 9. The external intercostal muscle in the dor-
sal third of the second interspace has a large inspiratory effect
(Fig. 9A). However, this inspiratory effect decreases gradu-
ally toward the base of the rib cage, such that it is abolished
in the 8th interspace and reversed into an expiratory effect in
the 10th interspace. Moreover, the external intercostal in any
given interspace has a smaller inspiratory effect or a greater
expiratory effect as one moves from the angle of the ribs
dorsally toward the costochondral junctions. As a result, the
external intercostals in the ventral third of the sixth interspace
and in the middle and ventral thirds of the 8th and 10th in-
terspaces also have an expiratory effect (56). To the extent
that the muscle fibers of the levator costae originate from the
transverse process of the vertebra and insert on the caudal rib,
the muscle in each interspace must also have an inspiratory
effect, but this effect has not been quantified.

On the other hand, the canine internal intercostals in the
dorsal third of the rib cage have an expiratory effect (Fig. 9B).
However, this expiratory effect decreases gradually from the
eighth to the second interspace, and in a given interspace,
it decreases progressively from the angle of the ribs to the
costochondral junctions. Therefore, the muscle in the middle
and ventral thirds of the second interspace has an inspiratory,
rather than expiratory, effect (56). For the internal intercostals,
in fact, the trend toward a more inspiratory effect continues
as one moves further toward the sternum (52). As a result,
the parasternal intercostal muscle bundles attached to the cos-
tochondral junctions have, on average, no respiratory effect
at all, and the muscle bundles in the vicinity of the sternum
have a definite inspiratory effect in all interspaces. It is no-
table, however, that these medial parasternal bundles retain a
rostrocaudal gradient (55), such that their inspiratory effect
is greatest in the second through fourth interspaces and de-
clines both from the second to the first interspace and from
the fourth to the eighth interspace (Fig. 9B). In contrast, the
canine triangularis sterni has a large expiratory effect in all
interspaces (53).

The respiratory effects of the intercostal muscles in hu-
mans were also assessed by applying the reciprocity theorem
of Maxwell (54, 163). Thus the muscles were first dissected
in cadavers to measure the orientation of the muscle fibers rel-
ative to the ribs and to determine muscle masses. The shape
of the ribs and their transformation during passive inflation
were then determined in healthy individuals by computed
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Figure 9 Maximal respiratory effects of the canine external (A) and internal interosseous (B) inter-
costal muscles in the dorsal third, middle third, and ventral third of the even-numbered interspaces
(both sides of the sternum). The respiratory effects of the medial portion of the parasternal intercostals
in interspaces 2, 4, 6, and 8 are also shown. (Reproduced with permission from ref. 47).

tomography, and from these data, the fractional changes in
length of lines having the orientation of external and internal
intercostal muscles were computed to assess [�L/(L�VL)]Rel

and to calculate the respiratory effects of the muscles (163).
The respiratory effects of the human parasternal intercostals
and triangularis sterni were computed similarly by measuring
the changes in the angles between the costal cartilages and
the sternum during passive inflation (54).

The results of these studies indicated that as in the dog,
the parasternal intercostals and the external intercostals in the
dorsal portion of the rostral interspaces in humans have inspi-
ratory effects, whereas the internal interosseous intercostals
and the triangularis sterni have expiratory effects. Also, as
in the dog, the muscles in humans demonstrate prominent
rostrocaudal and dorsoventral gradients of respiratory effect.
Specifically the inspiratory effect of the human parasternal
intercostals decreases from the second to the fifth interspace
(54), and that of the external intercostals decreases in both the
caudal and the ventral direction, so that it is reversed to an
expiratory effect in the ventral portion of the fourth to eighth
interspaces (163). These studies, however, also revealed two
significant differences relative to the dog. First, the inspira-
tory effect of the external intercostals in the dorsal portion of
a given rostral interspace in humans is much larger than that
of the parasternal intercostal in the same interspace, whereas
in the dog, it is substantially smaller. This difference is pri-
marily the result of the fact that in contrast to the dog, the
mass of external intercostal muscle in humans is much larger
than the mass of parasternal intercostal (54, 163). Similarly,

the mass of internal interosseous intercostal muscle in a given
caudal interspace in humans is much larger than the mass
of triangularis sterni, so their expiratory effect is also much
larger. Second, whereas the expiratory effect of the internal
interosseous intercostals in the dog is greatest in the dorsal
portion of the caudal interspaces, in humans, it is greatest in
the ventral portion. This difference might be related to the
species difference in rib cage shape and rib displacement.

It is worth emphasizing that the topographic distributions
of respiratory effects among the external and internal inter-
costal muscles, although affected by the distributions of mus-
cle mass, are essentially similar to the topographic distribu-
tions of mechanical advantages. Thus, both in humans and in
the dog, the areas of external intercostal in the dorsal portion
of the rostral interspaces have an inspiratory mechanical ad-
vantage, whereas the muscle areas in the ventral portion of the
caudal interspaces have an expiratory mechanical advantage.
Also, the internal interosseous intercostals in the caudal inter-
spaces have a large expiratory mechanical advantage, but the
muscle areas in the ventral portion of the cranial interspaces
have a small expiratory or inspiratory mechanical advantage,
and the medial portion of the parasternal intercostals in these
interspaces have a definite inspiratory mechanical advantage.
Inasmuch as the value of mechanical advantage for a partic-
ular muscle area is independent of the mass of the muscle
and only related to the anatomy of the muscle, as described
in Eq. (1), it follows that the distributions of respiratory ef-
fects among the intercostal muscles are largely related to the
anatomy and kinematics of the rib cage.
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Mechanisms of the respiratory effects

The theory of Hamberger cannot explain the dorsoventral and
rostrocaudal gradients of respiratory effect for the external
and internal interosseous intercostals. In addition, in several
areas of the rib cage, the sign of the respiratory effect of
the muscles is opposite to that predicted by the theory. This
indicates that the respiratory effects of the intercostal muscles
are determined by other factors than the orientation of the
muscle fibers alone.

A major shortcoming of the theory of Hamberger is that it
is based on a two-dimensional model of the rib cage; the ribs in
the model are pictured as rigid straight rods and are assumed
to rotate around axes that lie perpendicular to the plane of
the ribs (Fig. 8). However, as Saumarez (147) and others (56,
161) have pointed out, real ribs are curved, and this curvature
has critical effects on the moments exerted by the intercostal
muscles, as shown in Figure 10A. The axis of rib rotation is
oriented dorsally and laterally, and at point a on the rib, the
tangent plane of the rib cage is perpendicular to the axis of
rotation. Because the fibers of the external intercostal slope
in the caudal-ventral direction from the rib above to the rib
below (Fig. 8A), for the portion of the muscle situated at point
a, the distance between the point of attachment of the muscle
on the lower rib and the axis of rib rotation is therefore greater
than the distance between the point of attachment of the mus-
cle on the upper rib and the axis of rotation. Consequently, at
point a, the moment exerted by the external intercostal on the

lower rib is greater than the moment exerted by the muscle
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 external intercostal on the two ribs and the
axes of rib rotation are equal. Therefore, the net moment ex-
erted by the muscle at point b is zero. Thus the net inspiratory
moment of the external intercostal is maximum 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 (Fig. 10B). On this basis, the dorsoventral decrease
in the inspiratory effect of the external intercostals and the
difference between the inspiratory effect of the external inter-
costals in the dorsal region of the rostral interspaces and the
expiratory effect of the triangularis sterni can be understood.
Similarly, because the fibers of the internal intercostal slope in
the caudal-dorsal direction from the rib above to the rib below
(Fig. 8B), the net expiratory moment of the muscle is greatest
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 (Fig. 10B).

Another shortcoming of the theory of Hamberger is re-
lated to the fact that the ribs in the model are linked firmly to
each other by the sternum. Such a linkage imposes the con-
straint that the upper and lower ribs of an interspace have equal
compliances. Furthermore, the theory contains the implicit as-
sumption that the coupling between rib displacement and lung
volume is the same for the two ribs. Studies of the coupling

Figure 10 Effects of rib curvature on the net moment exerted by an intercostal muscle.
(A) plan form of a typical rib in the dog and its axis of rotation (bold vector). 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 are different, and the muscle exerts a net moment on the
ribs. At point b, however, 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 equal, and
the muscle exerts no net moment. Thus the net moment exerted by the muscle depends on
the angular position (θ) around the rib, as shown in (B). The external intercostal muscle
(continuous line) has the greatest inspiratory moment in the dorsal portion of the rib cage
(θ between 15 and 60◦); this inspiratory moment then decreases as one moves around the
rib cage (θ between 60 and 120◦) and is reversed into an expiratory moment in the vicinity
of the sternum (θ> 120◦). The internal intercostal muscle (dashed line in B) shows a similar
gradient in expiratory moment. (Reproduced, with permission, from ref. 47).
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between the ribs and the lung in dogs have demonstrated,
however, that the different ribs have different compliances
and are coupled differently to the lung (48, 62, 161).

In these studies, external forces were applied in the cra-
nial direction to individual rib pairs in supine, paralyzed ani-
mals with the endotracheal tube occluded at FRC. Cranial rib
displacement and �Pao were measured as the force was in-
creased, and these measurements showed that: (i) for a given
force, rib displacement increased progressively with increas-
ing rib number; and (ii) the �Pao produced by a given rib
displacement increased from the second to the fifth rib pair
and then decreased markedly from the 5th to the 11th rib pair.
As a result, the ratio of �Pao to applied force also increased
with rib number in the more rostral interspaces and decreased
markedly in the caudal interspaces, as shown in Figure 11
(closed circles). Therefore, although the forces exerted by a
particular intercostal muscle on the upper and lower ribs are
equal in magnitude (and opposite in direction), these forces
have different effects on the lung. Specifically, in the rostral
half of the rib cage, the fall in Pao produced by the cranial
force on a particular rib is larger than the rise in Pao caused by
the caudal force on the rib above. Therefore, a hypothetical
intercostal muscle lying parallel to the longitudinal body axis
would have a net inspiratory effect during isolated contrac-
tion. On the other hand, in the caudal half of the rib cage, the
fall in Pao produced by the cranial force on a particular rib is
much smaller than the rise in Pao produced by the caudal force
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Figure 11 Effect on the lung of external loading of individual rib
pairs in the cranial direction. Data are the mean ± SE values of the
changes in airway opening pressure (�Pao) per unit force (F) on the
ribs obtained from seven animals. At FRC (closed circles), �Pao /F
increases from the second to the fifth rib pair and then decreases con-
tinuously to the eleventh rib pair. �Pao /F for ribs 2 to 8, however, de-
creases markedly when lung volume is passively increased from FRC to
10 cmH2O (open circles) and 20 cmH2O (open triangles) transrespi-
ratory pressure. (Reproduced, with permission, from ref. 48).

on the rib above, so an intercostal muscle lying parallel to the
longitudinal body axis would have a net expiratory effect.

This nonuniform coupling between the ribs and the lung
is probably related to differences between the areas of the
lung subtended by the different ribs (62). In the dog, the
radii of the ribs in the rostral half of the rib cage increase
gradually with increasing rib number (123). In this half of
the rib cage, therefore, the area of the lung subtended by a
particular rib should be greater than that subtended by the rib
above, so it would be expected that for a given displacement,
this particular rib would induce a larger �Pao than the rib
above. On the other hand, the radii of the ribs in the caudal
half of the rib cage still increase with increasing rib number,
but these ribs are in part apposed to the abdomen, rather than
the lung (129, 130). At FRC, the most caudal ribs are even
entirely apposed to the abdomen. Consequently, the primary
effect of a cranial displacement of these ribs is an expansion
of the ventral abdominal wall and a fall in Pab; the fall in Pao

that takes place is only secondary, due to the (passive) caudal
displacement of the diaphragm (48).

On the basis of these observations, the conclusion can
therefore be drawn that the respiratory effects of the inter-
costal muscles are the result of two mechanisms (47, 161). The
predominant mechanism is the nonuniform coupling between
rib displacement and lung expansion. This mechanism has a
larger effect in the ventral region of the rib cage than in the
dorsal region, and both in humans and in the dog, it confers an
inspiratory bias to the external and internal interosseous inter-
costals in the rostral interspaces and an expiratory bias to both
muscles in the caudal interspaces. The second mechanism is
related to the orientation of the muscle fibers, as inferred by
Hamberger. Because of the three-dimensional configuration
of the rib cage, however, the magnitude of the effect of this
mechanism is larger in the dorsal region of the rib cage than in
the ventral region, and its direction is reversed in the vicinity
of the costochondral junctions. It thus accounts not only for
the difference between the external and internal intercostals in
the dorsal portion of the rib cage, but also for the difference be-
tween the interosseous and intercartilaginous portions of the
internal intercostals and that between the external intercostals
and the triangularis sterni. Although these two mechanisms
operating together account well for the respiratory effects of
the intercostal muscles in most interspaces (161), it must be
stressed that they do not explain the large expiratory effect
of the muscles in the most caudal interspaces. At this point,
the mechanism for these large expiratory effects is still un-
clear. The mechanism for the larger expiratory effect of the
internal interosseous intercostals in the ventral, rather than
dorsal portion of the caudal interspaces in humans is also
uncertain.

Implications of the respiratory effects

The finding that in the dog, both the external intercostals
and the internal interosseous intercostals have an inspiratory
effect in some areas and an expiratory effect in other areas
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implies that the function of these muscles during breathing
depends on the topographic distribution of neural drive. For
example, if the external intercostals in the dorsal region of the
rostral interspaces were active during the inspiratory phase
of the breathing cycle, they would cause lung inflation. How-
ever, if the external intercostals in the ventral region of the
caudal interspaces were active during the expiratory phase
of the cycle, they would produce lung deflation. Similarly,
activation of the internal interosseous intercostals in the cau-
dal interspaces during expiration would deflate the lung, but
activation of the internal intercostals in the ventral region of
the most rostral interspaces during inspiration would inflate
the lung. The respiratory effects of the external intercostals in
humans similarly imply that the muscles could have an inspi-
ratory function, an expiratory function, or both, depending on
the spatial distribution of neural drive during inspiration and
expiration.

Distribution of neural drive to the intercostal
muscles
A number of electromyographic studies in dogs (45), cats (84),
and humans (30, 38, 80, 156) have shown that the parasternal
intercostals invariably contract during the inspiratory phase
of the breathing cycle. In the dog, inspiratory activity in a
particular parasternal intercostal, in fact, is greatest in the
muscle bundles situated in the vicinity of the sternum, and
it decreases progressively in the lateral direction such that
the muscle bundles near the chondrocostal junctions remain
consistently silent (52). Also, inspiratory activity in the me-
dial parasternal bundles in the dog is greatest in the second
through the fifth interspace and decreases gradually from the
fifth to the eighth interspace and from the second to the first
interspace as well (110, 112). Thus the spatial distribution of
neural drive among the canine parasternal intercostals mirrors
the spatial distribution of inspiratory mechanical advantage
and inspiratory effect. The spatial distribution of neural in-
spiratory drive to the parasternal intercostals in humans also
matches the spatial distribution of the inspiratory mechanical
advantage and inspiratory effect of the muscles, with a grad-
ual decrease from the first to the fifth interspace (79). Such
a distribution of neural inspiratory drive must confer to the
muscles a definite inspiratory function during breathing.

Similarly, electrical recordings from intercostal muscles
and nerves in anesthetized cats and dogs, combined with se-
lective denervation procedures, have shown that the external
intercostal and levator costae muscles are active only during
inspiration (3, 42, 84, 88, 98, 111, 148). These recordings have
also demonstrated that external intercostal inspiratory activity
in these animals is greatest in the dorsal region of the most
rostral interspaces and declines gradually in the caudal direc-
tion. External intercostal inspiratory activity in a particular
rostral interspace also decreases from the dorsal to the lateral
region and decreases further from the lateral to the ventral re-
gion (111). Thus, as is the case for the parasternal intercostals,
the spatial distribution of inspiratory activity among the exter-

nal intercostals in quadrupeds mirrors the spatial distribution
of the magnitude of the muscle inspiratory mechanical ad-
vantage and inspiratory effect. The external intercostals with
an expiratory effect, that is, in the ventral region of the cau-
dal interspaces, are never active during breathing, including
when the demand placed on the respiratory muscle pump
is increased by CO2-enriched gas mixtures or by external
mechanical loads (111). The topographic distribution of neu-
ral inspiratory drive to the external intercostals in humans
is similar to that in the dog (44), and this implies that both
in quadrupeds and in humans, these muscles also have an
inspiratory function during breathing.

On the other hand, the triangularis sterni (58, 91) and
the internal interosseous intercostals (3, 84, 111) in the cat
and in the dog are active only during expiration, and the spa-
tial distribution of internal intercostal expiratory activity mir-
rors the spatial distribution of the muscle expiratory mechan-
ical advantage. Thus internal intercostal expiratory activity is
greatest in the dorsal portion of the caudal interspaces, and
it decreases gradually in the rostral and the ventral direction.
The areas of internal interosseous intercostal muscle with an
inspiratory mechanical advantage, that is, in the middle and
ventral portions of the most rostral interspaces, remain silent
during breathing (111). In quadrupeds, therefore, the triangu-
laris sterni and the internal interosseous intercostals have a
definite expiratory function during breathing.

In summary, the parasternal intercostals and levator costae
have an inspiratory function during breathing, whereas the
triangularis sterni has an expiratory function. Although the
spatial distribution of expiratory activity among the internal
interosseous intercostals in humans is not known, the ex-
ternal intercostals and internal interosseous intercostals also
have, respectively, inspiratory and expiratory functions dur-
ing breathing. These conclusions fully agree with those of
the theory of Hamberger. However, whereas the theory main-
tains that the opposite functions of the external and internal
interosseous intercostals are the result of the orientation of
the muscle fibers alone, they are primarily the result of se-
lective regional activation of the muscles. As discussed in a
recent review article (47), the topographic distribution of neu-
ral drive among the intercostal muscles appears to be largely
determined by central, as opposed to peripheral, control
mechanisms.

Mechanical interactions among the inspiratory
intercostal muscles
Interactive effects on the rib cage

The lung-expanding action of the parasternal intercostals and
the external intercostals in the dorsal portion of the rostral
interspaces is the result of the rib elevating action of the
muscles. Indeed, the ribs provide the solid structural elements
that allow for the transformation of intercostal muscle tension
into lung expansion, and when the bony ribs are removed in
dogs, so that the lateral walls of the rib cage simply consist
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of bands of periosteum connected by intercostal muscles, the
fall in Pao produced by contraction of the rostral external
intercostals is reversed into a pressure rise (18). It has to be
noted, however, that, although the fall in Ppl produced by the
parasternal and external intercostals in intact animals is the
result of the elevation of the ribs, this pressure fall, in turn,
opposes the rib elevation (50). The effect of �Ppl on the ribs
during contraction of the inspiratory intercostals is essentially
identical to its effect during contraction of the diaphragm (see
section Mechanisms of action of the diaphragm on the rib
cage).

Notwithstanding the role of �Ppl in determining rib dis-
placement, when either the parasternal intercostals or the ex-
ternal intercostals in the dog contract in isolation in all inter-
spaces, all the ribs are displaced cranially and outward (42,
61, 121). As shown in Figure 12, however, the two sets of
muscles drive the ribs along different trajectories. Specifi-
cally, when the parasternal intercostals in all interspaces are
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Figure 12 Patterns of rib displacement produced by the external and
parasternal intercostals in the dog. In the animal in (A), the parasternal
intercostals in interspaces 1 to 8 were denervated on both sides of the
sternum; in the animal in (B), the parasternal intercostals were intact but
the external intercostals in interspaces 1 to 8 were excised. Both animals
had complete diaphragmatic paralysis. The dashed line in each panel
is the trajectory of the ribs during passive inflation (relaxation), and the
solid line with the arrowhead corresponds to a spontaneous inspiration.
(Reproduced, with permission, from ref. 61).

bilaterally denervated in dogs with diaphragmatic paralysis,
such that the external intercostals and levator costae are the
only muscles active during inspiration, the cranial displace-
ment of the ribs is substantially greater than their outward dis-
placement relative to the rib trajectory during passive inflation
(Fig. 12A). In contrast, when the parasternal intercostals in
dogs with diaphragmatic paralysis are maintained intact and
the external intercostals and levator costae in all interspaces
are excised, such that the parasternal intercostals are the only
muscles active during inspiration, the outward displacement
of the ribs is greater than their cranial displacement relative
to the relaxation trajectory (Fig. 12B). Yet, when the external
intercostals, levator costae, and parasternal intercostals con-
tract together in a coordinated manner, the trajectory of the
ribs lies very near their relaxation trajectory (61).

Using a finite element analysis, Loring (118) inferred that
as in the dog, the parasternal intercostals in humans dis-
place the ribs cranially and outward whereas the external
intercostals displace the ribs only cranially. Also, measure-
ments of the changes in rib cage dorsoventral and lateral
diameters in seated normal subjects have shown that the dis-
placement of the rib cage during resting breathing is similar
to that during passive inflation (39, 99, 125). Thus both in
the dog and in humans, the coordinated activation of the two
sets of inspiratory intercostals during breathing drives the ribs
along a trajectory that matches the relaxation trajectory and
thereby reduces the work of breathing (2, 128).

The parasternal intercostals and external intercostals dis-
place the sternum differently as well. Because the parasternal
intercostals run obliquely in the caudal-lateral direction from
the sternum to the costal cartilages, their isolated contrac-
tion in one or two interspaces in the dog causes a cranial
and outward displacement of the ribs together with a caudal
displacement of the sternum (45). In contrast, the external in-
tercostals and levator costae act on the sternum through their
action on the ribs, so their isolated contraction displaces the
sternum in the cranial direction (42, 61). The sternum in the
dog and in the cat also moves in the cranial direction during
passive inflation, but it moves in the caudal direction during
spontaneous, coordinated contraction of the parasternal and
external intercostals (28, 45). Thus, in these animals, coordi-
nated intercostal muscle activation during breathing drives the
ribs but not the sternum along the relaxation trajectory, and
this distortion of rib cage kinematics implies an increase in
the work of breathing. In humans, however, such a distortion
does not occur and the sternum moves in the cranial direc-
tion during both spontaneous inspiration and passive inflation
(39), as discussed below.

Interactive effects on the lung

As for the other skeletal muscles, including the diaphragm
(75, 126), the force developed by a particular parasternal or
external intercostal muscle bundle during isometric contrac-
tion in vitro varies as a function of the length of the mus-
cle (74). To the extent that the different intercostal muscles
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are interconnected by the ribs, the costal cartilages, and the
sternum, it would therefore be expected that the length of a
particular muscle and, hence, the force exerted by this muscle
during contraction would depend on the interactions between
the muscle and the other intercostal muscles contracting at the
same time as well as on the forces developed by these other
muscles.

To assess the interactions between the different inspira-
tory intercostals on the lung, Legrand et al. (116) induced
electrical stimulation of the parasternal intercostals and the
interosseous (both external and internal) intercostals in dogs
with the endotracheal tube occluded, first in two interspaces
separately and then in the same two interspaces simultane-
ously. The �Pao obtained during simultaneous stimulation of
the muscles in two interspaces was, within 10%, equal to the
sum of the �Pao values obtained during their separate stimu-
lation. The �Pao’s produced by the simultaneous contraction
of the parasternal or interosseous intercostals in one or two
interspaces on the left and right sides of the sternum were also
nearly equal to the sum of the �Pao’s produced by separate
left and right contraction (17). Thus, whereas the two hemidi-
aphragms have a synergistic interaction on the lung (37, 132),
the pressure changes generated by the different inspiratory in-
tercostals are essentially additive, and the potential synergistic
or antagonistic interactions between them are negligible.

Based on these observations, one may therefore estimate,
both in the dog and in humans, the total �Pao that would
be generated by a maximal, simultaneous contraction of the
parasternal intercostals in all interspaces and the total �Pao

that would be generated by a maximal contraction of all the
areas of external intercostal muscle with an inspiratory effect.
If the �Pao generated by the areas of external intercostal mus-
cle in the dorsal third, the middle third, and the ventral third of
the second interspace in the dog (data shown in Fig. 9A) are
added to each other, it appears that the total inspiratory effect
of the muscle (−1.2 cmH2O) is close to that of the sternal
portion of the parasternal intercostal in the same interspace
(−1.6 cmH2O). However, as is shown in Figure 13A, the in-
spiratory effect of the external intercostals decreases rapidly
from the second to the sixth interspace. The inspiratory effect
of the sternal half of the canine parasternal intercostals also
decreases from the second to the eighth interspace, but it de-
creases less than that of the external intercostals. As a result,
if the �Pao values calculated for the different even-numbered
interspaces are added to each other and multiplied by two for
the odd-numbered interspaces, the total �Pao value obtained
for all the canine external intercostals with an inspiratory ef-
fect is −4.6 cmH2O, whereas the total �Pao value obtained
for the parasternal intercostals in all interspaces amounts
to −8.6 cmH2O.

In contrast, the external intercostals in humans are thicker
and have a much greater mass than the parasternal intercostals,
so that the external intercostal in each interspace down to the
sixth has a much greater inspiratory effect than the parasternal
intercostal (Fig. 13B). In addition, whereas the external inter-
costals in the dorsal region of the rib cage retain an inspiratory
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Figure 13 Maximal inspiratory effects of the parasternal intercostal
and external intercostal muscles in the even-numbered interspaces in
dogs (A) and in humans (B). (Redrawn from ref 47, with permission).

effect down to the eighth interspace (163), the parasternal in-
tercostals in humans do not extend beyond the fifth interspace.
In humans, therefore, the total �Pao value calculated for all
the areas of external intercostal muscle with an inspiratory
effect would be approximately −15 cmH2O, whereas the to-
tal �Pao value calculated for the parasternal intercostals in
all interspaces would be only −2 to −3 cmH2O. The greater
inspiratory effect of the external intercostals compared to the
parasternal intercostals in humans, combined with the large
neural inspiratory drive to the external intercostals in the dor-
sal region of the rostral interspaces (44), might account in part
for the fact that the sternum in humans moves cranially, rather
than caudally, during inspiration (39).

Effect of lung inflation
DiMarco et al. (64) examined the lung-volume dependence of
the action of the parasternal and external intercostals by in-
troducing a stimulating electrode in the upper epidural space
in anesthetized dogs. They then applied trains of rectangular
pulses to the spinal cord while the animal was apneic and the
endotracheal tube was occluded at different lung volumes.
As shown in Figure 14 (closed circles), when the epidural
stimulation was delivered at FRC, �Pao was −15.5 ± 0.9
cmH2O; this value is remarkably close to that calculated on
the basis of the individual respiratory effect of the differ-
ent muscle areas (see above). However, when lung volume
before stimulation was increased above FRC by applying a
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Figure 14 Effects of inflation on the pressure-generating ability of
the inspiratory intercostals. The closed circles are the mean ± SE val-
ues of �Pao obtained from 19 dogs during isolated, tetanic stimulation
of the inspiratory (and expiratory) intercostals at different lung volumes,
as reported by DiMarco et al. (64). The open circles are the mean ± SE
values of �Pao obtained from 9 dogs during spontaneous contraction
of the parasternal intercostals alone (105). Similar to the diaphragm,
the pressure-generating ability of the inspiratory intercostals de-
creases with increasing lung volume. (Reproduced with permission from
ref. 63).

transrespiratory pressure of +10 cmH2O, �Pao was reduced
to −10.8 ± 0.7 cmH2O, and when lung volume was increased
further to a transrespiratory pressure of +30 cmH2O, �Pao

was only −4.7 ± 0.6 cmH2O. DiMarco et al. (64) subse-
quently repeated the procedure after the internal intercostal
nerves in interspaces 1 to 6 were sectioned at the costochon-
dral junction. The parasternal intercostals and the triangularis
sterni, therefore, were denervated, and the stimulations af-
fected only the interosseous intercostals. Although the �Pao

values in this condition were smaller than the values before
denervation, the influence of lung volume was the same.

This decrease in �Pao with increasing lung volume might
have been the result of an increase in the effect of the expira-
tory intercostals. Indeed, stimulating the spinal cord through
an electrode in the upper epidural space produces a strong,
simultaneous activation not only of the parasternal and exter-
nal intercostals over a large fraction of the rib cage, but also
of the internal interosseous intercostals and the triangularis
sterni. Moreover, when lung volume in dogs is passively in-
creased above FRC, the internal interosseous intercostals in
many interspaces and the triangularis sterni lengthen signif-
icantly (53, 56). Therefore, in accordance with the length-
tension characteristics of skeletal muscles, the force exerted
by these expiratory muscles in response to a given activation
should increase, and the fall in Pao obtained during spinal cord
stimulation should decrease.

In a subsequent study, however, Ninane and Gorini (136)
produced selective activation of the canine parasternal in-
tercostals by electrical stimulation of the internal intercostal
nerves at the costochondral junction. The triangularis sterni in
these animals was sectioned and did not, therefore, confound
the pressure measurements. Yet, the �Pao obtained during

stimulation at a transrespiratory pressure of +15 cmH2O was
approximately 50% of the value obtained during stimulation
at FRC. Also, in a more recent study, Leduc and De Troyer
(105) excised the external intercostal muscles in all inter-
spaces in dogs with complete diaphragmatic paralysis and
bilateral vagotomy, and they measured �Pao while the an-
imals performed spontaneous inspiratory efforts against an
occluded endotracheal tube at different lung volumes. Conse-
quently, the parasternal intercostals in these animals were the
only muscles active during inspiration, the muscles contracted
in all interspaces in a coordinated manner, and the normal spa-
tial distribution of neural drive among them was maintained.
Although inspiratory EMG activity in the parasternal inter-
costals remained unchanged with increasing lung volume (i.e.,
neural drive to the muscles was constant), �Pao decreased
markedly and continuously as lung volume before occlusion
increased (Fig. 14, open circles). These observations provide
unequivocal evidence, in agreement with the conclusion of
DiMarco et al. (64), that inflation does adversely affect the
pressure-generating capacity of the parasternal intercostals.

By analogy with the lung-volume dependence of Pdi, the
lung-volume dependence of the pressure-generating ability
of the inspiratory intercostals was initially attributed to the
decrease in active muscle length (64). To be sure, both the
parasternal intercostals and the external intercostals in the
rostral interspaces shorten with lung inflation (55, 56, 65).
However, whereas the canine diaphragm shortens by approxi-
mately 30% of LFRC during passive inflation from FRC to TLC
(51, 75, 134, 152, 158), the inspiratory intercostals shorten by
10% or less. Furthermore, in supine dogs, the resting LFRC of
the external intercostals in the rostral interspaces may be close
to Lo, but the resting LFRC of the parasternal intercostals is ap-
proximately 15% longer than Lo (74). Therefore, even though
the canine parasternal intercostals might be shorter during
strong contraction at high lung volumes than during strong
contraction at FRC, it would be expected that they would re-
main relatively close to Lo at all lung volumes and that their
force-generating capacity would be preserved. The finding by
Decramer and colleagues (29, 95) that the parasternal inter-
costals in the dog generate a similar or slightly greater force
on the ribs during stimulation near TLC than during stimu-
lation at FRC supports this view. The detrimental effect of
inflation on the capacity of these muscles to generate a �Ppl

must, therefore, be the result of other mechanisms.
As we pointed out in section Graphical representation

of diaphragm action, in supine dogs, the relaxed diaphragm
at FRC is stretched by the action of gravity on the abdom-
inal content. Consequently, it develops passive tension, and
this passive tension decreases gradually as lung volume is
passively increased above FRC and the muscle shortens. As
a result, the elastance of the relaxed diaphragm decreases.
During isolated contraction of the inspiratory intercostals at
high lung volumes, therefore, a given �Pao causes a larger
cranial displacement of the passive diaphragm than it does
during contraction of the muscles at FRC, leading to a greater
loss in �Pao (48, 105). This mechanism, however, accounts

1290 Volume 1, July 2011



P1: OTA/XYZ P2: ABC
JWBT335-c100009 JWBT335/Comprehensive Physiology February 9, 2012 19:35 Printer Name: Yet to Come

Comprehensive Physiology Mechanics of the Respiratory Muscles

for less than one-half the total decrease in the pressure-
generating capacity of the inspiratory intercostals at high lung
volumes.

A major determinant of this decrease was identified in a
study of the effect of lung inflation on the coupling between
the ribs and the lung (48). The experimental protocol fol-
lowed in this study was similar to that described in section
Mechanisms of the respiratory effects, but in this case, the
external, cranially oriented forces were applied to the ribs
first at FRC, then after passive inflation to a transrespiratory
pressure of +10 cmH2O, and finally after passive inflation
to a transrespiratory pressure of +20 cmH2O. Such loading
reproduces the pattern of rib displacement caused by the ex-
ternal intercostals (61). As shown in Figure 11, for all the
ribs situated cranial to the zone of apposition (ribs 2 to 8),
the �Pao produced by a given force decreased markedly with
increasing lung volume. Because the forces applied to the
ribs were the same at all lung volumes, this decrease in �Pao

could not be related to the length-tension characteristics of the
muscles. On the other hand, because the ribs move primarily
through a rotation around the axis of their neck, they become
oriented more transversely relative to the sagittal midplane as
they rotate cranially with lung inflation. A given cranial rib
displacement, therefore, is associated with a smaller outward
displacement, as shown in Figure 15. In fact, at 20 cmH2O
transrespiratory pressure, the outward rib displacement pro-
duced by a given force was nearly abolished whereas the
cranial rib displacement was only moderately reduced (48).
An identical alteration in the pattern of rib displacement was
also observed during isolated, spontaneous contraction of the
parasternal intercostals at high lung volumes (105). Because
in the dog, a given rib displacement in the outward direction
is about four times more effective in increasing lung volume

Figure 15 Dorsal view of the spine and one rib in its position at FRC
and its position at 20 cmH2O transrespiratory pressure. Because the
rib at FRC is slanted caudally, it moves both cranially (Xr) and outward
(Yr) during cranial loading. However, at 20 cmH2O transrespiratory
pressure, the rib is almost horizontal. Therefore, loading the rib causes
a cranial displacement with little or no outward displacement. (Repro-
duced with permission from ref. 48).

than the same rib displacement in the cranial direction (61),
this change in the direction of rib displacement must cause a
substantial decrease in �Pao. Thus, in the dog, the pressure-
generating ability of the inspiratory intercostals acting alone
decreases with increasing lung volume partly because the
elastance of the diaphragm decreases, but mostly because the
direction of rib displacement is altered.

The effect of lung volume on the pressure-generating ca-
pacity of the intercostal muscles in humans is uncertain. Also,
the orientation of the ribs and the axes of rib rotation in hu-
mans are different from those in the dog, and it is difficult
to predict the relative effectiveness of the outward vs. cranial
displacement of the human ribs in increasing lung volume.
However, the rotation of the human ribs during passive in-
flation (163) is similar in magnitude to that observed in the
dog (123). Therefore, it would be expected that an increase in
lung volume in humans would also reduce the outward dis-
placement of the ribs and, with it, the lung-expanding action
of the muscles.

Interaction between the Diaphragm
and the Inspiratory Intercostals
Interactive effects on the chest wall
Coordinated contraction of the parasternal and external inter-
costals thus produces expansion of the lung by elevating the
ribs and expanding the rib cage. When these muscles con-
tract alone, however, the fall in Ppl is transmitted through the
relaxed diaphragm to the abdominal cavity. As a result, Pab

also falls, and the abdominal wall moves inward. This pattern
is typically observed in animals (29, 45) and in humans (87,
100, 135) with diaphragmatic paralysis. Conversely, when the
diaphragm contracts alone, such as in subjects with quadriple-
gia, it produces a rise in Pab and a large expansion of the
abdominal wall, but the fall in Ppl induces an inward dis-
placement of the rostral half of the rib cage (22, 69, 133,
154). Passive inflation, however, causes simultaneous expan-
sion of the rib cage and abdominal wall, and coordinated con-
traction of the diaphragm and inspiratory intercostals during
resting breathing in supine anesthetized dogs with all respi-
ratory muscles intact (29, 45) and in seated healthy humans
(39, 99, 125, 141) has the same effect. In these conditions, the
chest wall displacement observed during a quiet inspiration
is, in fact, nearly superimposed on the relaxation trajectory.
Thus isolated contraction of either the inspiratory intercostals
or the diaphragm causes substantial chest wall distortion, and
coordinated contraction of the two sets of muscles reduces
the elastic work of breathing for a given lung expansion.

Interactive effects on the lung
To examine the interaction between the inspiratory inter-
costals and the diaphragm on the lung, DiMarco et al. (66)
induced, first separately and then simultaneously, electrical
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stimulation of the diaphragm in anesthetized dogs by apply-
ing trains of rectangular pulses to the phrenic nerves in the
neck and electrical stimulation of the intercostal muscles by
applying trains of similar pulses to the spinal cord through an
electrode positioned in the epidural space. All stimulations in
this study were also performed while the animal was apneic
and the endotracheal tube was occluded. When the diaphragm
and intercostal muscles were made to contract simultaneously
at FRC, �Pao was 17% greater than the sum of the �Pao val-
ues produced by their separate contractions. As lung volume
increased above FRC, �Pao during combined diaphragm-
intercostal activation increased progressively relative to the
sum of the �Pao produced by their separate activations, so
that it was 90% greater than the sum when transrespiratory
pressure before contraction was increased to +30 cmH2O.
Conversely, when lung volume was decreased below FRC by
applying a transrespiratory pressure of −10 cmH2O, �Pao

during combined activation was equal to the sum of the �Pao

obtained during separate activation. DiMarco et al. (66) con-
cluded, therefore, that the interaction between the diaphragm
and the inspiratory intercostals on the lung is synergistic, and
that the degree of synergism increases with increasing lung
volume.

DiMarco et al. (66) also measured the changes in length
of the diaphragm and parasternal intercostals in these experi-
ments. The two muscles shortened markedly during both com-
bined and isolated activation at all lung volumes, but they both
shortened less in the first instance than in the second. On the
basis of this observation, the investigators further concluded
that the synergism between the diaphragm and the inspiratory
intercostals is largely related to the length-tension characteris-
tics of the muscles. That is, because the inspiratory intercostals
prevent the diaphragmatic muscle fibers from shortening ex-
cessively during contraction, the diaphragm would develop
greater pressure during combined activation than it does dur-
ing isolated activation. Similarly, by impeding shortening of
the inspiratory intercostals, the active diaphragm would allow
these muscles to develop greater force.

To be sure, the fall in Ppl during combined diaphragm-
intercostal activation is greater than during activation of the
diaphragm alone. Consequently, the load on the diaphragm is
greater, so that the amount of muscle shortening is reduced
and the force exerted by the muscle in response to a given acti-
vation is greater. Because the amount of muscle shortening is
reduced, �Pab is smaller and, hence, all the increase in muscle
force translates into a greater �Ppl (or Pao). In addition, by
reducing the shortening of the diaphragm, contraction of the
inspiratory intercostals should also reduce, if not abolish, the
increase in the radius of diaphragm curvature that takes place
during isolated, supramaximal phrenic nerve stimulation at
high lung volumes (6, 63). During combined diaphragm-
intercostal activation, therefore, the diaphragm would gen-
erate a larger �Pao at FRC than it does during isolated con-
traction, and the adverse effect of increasing lung volume on
this �Pao would be attenuated.

Furthermore, as pointed out in section Effect of lung in-
flation, isolated contraction of the inspiratory intercostals at
FRC causes a cranial displacement of the relaxed diaphragm,
which leads to a loss in �Pao. Also, in supine dogs, the elas-
tance of the relaxed diaphragm decreases as lung volume is
passively increased above FRC. For a given �Pao, therefore,
the cranial displacement of the relaxed diaphragm produced
by an isolated contraction of the inspiratory intercostals is
larger at high lung volumes than at FRC, so that the pressure
loss is greater (48, 105). Because the diaphragm has a greater
elastance during contraction than during relaxation, concomi-
tant activation of the diaphragm should reduce or abolish this
pressure loss. As a result, contraction of the inspiratory inter-
costals at FRC produces a larger �Pao when it occurs in the
presence of a concomitant contraction of the diaphragm than
it does in the presence of an inactive diaphragm (49), and it
would be expected that this difference in �Pao would propor-
tionately increase with increasing lung volume. On this basis,
it would be reasonable to conclude that both the diaphragm
and the intercostals participate in the synergism that occurs
during their simultaneous activation and in the lung volume
dependence of that synergism.

The Neck Muscles
Functional anatomy
There are many muscles that connect the head and the rib cage
or the cervical spine and the rib cage, but of all these muscles,
only the scalenes and the sternomastoids have a significant
respiratory function. The scalenes in humans consist of three
muscle heads that run from the transverse processes of the
lower five cervical vertebrae to the upper surface of the first
two ribs and are innervated from the lower five cervical seg-
ments, whereas the sternomastoids are primarily supplied by
the 11th cranial nerve and run from the mastoid process to the
ventral surface of the manubrium sterni and the medial third
of the clavicle. The muscles in the dog have a similar overall
anatomical arrangement, but the medial head of the scalenes
in this animal (the so-called “pars supracostalis”) descends to
the lateral aspect of the sixth to eighth ribs, rather than the
first rib (46); in the hamster, this medial head descends only
to the third and fourth ribs (78).

Respiratory action of the neck muscles
When the head and the cervical spine in the dog are fixed, iso-
lated contraction of either the scalenes or the sternomastoids
by electrical stimulation causes a large cranial displacement
of the ribs and the sternum that leads to an expansion of the
rib cage, particularly along its dorsoventral diameter, and to
an increase in lung volume (46). Similarly, contraction of
the sternomastoids in humans with transection of the upper
cervical cord (such subjects have complete paralysis of the
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Figure 16 Pattern of rib cage motion during mechanical ventila-
tion (left) and during spontaneous breathing (right) in a quadriplegic
subject with a traumatic transection of the upper cervical cord (C1).
Each panel shows, from top to bottom, the respiratory changes in an-
teroposterior (AP) diameter of the lower rib cage, the changes in AP
diameter of the upper rib cage, the changes in transverse diameter
of the lower rib cage, and the changes in xiphi-pubic distance. Up-
ward deflections correspond to an increase in diameter or an increase
in xiphi-pubic distance (i.e., a cranial displacement of the sternum);
I indicates the duration of inspiration. All rib cage diameters and the
xiphi-pubic distance increase in phase during mechanical inflation.
When the sternomastoids contract forcefully during spontaneous inspi-
ration, however, the xiphi-pubic distance and the upper rib cage AP
diameter increase proportionately more than the lower rib cage AP
diameter, and the lower rib cage transverse diameter then decreases.
(Reproduced, with permission, from De Troyer A. Mechanics of the
chest wall muscles. In: Miller AD, Bianchi AL, Bishop B, editors. Neural
control of the respiratory muscles, CRC Press, Inc., 1996, pp. 59–73).

diaphragm, intercostal, abdominal, and scalene muscles, but
the sternomastoids are spared and contract forcefully during
spontaneous inspiration) is associated with a marked cranial
displacement of the sternum and a large expansion of the up-
per portion of the rib cage (22, 41, 67). This prominent cranial
displacement of the sternum, however, combined with the fall
in Ppl and Pab resulting from the rib cage expansion, induces
a decrease in the transverse diameter of the lower rib cage
(Fig. 16).

The scalenes and sternomastoids have traditionally been
regarded as “accessory” muscles of inspiration, and indeed,
in the hamster, the scalenes are silent during resting breathing
and show inspiratory activity when ventilation is increased
by CO2-enriched gas mixtures or when the mechanical load
imposed on the inspiratory rib cage muscles is increased by
phrenic nerve section or elevated inspiratory airflow resistance
(78). Also, both muscles in the dog are almost invariably silent
during breathing (35, 143, 144), and the sternomastoids in hu-
mans contract only during strong inspiratory efforts (15, 30,
90, 140). However, the scalenes in humans are always active
during inspiration, including when the increase in lung vol-
ume is very small (30, 38, 80, 140); these muscles, therefore,
must contribute to the inspiratory expansion of the rib cage
and the lung.

Although the relative contributions of the scalenes and
inspiratory intercostals to this expansion remain uncertain,
two observations indicate that in humans, contraction of the

scalenes may be a significant determinant of the rib cage
displacement during resting breathing. First, the inspiratory
inward displacement of the upper rib cage that is commonly
seen in subjects with quadriplegia due to traumatic transection
of the lower cervical cord is usually absent in subjects with
transection at the C7 level or below (69). As the scalenes are
innervated from the lower five cervical segments, the muscles
in such subjects typically remain active during inspiration,
and the anteroposterior diameter of the upper rib cage tends
to remain constant or even to increase slightly during inspira-
tion. Second, as pointed out in section Interactive effects on
the rib cage, the sternum in seated normal humans moves in
the cranial direction during resting inspiration, such that the
entire rib cage is displaced nearly along its relaxation trajec-
tory (39). In contrast, in the dog, the scalenes are not active
and the sternum moves in the caudal direction during resting
inspiration (45). This species difference suggests that the in-
spiratory contraction of the scalenes in humans helps expand
the rib cage with reduced distortion, although the predom-
inant effect of the external intercostals over the parasternal
intercostals may also play a role.

Respiratory effect of the neck muscles and
interaction with the inspiratory intercostals
Using computed tomography, Legrand et al. (115) mea-
sured the fractional changes in length and the masses
([�L/(L�V)L]Rel and m in Eq. (1), respectively) of the
scalenes and sternomastoids in normal humans, and these
measurements, combined with EMG recordings from the
muscles during maximal static inspiratory efforts and postural
efforts (81), led to the conclusion that the maximal �Pao pro-
duced by the isolated sternomastoids was approximately –3.0
cmH2O. The corresponding �Pao value for the scalenes was
approximately –3.5 cmH2O, so the total �Pao generated by a
maximal, simultaneous contraction of the scalenes and ster-
nomastoids would amount to approximately −6.5 cmH2O. In
other words, in humans, the maximal inspiratory effect of the
neck muscles contracting together would be approximately
40% of the effect of the external intercostals in all interspaces
(−15 cmH2O) but at least twice as large as the effect of the
parasternal intercostals in all interspaces (−2 or 3 cmH2O).

In the dog, the �Pao values recorded during simultaneous
contraction of the parasternal intercostals in one interspace
and either the scalenes or the sternomastoids are nearly equal
to the sum of the �Pao values recorded during their separate
contractions (116). Thus, as is the case for the different in-
spiratory intercostals among themselves, it appears that the
interaction between the canine neck muscles and inspiratory
intercostals on the lung is essentially additive, and there is
no reason to believe that the interaction between these mus-
cles in humans would be fundamentally different from that
in the dog. On this basis, one would therefore predict that a
forceful, simultaneous contraction of all the rib cage inspi-
ratory muscles in normal humans would result in a �Pao of
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approximately −25 cmH2O; this value is close to the average
pressure measured during maximal static inspiratory efforts
in subjects with complete, isolated diaphragmatic paralysis
(20, 103).

The Abdominal Muscles
Functional anatomy
The abdominal muscles with a significant respiratory func-
tion in quadrupeds and in humans are the four muscles that
make up the ventrolateral wall of the abdomen. The rectus
abdominis 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 it runs caudally along the whole
length of the abdominal wall to insert into the pubis. The mus-
cle is enclosed in a sheath formed by the aponeuroses of the
three muscles situated laterally. The most superficial of these
is the external oblique, which originates by fleshy digitations
from the external surface of the lower eight ribs, well above
the costal margin, and radiates caudally to insert on the iliac
crest, the inguinal ligament, and the linear alba. The internal
oblique lies deep to the external oblique. Its fibers arise from
the iliac crest and inguinal ligament and diverge rostrally to
insert on the costal margin and an aponeurosis contributing to
the rectus sheath. Finally, deep to the internal oblique, lies the
transversus abdominis, which arises from the inner surface
of the lower six ribs, from the lumbar fascia, from the iliac
crest, and from the inguinal ligament, runs circumferentially
around the abdominal visceral mass, and terminates ventrally
in the rectus sheath. Thus the fibers of the internal oblique are
oriented about perpendicular to those of the external oblique
and at a 45◦ angle relative to those of the transversus ab-
dominis. Such a superposition of three muscle layers with
different fiber orientations confers to the lateral abdominal
wall a greater stiffness than any single muscle would (92).

Respiratory action of the abdominal muscles
These four muscles have important functions as flexors and
rotators of the trunk, but as respiratory muscles, the primary
action of the external oblique, internal oblique, and transver-
sus abdominis is to pull the abdominal wall inward and to
increase Pab. In so doing, they induce a cranial displacement
of the diaphragm into the thoracic cavity, which leads to a
rise in Ppl and, if the airway is open, to a decrease in lung
volume. The rectus abdominis should act similarly when the
ventral abdominal wall has an outward convexity, but it would
be expected that, when the abdomen has an inward convexity,
isolated contraction of the muscle would pull the wall slightly
outward.

When the rectus abominis in the dog is selectively acti-
vated by electrical stimulation, however, the ribs and sternum
are displaced in the caudal direction and the anteroposterior

and transverse diameters of the lower rib cage decrease (59).
The muscle, therefore, causes a rise in Pab and Ppl regardless
of the shape of the abdominal wall. On the other hand, al-
though the other abdominal muscles also insert on the pelvis
and the ribs, isolated stimulation of the canine internal oblique
and transversus abdominis produces little or no rib cage dis-
placement, and isolated stimulation of the external oblique
causes a cranial displacement of the ribs and sternum with an
increase in the anteroposterior and transverse diameters of the
lower rib cage (59). D’Angelo et al. (23, 25) confirmed that
simultaneous activation of all abdominal muscles in dogs and
rabbits with the airway open produces an expansion of the rib
cage. However, when the same activation was induced after
evisceration, so that the rise in Pab and Ppl during contraction
was abolished, the lower rib cage contracted and the upper rib
cage dimensions remained nearly unchanged (25).

These observations highlight the dual action of the ab-
dominal muscles on the rib cage. On the one hand, the force
they apply at their insertions on the ribs and the sternum acts
to deflate the rib cage. On the other hand, by forcing the di-
aphragm cranially and stretching it, the rise in Pab produced
by the muscles induces both an increase in size of the zone of
apposition of the diaphragm to the rib cage (Fig. 1) and an in-
crease in passive diaphragmatic tension. This passive tension
acts to raise the lower ribs and to expand the lower rib cage
in the same way as does an active diaphragmatic contraction
(“insertional” force of the diaphragm). The rise in Ppl result-
ing from the cranial displacement of the diaphragm also tends
to expand the portion of the rib cage apposed to the lung. It
is worth noting, however, that an expansion of the rib cage
during abdominal muscle contraction opposes the deflation
of the lung and, in that sense, may be viewed as a pressure
dissipation; when rib cage elastance in dogs is increased by
clamping the ribs and sternum, activation of the transversus
abdominis produces a larger rise in Ppl for a given �Pab (19).

Irrespective of the rib cage displacement that they pro-
duce during isolated contraction, the four abdominal muscles
deflate the lung. Based on the orientation and insertions of
their fibers, however, one would predict that among these
muscles, the transversus abdominis would have the greatest
expiratory mechanical advantage. In agreement with the pre-
diction, measurements of abdominal muscle length in supine
dogs have shown that, although all muscles lengthen during
passive lung inflation, the transversus abdominis lengthens by
25% of LFRC as lung volume is passively increased from FRC
to TLC (108). In contrast, the internal oblique lengthens by
15% of LFRC, and the rectus abdominis and external oblique
lengthen by only 1% to 3% of LFRC. Also measurements of
blood flow to the abdominal muscles with radioactive micro-
spheres have shown that in supine anesthetized dogs, flow
to the transversus abdominis increases during hyperpnea in-
duced by CO2-enriched gas mixtures, whereas flow to the
rectus abdominis and external oblique remains unchanged
(144). A number of electrical recordings from the abdominal
muscles in anesthetized dogs and cats (5, 83, 108) and in
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unanesthetized dogs (43, 109) have also shown that the
transversus abdominis and internal oblique are commonly
active during expiration, whereas the rectus abdominis and
external oblique usually remain silent. Thus, as is the case
for the internal interosseous intercostals, the topographic dis-
tribution of neural expiratory drive to the canine abdominal
muscles mirrors the topographic distribution of expiratory me-
chanical advantage. The changes in abdominal muscle length
in humans have not been evaluated, but electromyographic
studies have shown that as in the dog, when ventilation in
healthy individuals is increased by CO2-enriched gas mix-
tures, expiratory activity in the transversus abdominis and
internal oblique occurs well before activity can be recorded
from either the rectus or the external oblique (1, 40).

Effect of lung inflation
D’Angelo et al. (23) also produced abdominal muscle stimula-
tion in dogs and rabbits at different lung volumes. In both ani-
mals, �Pab in response to a given activation slightly increased
as lung volume before stimulation was increased above FRC;
a similar small increase in �Pab with increasing lung volume
has been reported during magnetic or electrical stimulation of
the abdominal muscles in humans (70, 101, 117). �Pao also
increased with increasing lung volume, in particular as lung
volume approached TLC. D’Angelo et al. (23) concluded,
therefore, that lung inflation enhances the lung-deflating ac-
tion of the abdominal muscles, and they attributed this effect
to a combination of muscle lengthening and decrease in di-
aphragmatic elastance.

To be sure, as pointed out in the previous section, passive
lung inflation produces lengthening of the abdominal muscles,
especially the transversus abdominis and the internal oblique
(108). Passive inflation, however, also causes shortening of
the diaphragm and so induces a decrease in passive diaphrag-
matic tension, particularly when the subjects are in the supine
posture. Therefore, the load imposed by the diaphragm on the
abdominal muscles decreases as lung volume increases, so
that the amount of abdominal muscle shortening in response
to a given activation should be greater. As a result, the abdom-
inal muscles might be only a little longer during contraction
at high lung volumes than during contraction at FRC, and,
hence, in agreement with the observation of D’Angelo et al.
(23), �Pab would be only a little greater. On the other hand,
the decrease in passive diaphragmatic tension that occurs with
passive inflation also implies that the rise in Pab developed by
an abdominal muscle contraction is better transmitted through
the diaphragm to the pleural cavity. The rise in Ppl produced
by a given rise in Pab, therefore, is greater.

Effect of ascites
Accumulation of liquid in the peritoneal cavity causes length-
ening of the abdominal muscles as does passive lung inflation.
In contrast to lung inflation, however, liquid accumulation also

lengthens the diaphragm, leading to an increase in passive di-
aphragmatic tension and an increase in diaphragm elastance
(104). In the presence of liquid, therefore, the load imposed
on the abdominal muscles during contraction is greater, and
the amount of muscle shortening is smaller. As a result, the
muscles develop greater force and generate larger �Pab, but
the greater elastance of the diaphragm impedes the pressure
transmission from the abdominal to the pleural cavity. Indeed,
when the internal oblique and transversus abdominis muscles
in supine dogs were stimulated in the presence of increasing
amounts of liquid in the peritoneal cavity, the �Pab occurring
in response to a given stimulation gradually increased as the
amount of liquid increased to 100 ml/kg of body weight, but
�Pao progressively decreased (107).

When the amount of liquid increased further to 200 ml/kg
of body weight, however, the length of the relaxed abdomi-
nal muscles increased further and muscle shortening during
stimulation became very small, so that the muscles during
contraction were much longer, and yet �Pab decreased and
returned toward the value measured before any liquid was in-
troduced (107). Measurements of the internal oblique muscle
length indicated that with 200 ml/kg of liquid, in fact, the
abdominal muscles were excessively lengthened, so that their
active length was well beyond Lo. In other words, the muscles
operated on the descending limb, rather than the ascending
limb, of their active length-tension curve, so that the force
developed in response to a given activation was smaller. In
addition, ascites also causes an increase in the cross-sectional
area of the abdomen. Consequently, there was also a large in-
crease in the radius of curvature of the transversus abdominis
and perhaps of the internal oblique as well, so that the �Pab

associated with a given muscle tension was probably reduced
(Laplace’s law).

Interaction between the abdominal muscles
and the expiratory intercostals
The interaction between the abdominal muscles and the expi-
ratory intercostals on the lung and chest wall was also exam-
ined in rabbits by D’Angelo et al. (24). Because the internal
interosseous intercostals and the triangularis sterni cannot be
activated in all interspaces simultaneously, the action of these
muscles was evaluated by applying an external pressure of
40 to 50 cmH2O on the rib cage; the action of the abdominal
muscles was assessed by both compression of the abdomen
with a similar external pressure and electrical stimulation of
the muscles. As discussed in section Respiratory action of
the abdominal muscles, isolated compression of the abdomen
or maximal electrical stimulation of the abdominal muscles
caused a rise in Ppl and Pab with an expansion of the rib
cage and a decrease in lung volume corresponding to approx-
imately 65% of the expiratory reserve volume (ERV). On the
other hand, during isolated compression of the rib cage, the
decrease in lung volume was approximately 75% of ERV, and
the rise in Ppl caused a caudal displacement of the diaphragm

Volume 1, July 2011 1295



P1: OTA/XYZ P2: ABC
JWBT335-c100009 JWBT335/Comprehensive Physiology February 9, 2012 19:35 Printer Name: Yet to Come

Mechanics of the Respiratory Muscles Comprehensive Physiology

and a rise in Pab leading to an expansion of the abdomen. It
appears, therefore, that the interaction between the abdominal
and expiratory intercostal muscles on the chest wall is similar
to that between the diaphragm and the inspiratory intercostals.
That is, isolated contraction of either set of expiratory muscles
produces prominent distortion of the chest wall and increases
the elastic work of breathing, and coordinated contraction of
the two sets of muscles reduces distortion and work.

The observations reported by D’Angelo et al. (24) further
indicate that the sum of the lung volume reductions caused
by separate compression of the abdomen and rib cage is sub-
stantially greater than the decrease in lung volume produced
by their simultaneous compression (i.e., ERV), which would
suggest that the interaction between the two sets of muscles on
the lung could be antagonistic. However, as these investiga-
tors pointed out, the lung deflation produced by simultaneous
abdominal and rib cage compression was probably limited by
the closure of airways, rather than by the mechanical prop-
erties of the chest wall. In fact, the lengths of the abdominal
and expiratory intercostal muscles are interdependent. Be-
cause isolated contraction of the abdominal muscles causes
expansion of the rib cage, it should induce lengthening of
the expiratory intercostals. Conversely, isolated contraction
of the expiratory intercostals, by causing expansion of the
abdomen, should induce lengthening of the abdominal mus-
cles. It would be expected, therefore, that the two sets of
muscles would have a synergistic interaction on the lung, but
this prediction has yet to be validated.

Interaction between the abdominal muscles
and the diaphragm
Normal humans maintain the abdominal muscles quiescent
when breathing at rest in the supine posture, but most sub-
jects develop abdominal muscle activity, particularly in the
lower regions of the abdomen, when adopting the standing
posture (16, 31, 77, 119, 155). This activity is typically tonic,
unrelated to the phases of the breathing cycle, and studies
in subjects with transection of the upper cervical cord and
pacing of the phrenic nerves have provided evidence that this
tonic abdominal contraction may assist the action of the di-
aphragm (22, 154). Thus, when the subjects were supine, the
unassisted paced diaphragm was able to generate an adequate
tidal volume, but when they were tilted head-up or moved to
the seated posture, so that the weight of the abdominal content
caused a prominent outward displacement of the abdominal
wall and a marked increase in end-expiratory lung volume,
the tidal volume produced by pacing decreased by 40% or
more relative to the supine posture. The decrease in tidal vol-
ume was significantly reduced, however, when a pneumatic
cuff was inflated around the abdomen so as to mimic the tonic
abdominal muscle contraction and prevent protrusion of the
abdominal wall.

The beneficial effect of the abdominal muscles on the
lung-expanding action of the diaphragm may be the result

of two mechanisms working separately or in combination.
First, as pointed out in section Respiratory action of the
diaphragm, a tonic abdominal muscle contraction or a cuff
placed around the abdomen increases the elastance of the ab-
domen and thereby enhances the insertional and appositional
forces of the diaphragm on the lower ribs. Consequently, the
inspiratory action of the diaphragm on the lower rib cage is
increased. Second, by contracting throughout the breathing
cycle, the abdominal muscles make the diaphragm longer at
the onset of inspiration and prevent it from shortening exces-
sively during inspiration. As a result, the diaphragm develops
greater force and generates larger pressure in much the same
way as it does during contraction at lower lung volumes. To
be sure, because tonic abdominal muscle contraction causes
an increase in abdominal elastance, the increase in diaphrag-
matic force should translate only in part into an increase in
�Ppl (i.e., �Pab should also be greater).

When the pneumatic cuff was placed around the
quadriplegic subjects in the supine posture, however, it also
induced an increased inspiratory expansion of the lower rib
cage, but the tidal volume produced by pacing decreased,
rather than increased (154). This suggests that the beneficial
effect of the abdominal muscles on the lung-expanding action
of the diaphragm in the head-up posture is primarily related
to the increased length of the diaphragm, rather than the in-
creased expansion of the lower rib cage. The role of the lower
rib cage expansion in determining the lung-expanding action
of the diaphragm, in fact, remains to be assessed.

Conclusions
Since the publication in the mid-1980s of the previous edition
of the APS Handbook of Physiology-The Respiratory System,
significant progress has been made in the assessment and
understanding of the mechanics of the respiratory muscles.
It has become clear in particular that the pressure-generating
capacity of the diaphragm is primarily determined by the
length of the diaphragmatic muscle fibers during contraction,
and that the muscle fiber length is, in turn, determined by the
level of activation and by the load imposed on the muscle
by the lung and chest wall. Thus, when the lung is passively
inflated, the pressure generated by the diaphragm in response
to a given activation is decreased because the muscle during
contraction is shorter and generates less force. Conversely,
when the load imposed on the muscle is increased, for example
by the introduction of liquid in the abdominal cavity, the
capacity of the diaphragm to generate pressure is increased
because the muscle during contraction is longer and develops
greater force. At very high lung volumes or in the presence of
large amounts of liquid in the abdomen, however, the pressure-
generating capacity of the diaphragm may also be impaired
by an increase in the muscle radius of curvature.

Another prominent development has been the demon-
stration that, although the diaphragm is the main inspiratory
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muscle, expanding the chest wall during breathing is an in-
tegrated process that involves many muscles, in particular
the external intercostals in the dorsal portion of the rostral
interspaces and the intercartilaginous portion of the internal
intercostals (the so-called parasternal intercostals). Both in
the dog and in humans, these two sets of intercostal muscles
have an inspiratory effect (i.e., they cause a fall in Ppl during
isolated contraction), and they contract during the inspiratory
phase of the breathing cycle. The scalenes also contract during
inspiration in humans. Coordinated activity between the ex-
ternal intercostals, parasternal intercostals, and scalenes helps
the diaphragm expand the chest wall along its relaxation tra-
jectory. In addition, by contracting during inspiration, these
muscles increase the load on the diaphragm. Consequently,
they also reduce the shortening of the diaphragm and enhance
its pressure-generating ability.

In contrast to the parasternal intercostals and the external
intercostals in the dorsal portion of the rostral interspaces,
the internal interosseous intercostals in the caudal interspaces
and the triangularis sterni have an expiratory effect (i.e., they
cause a rise in Ppl during isolated contraction) and are active
during expiratory efforts. These two sets of muscles, there-
fore, have an expiratory function during breathing, and they
act in concert with the abdominal muscles to deflate the chest
wall and the lung. The mechanisms for the inspiratory effect
of the external intercostals in the dorsal portion of the rostral
interspaces and the parasternal intercostals, and those for the
expiratory effect of the triangularis sterni are well understood;
they relate both to the nonuniform coupling between the ribs
and the lung and to the orientation of the muscle fibers, ad-
justed to the three-dimensional configuration of the rib cage.
The mechanism for the large expiratory effect of the internal
interosseous intercostals in the caudal interspaces, however,
is still unclear.

One of the most intriguing aspects of these recent devel-
opments, however, has been the observation of a remarkable
congruence between the topographic distribution of neural
drive to the intercostal muscles and the topographic distri-
bution of mechanical advantage among them. Thus, both in
the external intercostals and the parasternal intercostals in the
dog and in humans, neural drive during resting inspiration is
greater in the muscle areas with the greatest inspiratory me-
chanical advantage than in the areas with a smaller inspiratory
mechanical advantage, and the muscle areas with an inspi-
ratory mechanical advantage below some threshold remain
electrically silent. The internal interosseous intercostals and
abdominal muscles in the dog show a similar relationship, so
that the muscle areas with the greatest expiratory mechanical
advantage receive the greatest neural drive during expiration.
More recently, similar relationships have also been reported
for the canine diaphragm (14, 96) and the scalene muscles in
the rabbit (113). Therefore, it would be tempting to speculate
that activation and mechanical advantage might be correlated
in nonrespiratory systems as well, but this hypothesis remains
to be tested. The mechanisms that establish such relationships,

whether these relationships may adapt to alterations in me-
chanical advantage, and whether they have beneficial effects
to the work or the metabolic cost of breathing remain also
uncertain.
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