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ACTIONS OF THE RESPIRATORY MUSCLES
OR HOW THE CHEST WALL MOVES IN UPRIGHT MAN

A. De Troyer *

CLINICAL RESPIRATORY

PHYSIOLOGY

Since the studies of KONNo and MEAD [21] on the
partition of breathing between the rib cage and
abdomen, it has been recognized that quiet breathing
in upright humans generally occurs on the relaxed

thoracoabdominal configuration (fig. 1). Under these
circumstances, not only does the chest wall (i.e.,

the rib cage-abdomen system) move on its relaxation
characteristic (panel A), but also the rib cage does
behave with a single degree of freedom of motion

(panels B and C). The mechanism of this extraor-

dinarily effective « coupling » between the rib cage
and abdomen has been a matter of considerable

interest among respiratory physiologists for the past
15 years, in particular since GOLDMAN and MEAD [19]

published their famous hypothesis that in upright
humans breathing quietly the diaphragm was the only
important contracting muscle, driving the entire chest

wall, including the rib cage, on its relaxed confi-
guration.

IA IB

THE DIAPHRAGM

That the diaphragm has an inspiratory action on
the rib cage has been recognized from ancient times

[12, 16]. The mechanisms of this action, however,
have only recently been assessed, due to the recogni-
tion of some fundamental but long overlooked ana-

tomic features. Understanding the action of the dia-
phragm thus requires clear understanding of its

functional anatomy.

Rib Cage

-Dome-

Costal

diaphragmatic
Zone cr

Apposition

Abdomen
fibers

A
.
P

R
i
b
 
C
a
g
e
 
A
.
P

FRO

Abdomen A.P

L
o
w
e
r
 
R
C
 
A
.

C

RC Transverse

Upper RC A.P

Fig. 1. Pattern of thoracoabdominal motion in a « re-

laxed » normal subject breathing quietly in the upright
posture. In each panel, the broken curve represents the
relaxation characteristic and the open circle corresponds

to end-expiration. The solid loops represent the tidal

volume loops; their direction is indicated by arrows. Note
that the chest wall moves on its relaxed configuration

(panel A) and that the rib cage (RC) behaves with a single
degree of freedom of motion (panels Band C). A-P :

anteroposterior diameter.

*Respiratory Research Unit and Chest Service, Erasme
University Hospital, route de Lennick 808, 1070 Brussels,
Belgium.

Fig. 2. Frontal section of the respiratory system at end-
expiration, illustrating the functional anatomy of the dia-
phragm. Note the orientation of the costal diaphragmatic
fibres, which run parallel to the rib cage axis and are

directly apposed to the inner aspect of the lower rib cage
(zone of apposition).

In relation to its function, the human diaphragm
can be considered as an elliptical cylindroid capped
by a dome (fig. 2). The cylindrical portion of the
diaphragm corresponds to the portion directly appo-
sed to the inner aspect of the lower rib cage (zone

of apposition) [23]. The dome of the diaphragm

corresponds mainly to the central tendon. Its shape

and size are relatively constant during breathing [2
and because it has no direct attachment to any solid

structure, its motion mainly depends upon the relative
resistance to motion of the abdominal contents and

the lower ribs. When the costal diaphragmatic muscle

fibres shorten during inspiration, the axial length of
the apposed portion diminishes and the dome of the

diaphragm descends relative to its costal insertions.

The most important change in diaphragmatic shape,
the one responsible for most of the volume displace-
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ment, is thus a piston-like axial displacement of the
dome related to the shortening of the axial length of
the apposed muscle fibres. This phenomenon has
three major consequences : 1) it decreases the intra-
thoracic pressure and, depending on whether the

airways are open or closed, it increases lung volume

or decreases the alveolar pressure; 2) it pushes the

abdominal contents caudally, resulting in a rise in
intraabdominal pressure and outward motion of the

ventral abdominal wall; and 3) the rib cage is dis-

placed.

Pab
Insertion

Force

Appositional
Force

Fig. 3.- Frontal section of the respiratory system at
end-expiration, illustrating the three forces through which
the diaphragm operates to displace the rib cage. See text
for description.

There are three forces by which the diaphragm
operates to displace the rib cage (fig. 3). The first is

related to the decrease in pleural pressure which, by
itself, tends to reduce rib cage size. The second is
related to the rise in abdominal pressure which, by

acting over the zone of apposition of the diaphragm
to the rib cage, tends to inflate the lower rib cage.

This component of diaphragmatic action has been
named « appositional force » [15, 22], and it depends
on the magnitude of rise in abdominal pressure during
inspiration and the size of the zone of apposition.

Clearly, the appositional force is greater when the
abdominal compliance is reduced (causing a larger
rise in abdominal pressure) and when the size of

the zone of apposition is increased, such as at low

lung volumes. The third force by which the dia-
phragm acts to displace the rib cage relates to its

insertions on the lower ribs (<« insertional force »)

[14, 15]. Indeed, because the costal diaphragmatic
fibres insert into the lower ribs and are directed

cranially, parallel to the rib cage axis, their contrac-
tion must exert a force that tends to elevate the

lower ribs, moving them outward.

It is clear that this insertional force can only operate
if there are solid structures that resist the descent of
the diaphragmatic dome. Early work in this contro-
versial area has focused on the nature of the solid

structures which enable the diaphragm to expand the

rib cage by way of its insertions. BEAU and MAIS-
SIAT [1] believed that restraining of the diaphrag-
matic dome by the pericardium was sufficient to

produce this effect, whereas DUCHENNE [16] conclu-
ded that the abdominal viscera provided the solid

< fulcrum > against which the contracting diaphragm
pushed to elevate the ribs. This latter mechanism has

since been convincingly confirmed. Indeed, DE

TROYER et al. [15] have shown in dogs that re-

moving the abdominal viscera from the abdominal
cavity caused the costal diaphragmatic fibres to

contract, rather than expand, the lower rib cage,
whereas sectioning the pericardial attachments of the

diaphragmatic dome did not affect the rib cage

expanding action of the diaphragm. D'ANGELO and

SANT'AMBROGIO [4] have also reported that the rib
cage deflation produced by the diaphragm in evisce-

rated rabbits was reversed into a rib cage expansion
when the diaphragmatic dome was presented from
descending by mechanical means. The abdominal
contents thus provide the solid fulcrum through which

the diaphragmatic insertions on the ribs operate to

lift the lower ribs and expand the rib cage. And the

more effective the abdominal fulcrum is, the greater
the insertional force developed by the contracting
diaphragm to lift the lower ribs. If the abdominal
muscles contract so as to reduce abdominal com-

pliance and fix the diaphragmatic dome, the apposed
diaphragmatic muscle fibres thus have a greater ten-

dency to lift the lower ribs when they shorten. The
abdominal compliance thus affects the insertional and

appositional components of diaphragmatic action in
the same direction.

For anatomical it is obvious that thereasons,

appositional and insertional forces primarily apply
to the lower portion of the rib cage. They do not
affect, or only to a limited extent, the upper portion
of the rib cage. Hence, the net action of the

diaphragm on the lower rib cage depends on the

balance between the fall in pleural pressure, which

tends to deflate the rib cage, and the appositional
and insertional forces, which both tend to expand
the rib cage. On the other hand, the action of the
diaphragm on the upper rib cage should be predo-
minantly determined by the effect of the fall in

pleural pressure. And indeed, quiet breathing does
not occur on the relaxed thoracoabdominal confi-

guration in seated tetraplegic subjects, when the dia-
phragm is really the only important contracting
muscle [5, 18, 24]. As illustrated in figure 4, the
tidal volume loop in such subjects departs substan-
tially from the chest wall and rib cage relaxation

characteristic: the abdominal expansion predominates
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Fig. 4. Pattern: of thoracoabdominal and rib cage (RC)
motion in two seated tetraplegic subjects breathing quietly.
Abd: abdomen; AP : anteroposterior diameter. In each
panel, the broken line represents the relaxation characteristic,
and the solid loop represents tidal volume cycle. The
direction of the loops is indicated by arrows. Closed circle :

end-expiration; open circle : end-inspiration. See text for
description.



CHEST WALL MOTION IN UPRIGHT MAN

over rib cage expansion, the lower rib cage expands
proportionately more along its transverse than antero-

posterior diameter, and the upper rib cage moves

inward during inspiration. It is clear, therefore, that
GOLDMAN and MEAD's hypothesis [19] is incorrect

and that the diaphragm acting alone is not able to
drive the chest wall on its relaxed configuration *.
It thus needs a good deal of help from other inspi-
ratory muscles to do so, and recent work in this

area suggests that most of this help is provided by
the parasternal intercostals and the scalene muscles.
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THE INSPIRATORY RIB CAGE MUSCLES

The parasternal intercostals

Since TAYLOR's electrical recordings from the inter-

costal muscles in humans [27], it is well established

that the interchondral portion of the internal inter-

costals (the « parasternals ») is electrically active

during quiet inspiration [7, 9, 13]. In line with
GOLDMAN and MEAD's hypothesis, however, this

parasternal inspiratory EMG activity was perceived
as being the consequence, rather than the cause of

the rib cage displacement [8]; it would occur through

activation of the spindle mechanism to prevent the
rib cage distortions that the diaphragm would other-

wise produce by way of the fall in pleural pressure.
Recent studies, however, have shown that the para-
sternals, unlike the external and internal interosseous

intercostals, are poorly supplied with muscles

spindles [17]. In addition, EMG studies in humans
have shown that the parasternal EMG activity is

reduced or abolished in the presence of rib cage

distortion during diaphragmatic isovolume ma-

noeuvres [13] or during breathing against inspiratory
mechanical loads [26]. Other studies in dogs have
further demonstrated that the inspiratory contraction
of the parasternals is a real miometric (as opposed
to isometric or pliometric) contraction; these muscles

actively shorten during quiet, spontaneous inspiration
and lengthen during expiration [6]. Although the

length changes undergone by the parasternals during
breathing in humans have not yet been measured,
it thus appears that the parasternals are real agonists

(as opposed to fixators) and actively contribute to
inspiration.

Anesthetized dogs provide a good experimental
setting for assessing the mechanical action of the

parasternals on the chest wall. Indeed, after bilateral
section of the phrenic nerve roots in the neck, the
parasternals contribute most of the tidal volume [10].

Figure 5 compares the changes in thoracoabdominal

Measurements obtained in tetraplegic subjects may
somewhat underestimate the rib cage expanding action of

the diaphragm. Indeed, the abdominal muscles are paralysed
in these subjects, making the abdominal fulcrum less effec-
tive than in normals. Recent phrenic nerve stimulation

experiments in healthy volunteers (A. DE TROYER et al.,
unpublished observations), however, have confirmed that
the rib cage expanding action of the diaphragm is far less
than that postulated by GOLDMAN and MEAD, whose obser-
vations are largely attributable to specific experimental
conditions facilitating the respiratory action of the dia-
phragm on the rib cage (that is, marked stiffening of the

abdomen and enlargement of the zone of opposition by
external abdominal compression).

Isovolume

Lines

Volume Abdomen

Fig. 5. Pattern of thoracoabdominal motion during quiet
breathing in a supine dog before (control) and after bilateral
section of the phrenic nerves. Broken line represents the

chest wall relaxed configuration, The solid loops represent
tidal volume cycles; their direction is indicated by arrows.
Open circle: end-expiration. (Reproduced, with permission,
from DE TROYER and KELLY [10]).

configuration that occur during quiet breathing before
and after bilateral phrenicotomy in a supine anesthe-
tized animal. As can be seen, quiet breathing in
the intact animal is virtually superimposed upon the
chest wall relaxed configuration. After phrenicotomy,
however, the tidal volume loop considerably departs

from it. The rib cage still expands during inspiration,

clearly indicating that the parasternals actually have
an inflationary action on the rib cage, but at the

same time, because the fall in pleural pressure is

transmitted across the flaccid diaphragm to the ab-
domen, there is paradoxical inward motion of the
abdomen. In addition, the increased inspiratory rib
cage expansion after phrenicotomy takes place in
a considerably distorted fashion [10]. This is illus-

trated in figure 6, where the changes in rib cage
anteroposterior and transverse diameters and the axial

(cephalo-caudal) displacements of the sternum and

the ribs that occur during breathing after phrenico-
tomy are compared with those observed during
mechanical ventilation. The contraction of the para-

sternals during inspiration causes the rib cage to

expand more along its transverse than anteroposterior
diameter relative to its relaxed configuration (obtained
during mechanical inflation), but, in addition, the
axial displacement of the rib cage is profoundly
disturbed. Whereas both the ribs and the sternum

move in a cranial direction during mechanical

inflation (i.e., when the parasternals are inactive),
the sternum moves in a caudal direction during

inspiration after phrenicotomy. This is due to the
insertions of the parasternals on the lateral border

of the sternum and the upper border of the costal
cartilages, which thus produce a rotation of the chon-

drosternal junctions when they contract (« bucket-
handle » action) [10].

Similar deformations of the rib cage are seen

when normal humans inhibit the diaphragm and
attempt to breathe with the parasternals alone

(A. De Troyer, M. Estenne and V. Ninane, unpu-
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with the diaphragm and the parasternals, these mus-

cles oppose the passive elastic recoil of the respiratory

system in producing expiratory airflow. Finally, nor-
mal seated humans cannot suppress inspiratory EMG
activity in the scalenes during quiet breathing until
tidal volume becomes trivial (less than 100 ml). There
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Fig. 6.- Pattern of rib cage motion during mechanical
ventilation (left) and during quiet breathing after bilateral
phrenicotomy (right) in a supine, anesthetized dog. Inter-
costal EMG was recorded in the parasternal area (3rd inter-
costal space). I indicates the duration of inspiration. Note

that, after phrenicotomy, the rib cage expands propor-
tionately more in its transverse diameter and the sternum
moves in a caudal direction during inspiration. The vertical
brackets on left edge of tracings represent a 5 mm displacе-
ment. (Reproduced, with permission, from DE TROYER and
KELLY [10]; slightly modified).

blished observations). During such efforts, the rib

cage expands considerably more along its transverse
than anteroposterior diameter relative to its relaxed

configuration and, as is the case in phrenicotomized
dogs, the sternum moves caudally in the early part
of inspiration, especially when the activation of the
scalenes is delayed. Indeed, the scalenes, which in

man insert into the transverse processes of the lower

five cervical vertebrae and the upper border of the
first two ribs, also contribute to quiet inspiration
in humans.

The scalene muscles

Earlier studies by CAMPBELL [13] in normal
humans have reported that the scalenes are usually

inactive during quiet breathing, being recruited only
when ventilation increases. As a result, these muscles,

together with the sternocleidomastoids and several
other muscles which run between the rib cage and the

spine or the shoulder girdle and participate in respi-
ratory acts only in some particular circumstances,

have traditionally been described under the heading
< accessory muscles ». However, these observations

where obtained with skin surface electrodes, a

technique which is generally unable to recognize low
levels of EMG activity.
And indeed, using needle electrodes directly inser-

ted into the muscle, RAPER et al. [25] and others [7,

20] have subsequently documented a scalene phasic
inspiratory EMG activity in most normal humans
breathing at rest. As illustrated in figure 7, the

scalene EMG activity has a time course which closely

resembles that of the diaphragm and parasternals [9].
This EMG activity usually starts together with the

beginning of inspiration, increases progressively in
intensity as inspiration proceeds, and reaches its

peak at the end of inspiration. Further, it persists into
the first part of expiration, suggesting that, together

Fig. 7.- Electromyographic (EMG) activity detected in the
scalenes and parasternal intercostals in a seated normal

subject breathing quietly. The inspiratory phase of the

breathing cycle (I) is indicated by an increase in rib cage
and abdomen anteroposterior (A-P) diameter.

is thus no reason for using the qualifying adjective
< accessory in describing the scalenes. These

muscles in humans are primary, not accessory,

muscles of inspiration [9].

The mechanical action of the scalenes in humans

is poorly defined, presumably because there is no

clinical setting that spares the scalenes and causes
paralysis of all the other inspiratory muscles. In the
dog, however, selective stimulation of the scalenes

is primarily associated with an axial displacement of
the ribs and the sternum in a cranial direction [11].

This cranial displacement of the ribs, in turn, causes
the rib cage to expand along both its anteroposterior

and transverse diameters but, because of the muscle's
anatomic insertions, the rib cage expansion is propor-

tionately greater along its anteroposterior than trans-
verse diameter (« pump-handle » action). In addition,
recent evidence has been obtained in normal humans,

which suggests that the EMG activity present in the

scalenes during quiet inspiration is not simply an
electrical event [9]. As illustrated in figure 8, normal

subjects in seated posture were coached to breathe

first naturally (left panel), and then to maximize

Scalene EMG

Lower Rib Cage.
A.P

Upper Rib Cage

A.P

Abdomen A.P

Natural Breathing 'Diaphragmatic' Breathing

15.

Fig. 8.- Scalene electromyographic (EMG) activity and
changes in anteroposterior (A-P) diameter of upper and
lower rib cage and abdomen (increase upwards) in a seated
normal subject during natural, quiet breathing (left) and
during attempts to perform tidal volume inspiration with
the diaphragm alone (right). I indicates the duration of
inspiration. Note that diaphragmatic tidal breathing is
associated with a marked decrease in scalene inspiratory
EMG activity and considerable cephalo-caudal distortion
of the rib cage.
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diaphragmatic use during tidal volume breathing

(right panel). During natural breathing, while the
scalenes are electrically active during inspiration, the
lower and upper portions of the rib cage expand in
phase with the abdomen. By contrast, as the subject
attempts to breathe with the diaphragm alone and
augments abdominal expansion with inspiration, a
marked decrease or even an abolition of scalene EMG

activity occurs, accompanied by a reduced inspiratory
expansion of the lower rib cage in its anteroposterior

diameter and an inward, paradoxical displacement
of the upper rib cage. This cranio-caudal deformation

of the rib cage is most likely to result from the

observed inhibition of the scalenes, since it is

associated with a recruitment rather than an inhi-

bition of the parasternal intercostals [9]. Although
additional studies are required, it thus appears that
the scalene muscles normally contribute to quiet

inspiration in normal humans, acting to counteract

the parasternals in their action on the sternum and to

expand the (upper) rib cage primarily along its
anteroposterior dimension.

CONCLUSION

On the basis of these observations, it thus appears
that the rib cage in humans is more distortable than

conventionally thought. Its inherent structural stabi-
lity is not sufficient to ensure a unitary behaviour and,
if it moves with a single degree of freedom during

quiet breathing, it is because of co-ordinated activity
between the diaphragm, the parasternal intercostals
and the scalenes.

Isolated paralysis of the sternocleidomastoids

should not affect the pattern of thoracoabdominal
motion during quiet breathing, since these muscles are
not active in normal humans breathing at rest. Nor

should this pattern be substantially affected by para-
lysis of the external and internal interosseous inter-
costals whose mechanical contribution to tidal

breathing appears to be negligible. In contrast, if for
whatever reason the diaphragm, the parasternals or
the scalenes are inhibited or paralysed, or if the
precisely co-ordinated pattern of activation of these

three muscle groups is altered, the rib cage is distorted

and quiet breathing does no longer occur on the
chest wall relaxed configuration.
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CLINICAL RESPIRATORY
PHYSIOLOGY

COURNAND LECTURE*

MECHANICAL ACTION OF THE ABDOMINAL MUSCLES
ACTION MECANIQUE DES MUSCLES ABDOMINAUX

A. De Troyer**

The mechanical action of any skeletal muscle in
the body is primarily defined by the anatomy of the
muscle and the loads this has to displace. This rule
applies equally to the abdominal muscles. Under­
standing the action of the abdominal muscles, there­
fore, requires clear understanding of their anatomy
and of the structures they displace when they
contract. The present account will accordingly begin
with a brief review of the most relevant features of
the anatomy of the abdominal muscles and of the
structure of the abdominal cavity. It will next discuss
some current ideas concerning the mechanical actions
of these muscles and their interaction with other
respiratory muscles. In this discussion, without ne­
glecting older, more conventional viewpoints, I have
tended to emphasize some concepts that have deve­
loped recently and are based on the recognition of
some fundamental but long overlooked anatomic
features. In that, they add force to a remark offered
25 years ago by W.O. Fenn [16] : « The mechanics
of breathing is a problem requiring on the one hand
the detailed knowledge of a classical anatomist and
on the other hand the analytic understanding of an
engineer.»

Functional anatomy

The abdominal muscles that have significant res­
piratory activity in man and are therefore of interest
in the present context are those which constitute the
anterolateral wall of the abdomen. These muscles
are the rectus abdominis, the obliquus externus, the
obliquus internus, and the transversus abdominis.
They are all supplied by branches of the lower six
thoracic nerves (T7-T12) and the first lumbar nerve.

The rectus abdominis originates from the ventral
ends of the fifth, sixth, and seventh costal cartilages
and the sternum and runs axially along the whole
length of the ventral wall of the abdomen to insert
into the pubis. This muscle is thus medial and is en­

* Given on June 23, 1983, in Bratislava, Czechoslovakia,
at the annual meeting of the SEPCR.

** Chest Service, Erasnic University Hospital, 808, route
de Lcnnick, 1070 Brussels, Belgium,

closed in a sheath formed by the aponeuroses of the
three muscles situated laterally. The obliquus ex­
ternus is the most superficial of these three flat
muscles. It originates by fleshy digitations from the
external surface of the lower eight ribs in the mid-
axillary line ; it is, therefore, superficial to the inter­
costal muscles in the lower half of the rib cage. Its
fibres run caudally and ventrally and insert into the
iliac crest and the linea alba. The obliquus internus
lies deep to the obliquus externus. Its fibres arise
from the iliac crest and the inguinal ligament, and
diverge to insert into the anterolateral surface of the
lower three costal cartilages and, by means of an
aponeurosis, into the linea alba. The deepest of the
muscles of the lateral abdominal wall is the trans­
versus abdominis, so called from the direction of its
fibres. It arises from the inner surface of the lower
six costal cartilages, the lumbar fascia, the iliac crest
and the inguinal ligament, runs circumferentially and
terminates in an aponeurosis which forms the poste­
rior lamina of the rectus sheath.

These four muscles have important functions as
flexors and rotators of the trunk but as respiratory
muscles, their main action relates to the inward dis­
placement of the ventral abdominal wall and the rise
in intraabdominal pressure that take place when they
contract (fig. 1). In this review, I will consider the

Fig. 1. — Sagittal section illustrating the functional ana­
tomy of the abdominal container.
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functional implications of this phenomenon 1) on
the lung; 2) on the rib cage; 3) on the inspiratory
muscles.

Action of the abdominal muscles on the lung

From a mechanical standpoint, the abdomen is
conventionally thought of as a fluid-filled container.
That is, its contents are virtually incompressible, and
hence any inward displacement somewhere in the
surrounding container must result in an equal out­
ward displacement elsewhere [1]. In fact, many parts
of the abdominal container in man are virtually im­
mobile : these are the spine posteriorly, the pelvis
caudally, and the iliac crests which nearly meet the
rib cage laterally. Hence, the major part of the abdo­
minal container that is mobile and can be displaced
during abdominal muscle contraction is the dia­
phragm (fig. 1). If the diaphragm is relaxed, contrac­
tion of file abdominal muscles will thus result in a
(passive) cranial displacement of the diaphragmatic
dome into the thorax and, thereby, in a decrease in
lung volume. In so doing, the abdominal muscles are
powerful muscles of expiration and they play impor­
tant roles in activities such as forced expiration, cou­
ghing, and defecation *.

In this connection, it is worth noting the role of
the abdominal muscles in posture. This role has been
reported by several investigators primarily interested
in abdominal muscle electromyograms [5, 10, 17,
26]; we illustrate it from our own studies in figu­
re 2 [11]. In the supine posture, the abdominal mus­
cles are usually silent in normal man breathing
quietly. By contrast, during gradual tilting from su­
pine to standing, a tonic electrical activity, unrelated
to the phases of respiration, generally appears in the
abdominal muscles, more markedly so in the lower
than in the upper abdomen. This tonic activity ap­
pears to be related to the antigravitational function
of the abdominal muscles : it is removed when the
abdomen is immersed in a fluid and the effects of
gravity are minimized [10].

The mechanism of this posture-related abdominal
muscle activation is still unclear. Experiments in
anesthetized rabbits have suggested that stimulation
of slowly adapting stretch receptors in the airways
by increases in end-expiratory lung volume might,
via the vagus nerves, play an important role in elici­
ting tonic abdominal muscle contraction during
head-up tilting [8]. However, vagal reflexes are weak
in awake humans compared with anesthetized ani­
mals. In addition, it is hard to conceive how reflexes 

* Evidence has been recently obtained in the dog that
the pressure swings in the abdominal cavity, in fact, are
not necessarily uniform [9]. In particular, during contrac­
tions of the abdominal muscles, the rises in intraabdominal
pressure were found to be substantially smaller under the
diaphragmatic dome than in the stomach or in the intesti­
nal loops. This thus indicates that the amount of peritoneal
fluid in which the abdominal viscera are floating is not
sufficient to make the abdominal contents behaving as a
mass of liquid. As a corollary, the hydraulic coupling bet­
ween the ventral abdominal wall and the diaphragm is
more complex than conventionally thought.

involving airways slowly adapting receptors alone
could elicit a greater activation in the dependent
(where the hydrostatic pressure is greater) than in
the non-dependent portion of the abdominal mus­
cles. Instead, the electrical observations shown in
figure 2 suggest that the abdominal muscle activa­
tion which occurs in the vast majority of normal in­
dividuals when adopting the standing posture de­
pends to a large extent on proprioceptive influences
originating from the muscles themselves [11].

Rib Cate.
A.P

Upper Abdomen.
EMG

Lower Abdomen.
EMG

Fig. 2. — Electrical (EMG) activity of the upper and
lower portions of the obliquus externus during quiet breath­
ing in a representative normal individual in supine (left),
45° head-up (middle), and standing (right) positions. The
changes in rib cage and abdomen anteroposterior (AP)
diameters are also shown; in these two recordings, upward
deflections indicate an increase in diameter (inspiration).
Reproduced, with permission, from A. De Troyer, Resp.
Physiol., 1983, 53, 341-353.

Irrespective of its mechanism, this posture-related
abdominal muscle activation plays a significant role
in determining the pattern of thoracoabdominal mo­
tion during breathing [11, 22]. Figure 3 illustrates
the pattern observed in the absence of any abdominal
muscle activity. As can be seen, when the abdominal
muscles remain silent, the tidal volume loop is su­
perimposed upon the relaxed thoracoabdominal
configuration and the spontaneous end-expiratory
volume coincides with the relaxed functional residual
capacity (FRC). This is not the case when the stan­
ding posture elicits tonic abdominal muscle activity.
As illustrated by the representative example shown 

Lower EMC ■ ■ ■ ■—■ —

Upper EMC ■ ■ ■ ■■■ ■■ ■■■ ■■■■

Fig. 3. — Pattern of thoracoabdominal motion during quiet
breathing in a normal, trained subject who maintains the
abdominal muscles silent in the standing posture. The
broken line in the right panel represents the configuration
of the thoracoabdominal system during voluntary relaxa­
tion, and the thin solid line represents the isovolume line
obtained at relaxed FRC. The solid loop represents the
tidal volume cycle; the arrow on the loop marks the inspi­
ratory phase and indicates the direction of the loop. See
text for explanation.
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in figure 4, the abdomen is then smaller throughout
the breath than during voluntary relaxation and the
spontaneous end-expiratory volume, as judged from
the isovolume line, is below the relaxed FRC by a
volume equal to about 0.5 times the resting tidal
volume. This indicates that, due to abdominal mus­
cle contraction, quiet breathing does not occur on
the chest wall relaxation characteristic in most nor­
mal humans standing at rest, and the end-expiratory
lung volume is at least in part actively determined
and maintained below the neutral position of the
respiratory system. Otherwise stated : the majority
of normal individuals recruit their abdominal mus­
cles and thereby reduce the volume of the abdominal
compartment of the respiratory system so as to mi­
nimize the increase in end-expiratory lung volume
which normally occurs when adopting the standing
posture.

Fig. 4. — Pattern of thoracoabdominal motion during quiet
breathing in a subject who has tonic abdominal muscle
activity in the standing posture. Same legend as in figure 3.
Note that the subject is here breathing to the left of the
relaxed thoracoabdominal configuration (the abdomen is
smaller) and that the spontaneous end-expiratory level is
below the relaxed FRC. Reproduced, with permission, from
A. De Troyer, Resp. Physiol., 1983, 53, 341-353.

The rise in intraabdominal pressure and the ac­
companying cranial displacement of the diaphragm
that take place during abdominal muscle contraction
account not only for most of the expiratory action
of these muscles on the lung : this phenomenon also
plays a predominant role in determining how these
muscles act on the rib cage.

Action of the abdominal muscles on the rib cage

To the extent that the four muscles of the antero­
lateral wall of the abdomen insert cranially into the
rib cage and caudally into the pubis and the iliac
crests, one would anticipate that they all act to pull
down the ventral portion of the rib cage (fig. 1).
Because of the pump-and bucket-handle mobility of
the ribs, one would, therefore, expect that they all
tend to deflate the rib cage. Recent studies indicate,
however, that any of a spectrum of changes in rib
cage dimensions can be observed depending on the
muscle stimulated [12].

These experiments were done on supine, deeply
anesthetized dogs made apneic by mechanical hyper-

Rectus Abdominis External Oblique

Fig. 5. — Effect of bilaterally stimulating the canine rectus
abdominis (left) and obliquus externus (right) on the ante­
roposterior and transverse diameters of the lower rib cage.
The changes in rib cage diameters were measured by small
hooks screwed into the sternum and the 7th or 8th rib in
the midaxillary line, respectively, and connected by inexten­
sible threads to linear displacement transducers. In the
present records, upward deflections indicate an increase in
rib cage diameter, and downward deflections the reverse.
Reproduced, with permission from A. De Troyer et al.,
J. appl. Physiol. : Resp. environm. Exercise Physiol., 1983,
54, 465-469.

ventilation, and the four muscles of the anterolateral
wall of the abdomen were separately stimulated at
FRC by implanted electrodes. The results are illus­
trated in figure 5. Tetanic stimulation of the rectus
abdominis always resulted in a decrease in lung vo­
lume, a rise in abdominal (gastric) pressure, and a
reduction in both the anteroposterior and the trans­
verse diameter of the lower rib cage. On the other
hand, the other muscles of the abdominal wall, while
also producing a fall in lung volume and a rise in
abdominal pressure, did not deflate the rib cage.
Stimulation of the obliquus internus and stimulation
of the transversus abdominis (not shown in the fi­
gure) did not cause any noticeable change in rib cage
diameters, and stimulation of the obliquus externus
always caused an expansion, not a contraction, of
the rib cage along its anteroposterior and transverse
diameters. When the animal was eviscerated or had
the abdomen open so that abdominal pressure could
no longer rise, each of the abdominal muscles, in­
cluding the obliquus externus, was expiratory for the
rib cage, causing a decrease in its anteroposterior
and transverse diameters. The axial displacements of
the sternum and the ribs observed in these experi­
ments were consistent with the changes in rib cage
diameters, being caudal in direction when the rib
cage was deflating and cranial when the rib cage was
expanding [12].

From these experiments, the conclusion thus emer­
ges quite clearly that the abdominal muscles have
two opposing effects on the lower rib cage when they
contract. On the one hand, in relation to their ana­
tomic attachments, they all tend to pull down the
lower ribs and hence they all tend to deflate the rib
cage. After evisceration or when the abdomen is
widely open to atmosphere, this insertional, expira­
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tory force is the only acting component. On the other
hand, these muscles have an inspiratory action on
the rib cage which adds to the effect of the rise in
pleural pressure and is removed by evisceration or
opening of the abdomen. Most clearly, this inspira­
tory action of the abdominal muscles on the rib cage
is primarily related to the rise in abdominal pressure
that takes place when they contract

There are at least two mechanisms by which the
rise in abdominal pressure can expand the lower rib
cage during abdominal muscle contraction (fig. 6).
First there is a large zone where the diaphragm is

Fig. 6. — Frontal section of the respiratory system, illus­
trating the zone of apposition of the diaphragm to the rib
cage and the orientation of costal diaphragmatic fibers.
During abdominal muscle contraction, the rise in abdo­
minal pressure acts through the zone of apposition and
causes passive distention of the diaphragm. By these two
mechanisms, abdominal pressure tends to inflate the lower
rib cage during abdominal muscle contraction.

directly apposed to the inner aspect of the lower rib
cage [24]. This zone of apposition represents about
30 percent of the total rib cage surface area at FRC
and allows abdominal pressure to be transmitted,
though perhaps incompletely, to the lower rib cage.
By acting over that zone, the rise in abdominal pres­
sure that occurs when the abdominal muscles
contract will thus be expected to have an inflating
action on the lower rib cage [14, 24]. Second, the
costal diaphragmatic fibres are inserted into the lo­
wer ribs and are directed cranially, parallel to the
rib cage axis (fig. 6). Consequently, they must exert
a force which tends to lift the lower ribs and hence
expand the lower rib cage whenever they come un­
der tension [13, 14]. To the extent that the rise in
abdominal pressure is associated with a cephalic dis­
placement of the diaphragm, contraction of the ab­
dominal muscles thus causes passive tension within
the diaphragmatic muscle fibres and thereby opposes
the expiratory force that these muscles exert on the
ribs by way of their insertions [12]. In the intact
animal, therefore, the net action of the abdominal
muscles on the rib cage depends on the balance bet­
ween the insertional force, that tends to deflate the
rib cage, and the rise in abdominal pressure which,
operating by way of the zone of apposition and pas­
sive distention of the diaphragm, tends to inflate the
lower rib cage.

The reason why the different muscles of the abdo­
minal wall displace the rib cage differently is pro­
bably related to their anatomy. These muscles all 

cause a rise in abdominal pressure when they
contract. Consequently, for a given rise in abdominal
pressure, the inspiratory force they exert on the rib
cage is presumably equal. One must conclude, the­
refore, that the differences in rib cage displacements
produced by the different muscles result from diffe­
rences in insertional force, and these appear to be
largely attributable to differences in fibre orientation
and site of rib cage attachment [12]. To the extent
that the ribs move primarily through a rotation
around the axis defined by the ribs' articulations with
the vertebral bodies and the transverse processes [20,
21], the insertional force of the abdominal muscles
will depend upon three variables : tension in the
muscle fibres, orientation of the muscle fibres, and
distance between the site of muscle insertion on the
ribs and the axis of rotation of the ribs (fig. 7).
Clearly, for a given muscle tension, the vector acting
on the lower ribs, tending to lower them, is greater
when the muscle fibres are oriented more axially and
when the costal insertions of the muscle are more
distant from the axis of rotation of the ribs (fig. 7).

Fig. 7. — Diagram illustrating how the site of muscle
insertion on the ribs may be a major determinant of the
action of the abdominal muscles on the rib cage. Due to
the shape of the canine rib cage, a muscle that inserts into
the ventral end of the ribs will be more distant from the
axis of rotation of the ribs. As a result, it will have a
greater tendency to lower the ribs (to deflate the rib cage)
than a muscle similarly oriented but inserted into the
medial portion of the ribs.

Both of these conditions hold in the case of the
rectus abdominis and, on this basis, one can un­
derstand why the insertional force of this muscle
prevails over the effect of abdominal pressure when
it contracts alone. The insertional force of the obli-
quus internus and that of the transversus abdominis
must be smaller since their muscle fibres insert more
closely to the axis of rotation of the ribs and run
.obliquely (obliquus internus) or circumferentially
(transversus). It is conceivable, therefore, that abdo­
minal pressure counterbalances the insertional force
of these muscles. That abdominal pressure may have
the mechanical advantage over the insertional force
of the canine obliquus externus in its action on the
rib cage is equally conceivable since, among the mus­
cles of the abdominal wall, this muscle has the clo­
sest costal insertions relative to the axis of rotation
of the ribs. It is obvious that, if one abdominal mus­
cle were to insert on the neck of the ribs and to run
circumferentially, its insertional force would be nil
and the muscle would have a pure inspiratory action
on the rib cage. Such a muscle, however, does not
exist, at least in mammals.
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Whether or not the different abdominal muscles
displace the rib cage in humans as they do in the
dog remains unknown. Undoubtedly, abdominal
muscle action on the rib cage in man will obey the
same principle; that is, it will depend on the ba­
lance between the muscle’s insertional force and the
rise in abdominal pressure. Also, the sites of rib cage
attachments and fibre orientations of the abdominal
muscles are closely similar in the two species, thus
suggesting that the different muscles displace diffe­
rently the human rib cage as well. However, that
isolated contraction of the obliqui externi expands
the rib cage in man is not obvious at all, since this
depends upon the effectiveness of abdominal pres­
sure in inflating the rib cage which, in turn, depends
among other things upon the stability of the rib cage.
The greater stability of the human rib cage, although
not sufficient to ensure a unitary behaviour [2, 7,
25], would thus be anticipated to make abdominal
pressure less effective and thereby the obliqui externi
less susceptible to expand the rib cage. In addition,
the rib cage shape in man substantially differs from
that in small animals. Although not previously consi­
dered [12], this factor may in fact be of crucial
importance in relation to the action of the abdominal
muscles on the rib cage. In the dog as in many ani­
mal species, the rib cage at FRC is smaller in its
transverse than in its dorso-ventral dimension, while
in normal man the opposite is true (fig. 8). This im­
plies that the costal insertions of the obliquus exter-
nus in man may be more, not less, distant from the
axis of rotation of the ribs than those of the rectus
and the transversus abdominis. It may well be, the­
refore, that the insertional force of the obliquus ex-
temus in man is greater than that of the transversus
abdominis and, consequently, that the human rib ca­
ge deflates least during contraction of this latter
muscle. This prediction, however, has yet to be
tested.

MAN

Fig. 8. — Diagram illustrating the difference in shape bet­
ween the human and the canine rib cage (compare with
fig. 7). Due to the particular shape of the human rib cage,
a muscle that inserts into the ventral end of the ribs may
be less, not more, distant from the axis of rotation of the
ribs than a muscle inserted into the medial portion of the
ribs. Its insertional force, accordingly, may be smaller.

Action of the abdominal muscles on the inspiratory
muscles

Even though the abdominal muscles are expiratory
to the lungs, they may play an important role in 

inspiration as well. This is particularly true when
hyperpnea is induced by exercise or CO2 rebreath­
ing [19] and during breathing against inspiratory
mechanical loads [23]. Under these circumstances,
the coordinated use of abdominal muscles appears
indeed to be organized to facilitate inspiration.

There are several mechanisms by which facilita­
tion of inspiration may take place. The first is the
coordinated use of abdominal and other expiratory
muscles to increase expiratory airflow and prolong
expiration so as to reduce end-expiratory lung vo­
lume. By initiating inspiration from a lower volume,
the elastic recoil of the respiratory system contributes
to the inspiratory work of breathing and a portion of
the work of the inspiratory muscles is thus taken on
by the expiratory muscles. The second mechanism
of facilitation results from the elongation of the dia­
phragm by abdominal muscle contraction. Since the
abdominal muscles displace the diaphragm into the
thorax when they contract (fig. 1), they indeed leng­
then its muscle fibres and place them on a more
advantageous portion of their length-tension cur­
ve [18]. By contracting during expiration, the abdo­
minal muscles thus make the subsequent inspiration
to start at a longer length of the diaphragm so that
its ability to generate pressure is increased. To the
extent that the contraction of the diaphragm is coor­
dinated with the relaxation of the abdominal mus­
cles early in inspiration, the excursion of abdominal
pressure is minimized despite rapid and substantial
outward movement of the abdominal wall. It is re­
markable that, during exercise or CO2 induced hy­
perventilation, such a phasic expiratory activation of
the abdominal muscles enables the abdominal dia­
meter and, with it, the diaphragmatic length at end­
inspiration to remain fairly constant regardless of the
level of ventilation [19]. On this basis, the abdominal
muscles can be considered as accessory muscles of
inspiration.

The abdominal muscles improve not only the abi­
lity of the diaphragm to generate pressure, but also
its ability to expand the rib cage. Understanding this
interaction between the abdominal muscles and the
diaphragm requires clear understanding of how the
diaphragm functions and how it displaces the rib
cage when it contracts.

In relation to its function, the human diaphragm
can be considered as an elliptical cylindroid capped
by a dome (fig. 6). The cylindrical portion of the
diaphragm corresponds to the portion directly appo­
sed to the inner aspect of the lower rib cage (zone of
apposition). The dome of the diaphragm corresponds
mainly to the central tendon. Its shape and size are
relatively constant during breathing [4] and, because
it has no direct attachment to any solid structure,
its motion mainly depends upon the relative resis­
tance to motion of the abdominal contents and the
lower ribs. When the diaphragmatic muscle fibres
shorten during inspiration, the axial length of the
apposed portion diminishes and the dome of the dia­
phragm descends relative to its costal insertions. The
most important change in diaphragmatic shape, the
one responsible for most of the volume displace­
ment, is thus a piston-like axial displacement of the 
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diaphragmatic dome related to the shortening of the
axial length of the apposed diaphragm. This pheno­
menon has three major consequences : 1) it decreases
the intrathoracic pressure and, depending on whe­
ther the airways are open or closed, it increases lung
volume or decreases the alveolar pressure; 2) it
pushes the abdominal contents caudally, causes a ri­
se in intraabdominal pressure and expands the ven­
tral abdominal wall; and 3) it displaces the rib
cage.

There are three forces acting on the rib cage when
the diaphragm contracts alone (fig. 9). The first is
related to the decrease in pleural pressure associa­
ted with the descent of the diaphragmatic dome ; this
force tends to reduce the rib cage size. The second
force by which the diaphragm displaces the rib cage
is related to the rise in abdominal pressure [13, 14].

Fig. 9. — Frontal section of the respiratory system illus­
trating the three forces through which the diaphragm acts
on the rib cage. See text for explanation.

The rise in abdominal pressure that takes place
when the diaphragm contracts acts over the zone
of apposition and thereby exerts an inflating action
on the lower rib cage (« appositional > force) in the
same way that it does when the abdominal muscles
contract (see above). The third force which enables
the diaphragm to displace the rib cage relates to its
costal insertions («insertional» force) [13, 14]. Sin­
ce the costal diaphragmatic fibres insert into the
lower ribs and are directed cranially, parallel to the
rib cage axis, their contraction must exert a force
that tends to elevate the lower ribs and hence move
them outward. This insertional force clearly depends
on solid structures which can resist displacement
and thereby provide a resistance to diaphragmatic
descent. Early work in this controversial area has
focused on the nature of these solid structures which
enable the diaphragm to expand the rib cage by way
of its insertions. Beau and Maissiat [3] believed
that restraining of the diaphragmatic dome by the
pericardium was sufficient to produce this effect. On
the other hand, Magendie and Duchenne [15]
concluded that the abdominal viscera provided the
solid « fulcrum » against which the contracting dia­
phragm pushed to elevate the ribs. This latter me­
chanism has since been convincingly confirmed. De
Troyer et al. [14] have demonstrated in the dog
that removing the abdominal viscera from the abdo­
minal cavity indeed caused the diaphragm to
contract, rather than to expand, the lower rib cage,
whereas sectioning the pericardial attachments of the 

diaphragmatic dome did not affect the rib cage ex­
panding action of the diaphragm. In addition, D’An­
gelo and Sant’Ambrogio [6] have reported that the
rib cage deflating action of the diaphragm seen in
eviscerated rabbits was reversed into an expanding
one when the diaphragmatic dome was prevented
from descending by mechanical means. This thus
clearly indicates that the abdominal contents pro­
vide the solid fulcrum through which the diaphrag­
matic insertions on the ribs can operate to elevate
the lower ribs.

For anatomical reasons, it is obvious that the ap­
positional and insertional forces developed by the
diaphragm do not apply, or only to a limited extent,
to the upper portion of the rib cage. Consequently,
the upper rib cage is mainly driven by the fall in
pleural pressure and when the intercostal muscles are
inactive, as in tetraplegic subjects, it moves para­
doxically inward during inspiration [7, 25]. By
contrast, the action of the diaphragm on the lower
rib cage will depend upon the balance between the
fall in pleural pressure, which tends to deflate the
rib cage, and the appositional and insertional forces,
which both tend to expand the rib cage. To the ex­
tent that the magnitude of these two rib cage expan­
ding forces depends upon the effectiveness with which
the abdominal fulcrum opposes the descent of the
diaphragmatic dome, the lower rib cage displacement
associated with a given diaphragmatic contraction
will be determined by the compliance of the abdo­
minal compartment. Clearly, if the abdomen is very
compliant, the dome of the diaphragm descends easi­
ly during inspiration and, at the same time, abdomi­
nal pressure rises little. Under those circumstances,
the insertional and appositional forces are small and
barely compensate for the effect of pleural pressure
in its action on the lower rib cage. Hence, the lower
rib cage expands little, if any. Conversely, if the
abdominal muscles contract so as to markedly reduce
abdominal compliance and fix the diaphragmatic
dome, then shortening of the apposed diaphragmatic
muscle fibres has a greater tendency to lift the lower
ribs (greater insertional force) and is associated with
a greater rise in abdominal pressure (greater apposi­
tional force). As a result, the rib cage expanding
action of the diaphragm is increased.

A dramatic example of this action of the abdomi­
nal muscles is provided by tetraplegic subjects given
an external abdominal compression. In such sub­
jects, in whom the abdominal muscles are paralysed
and the diaphragm is the only muscle active during
quiet inspiration, quiet breathing in the seated pos­
ture does not occur on the chest wall relaxation cha­
racteristic. The upper rib cage moves paradoxically
inward during inspiration and the abdominal expan­
sion predominates over the lower rib cage expansion
relative to the relaxed thoracoabdominal configura­
tion [7, 25]. These distortions are markedly reduced
with a passive, mechanical support to the abdo­
men [7]. Exerting a pressure on the abdomen via a
pneumatic cuff or an elastic binder (so as to mimic
tonic abdominal muscle contraction) indeed aids the
diaphragm in expanding the lower rib cage and cau­
ses the chest wall tidal volume loop to be closer to
the relaxed thoracoabdominal configuration, presu­
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mably minimizing the elastic work of breathing. So,
in a very real sense, the abdominal muscles can be
considered as accessory muscles of inspiration.

Summary

The abdominal muscles, by causing a rise in ab­
dominal pressure and a cranial displacement of the
diaphragm,

1 — deflate the lungs (minimize the increase in
FRC which normally occurs when adopting
the standing posture),

2 — exert an expanding force on the lower rib ca­
ge, which may counterbalance or even domi­
nate the insertional (expiratory) force they
exert on the lower ribs by way of their inser­
tions,

3 — improve the pressure-generating ability of the
diaphragm. In addition, because they prevent
the diaphragmatic dome from descending dur­
ing inspiration, they also improve the rib cage
expanding action of the diaphragm.
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