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Salkin (1) has recently studied normal physio-
logical changes which occur in the abdominal cav-
ity. He has described a process of adaptability in
the abdominal muscles which tends to prevent
changes in intra-abdominal pressure, and which he
terms " abdominal accommodation." He consid-
ers this process to be a reflex mechanism de-
pendent upon an intact neuromuscular system, and
points out the clinical bearing on intraperitoneal
conditions, and functional interrelationship be-
tween the pleural and peritoneal cavities. Pre-
vious attempts to obtain measurements of abdom-
inal pressure have been accompanied by difficulties
(2, 3, 4). When fluid is injected at a certain rate
into the abdominal cavity hyperbolic curves are
obtained in which the pressure rise is slow at first
and then becomes more rapid.
Although the physiology of the intra-abdominal

pressure and tension of the abdominal wall has
been studied in considerable detail, its relation to
pressure within the pleural cavity has been insuffi-
ciently considered.

Recent clinical observations by Gordon (5)
have indicated the importance of change in ab-
dominal pressure upon function of the thorax.
He found that elevation of intra-abdominal pres-
sure during pregnancy apparently influenced the
course of chronic pulmonary diseases. In cases
of chronic tuberculosis and bronchiectasis, cough,
shortness of breath, and excessive sputum were
diminished. He attributed the improvement to an
increase of the intra-abdominal pressure, which in
turn caused elevation of the leaves of the dia-
phragm.

It has also been shown by Alexander and
Kountz (6) that the vital capacity of an individual
with chronic pulmonary emphysema may be im-
proved by the application of an abdominal belt,
which is believed to increase the intra-abdominal
pressure and the tension of the abdominal wall.

EXPERIMENTAL

To study the influence of abdominal conditions
upon intrabronchial and intrapleural pressure, ex-
periments were made upon animals. A broncho-
scope was introduced, small hollow copper tubes
were inserted into the lower bronchus on each side
and were arranged by means of interchangeable
tips to occlude the bronchus except for its connec-
tion with the lumen of the tube. Rubber tubing
was connected to the copper tubes and, by means
of a tambour and lever, records on a moving drum
were made. Because of secretion, which was par-
tially controlled by atropine, and because of slight
movements of the tips, precautions were necessary
to assure free excursion with each respiration.
An important part of the study was to deter-

mine the effect of cough. This was induced by
blowing cigarette smoke directly into the trachea
of the partially anesthetized animals. Anesthesia,
which consisted of morphine in doses of one and
one-half grains with ether only sufficient to per-
mit the passage of the bronchoscope, did not abol-
ish the cough reflex. Measurements of intra-
tracheal, intrapleural, and intra-abdominal pres-
sures could thus be recorded following cough un-
der varying conditions.
For determination of intrapleural pressure two

large number fourteen needles were inserted into
both pleural cavities, connected to water manome-
ters, and records made upon the moving drum.
To record the pressure within the abdominal cav-
ity, a rubber tube with a small balloon attached to
its end was introduced through the esophagus into
the stomach. This was connected to a mercury
manometer, and the balloon distended by air pres-
sure to ten millimeters of mercury.
The effect of both costal and abdominal types of

breathing was recorded. Since respiration in the
dog is chiefly costal, it was necessary for the pro-
duction of abdominal breathing to place a binder
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about the chest. Later, for the study of the
costal type of respiration, the binder. was removed
and pressure was exerted on the abdominal wall.
To study the effect of abdominal conditions

upon the ejection of fluid from the lower bronchi,
x-ray studies were made to learn the time neces-
sary to discharge from the lungs, oil opaque to
the x-rays. Under the fluoroscope, tubes were
introduced and five cubic centimeters of opaque
oil were injected into the bronchus of each lower
lobe. X-ray pictures were taken at the time, and
subsequently at intervals of three days until all
the oil had disappeared.
A factor other than abdominal pressure which

may significantly influence abdominal thoracic re-
lationships is the position of the diaphragm, which
acts to change the relative size of the two cavities.
To study this, two types of operation were per-
formed. In one group of animals the chest was
opened, and the diaphragm was attached high on
one side by suturing it to the chest. The abdomi-
nal cavity was thus increased in size at the expense
of the thorax without greatly altering the function
of either the thoracic or the abdominal walls. In
the other type of operation, the abdominal cavity
was opened and the diaphragm attached low by
suturing it to the abdominal wall, thus artificially
increasing the size of the thoracic cavity and di-
minishing the abdominal. These operations were
done on the left side only. The animal was al-
lowed to recover. From four to six weeks later
observations were again made of the bronchial
pressure, intrapleural pressure, and of the time
that it took to empty oil from the lung.
The normal dog has a much more mobile medi-

astinum than man, and when the position of the
diaphragm was changed on one side a shift of the
septum and heart was noted. In the experiments
in which the diaphragm was attached low, the
mediastinum shifted to that side; when it was at-
tached high it shifted to the opposite side. This
change does not usually occur. in man because the
mediastinum is more rigid. It was therefore nec-
essary in these experiments to prevent the shifting
of the mediastinum in order to approximate more
closely the state of the human chest. This was
done by injecting ten per cent emulsion of ground
glass in mineral oil into the mediastinum and wait-
ing for a period of four weeks before studies were
made. In these animals there was little or no

shifting of the mediastinum when the position of
the diaphragm was changed by operation. Ex-
periments were performed on a group of twenty
animals prepared in this way.

Since it has been demonstrated that abdominal
tension and adaptability of the abdominal wall are
dependent upon an intact neuromuscular mecha-
nism (1), the abdominal muscles were resected in
some animals. In others, nerve section of the an-
terior roots from the fourth thoracic to the sixth
lumbar was performed. In such animals a marked
distention of the abdomen occurred. Adaptabil-
ity of the abdominal muscles to changes in intra-
abdominal pressure was lost. With these proce-
dures it was possible to determine the effect of
changes in abdominal pressure and in the position
of the diaphragms upon intrabronchial and intra-
pleural pressures, and upon the drainage of fluid
from the lower bronchi.

RESULTS

Intra-abdominal pressure. Measurements of
abdominal pressure in animals were found to be
rather unsatisfactory. With normal respiration,
pressures varied from 0 to -3 to -4 cm. H2O.
With induced cough, pressures rose from 20 to
30 mm. Hg. In animals with a low diaphragm
and a normal abdominal wall the pressure was
from 0 to - 2 cm. H2O, while during cough the
pressure reached higher levels than when the dia-
phragm was in the normal position. In those with
high attachment of the diaphragm the abdominal
pressure was usually slightly lower than in the
normal animal, especially during cough.
While breathing quietly animals whose abdomi-

nal wall had been weakened either by cutting the
nerves or by dissection of the muscles showed little
variation in abdominal pressure from those with
intact muscles. The increase on coughing, how-
ever, was much less, the manometer readings rang-
ing between + 10 and + 15 mm. Hg.

Measurements of the intrapleural pressure in-
variably showed approximately normal values in
normal animals and in the ones with normal me-
diastinum, regardless of the position of the dia-
phragm. This was not the case, however, when
the mediastinum had been fixed previous to the
operation, for in such animals, compensation for
the change in size of the chest cavity on the op-
erated side could not occur.
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TABLE I

Normal dogs

Left side Right sdde

D)og Intra- Pres- Emp Intra- Pe-Emp-
Intra- pleural aFre tyn Intra- pleural suIre tying
pleural pressure lower time pleural presure l time
presure duringbwro for pressure during lonh of

cough lob oil cough lbroce oil

cm. H20 cm. H20 mm. Hg days cm. H20 cm. H20 mm. Hg days
1 -4-6 +40 +3-3 18 -4-6 +40 +3 -3 18
2 -5-8 +50 +2-4 17 -3-5 +50 +2 -4 18
3 -8 -10 +48 +1 -6 18 -4 -6 +46 +1.5-6 18
4 -6-8 +62 +2 -4 19 -4-6 +58 +2 -4 19
5 -4 -6 +40 +3 -5 19 -4 -6 +40 +3 -5 19
6 -4 -5 +38 +2 -4 19 +39 +2 -4 20
7 -5 -9 +40 +2 -5 19 -5 -9 +37 +2 -5 20
8 -4 -7 +46 +1 -3 18 -4 -7 +40 +1.5 -3 20
9 -4-7 +54 +1 -3 18 -5-7 +55 +2 -3 19
10 -3 -8 +48 +1 -4 21 -4 -8 +42 +2 -4 19
11 -6 -10 +51 +2 -5 18 -6 -10 +50 +3 -5 21
12 -5 -8 +44 +2 -4 21 -5 -10 +50 +2.5 -5 19

DIAPHRGM BLEVATED ON LEFT SIDE, MEDIASTINUM FID

1 -5 -12 +30 +2 -3 31 -2 -4 +50 +4 -3 17
2 -4 -10 +38 +2 -8 28 -3 -5 +53 +4 -4 18
3 -8 -10 +40 +3 -8 27 -2 -4 +58 +3 -6 19
4 -6 -12 +36 +2 -6 32 -3-4 +52 +4 -4 15
5 -7 -10 +50 +2 -6 28 -4 -5 +48 +6 -5 18
6 -4 -8 +32 +2 -7 27 -2 -5 +48 +4 -4 19

DIAPHRAGM LOW ON LEFT SIB, MBDUITUMn D

7 -2 -6 +60 +4 -5 15 -4 -6 +57 +2 -3 23
8 -2-5 +56 +3 -2 17 -6 -8 +60 +3 -5 22
9 -1-3 +62 +5 -2 16 -5-6 +55 +2 -4 21
10 -1-4 +55 +4 -3 17 -7-10 +54 +1 -2 22
11 -3 -5 +55 +3 -3 18 -6 -9 +50 +2 -2 22
12 -2-3 +52 +3-2 15 -5-9 +56 +3 +2 21

Intrapleural pressure. With low attachment of
the diaphragm, intrapleural pressure on the af-
fected side was elevated during respiration to ap-
proximately that of the atmosphere, ranging be-
tween + 1 to -2 cm. of water. This contrasted
with a pressure of -4 to -6 cm. of water on
the unaffected side or in an intact animal.

In animals with the diaphragm attached high
and the mediastinum fixed, the intrapleural pres-
sure was found to be more negative, -6 to - 10
cm. of water. Weakening of the abdominal wall
tended to make the intrapleural pressure more
nearly atmospheric than had been observed pre-
viously in the same animal.
Emptying timne of fluid from bronchi. In nor-

mal animals our experience with opaque oil con-
firmed that of Carlson et al. (7) and his cowork-
ers, who found that oil was expelled from the
lungs in from 18 to 21 days. In animals with a
diaphragm attached low and with a normal ab-
dominal wall, the oil was expelled from the bron-
chus of the operated side in 15 to 17 days, whereas

on the opposite side it remained for. 22 days. In
animals with a diaphragm attached high the oil
was expelled in about four weeks, whereas on the
opposite unoperated side the normal time of 19
days was usually observed. In animals with a
weakened abdominal wall, the time of expulsion
was greatly prolonged, lasting approximately 30
days.

TABLE II

Normal abdominal wall, nerves cut, mediastinum fixed

Left Right

Dog Intra- Pres- Emp- Intra- Pres- Emp-
Intra- pleural sure tyingIntra- pleural siure tying
pleural pressure lower time pleural pressure Iloer time
pressure during lb of pressure during lobie ofcough bronchus o

s cough bronchus oil

cm. H20 cm. H20 mm. Hg days cm. H20 cm. H20 mm. Hg days
1 -4-5 +30 +3 -3 24 -4 -6 +30 +3-3 32
2 -3-5 +25 +2-3 30 -3-5 +32 +2-3 31
3 -4 -6 +22 +2 -3 27 -4 -6 +21 +2 -3 27
4 -4-8 +17 +2-4 26 -4-7 +20 +2-4 29
5 -3 -6 +24 +1 -3 30 -3 -6 +22 +1 -3 34

DIAPHRAGM HIGH, ABDOMINAL NERVES CUT, MEDIASTNUM PIFXD

1 -2-3 +22 +3-2 40 -4-6 +32 +3-3 28
2 -1-4 +18 +3-2 45 -3-6 +28 +2-2 27

Notout
3 -2 -3 +11 +2 -3 at40 -4 -7 +35 +2 -3 29

days
Notout

4 -2 -4 +15 +2 -2 at40 -5 -8 +41 +2 -2 34
days
Notout

5 -1-3 +18 +1-1 Oat4 -4-7 +24 +1-3 32
days

DIAPHRAGM LOW, ABDOMINAL NERVES CUT, MEDIASTINUM FIED

1 -1-5 +34 +3-2 18 -3-6 +38 -1-6 22
2 -4-7 +50 +2-4 19 -2-5 +31 -4-8 29
3 +5-6 +58 +1-2 23 -1-8 +40 -5-6 30
4 -3 -5 +56 +2-2 27 -3-4 +22 -3-6 26
5 -3-8 +44 +1-3 16 -4-8 +28 -3-8 21

Bronchial pressure. In the normal animal
bronchial pressure varied from - 1 mm. Hg dur-
ing inspiration to + 1 mm. Hg during expira-
tion. During the expiratory phase of cough, the
pressure rose as high as 30 to 40 mm. Hg. In
normal animals with continuous irritation of the
bronchus, cough was frequently sustained for 15
to 30 seconds, a result which could not be ob-
tained, however, when the abdominal wall was
weakened by removal of muscles.

In animals with fixed mediastinum, on the side
with the high diaphragm there is more negative
bronchial pressure during inspiration, both with
cough and without; on the side with the low dia-
phragm, the bronchial pressure was abnormally

603



W. B. KOUNTZ, L. GOTTLIEB AND R. KING

low during the inspiratory phase and usually
higher during the expiratory phase.

DISCUSSION

Because of the accommodation of the abdomi-
nal muscles, exact measurements of pressure and
of variations in abdominal pressure are difficult
to determine. From this group of experiments
one factor which has been previously neglected
appears to be clearly established; the abdominal
pressure cannot function normally in animals
with lax abdominal walls. Although abdominal
pressure under such conditions does not vary
greatly, its effect on thoracic function is altered
or lessened, a fact which is demonstrated by a
study of intrapleural and intrabronchial pres-
sures before and after section of the abdominal
muscles. This was particularly apparent follow-
ing cough. Sustained coughing, which occurs
frequently in normal animals with irritation of
the trachea and bronchi, cannot be induced in
animals with weakened abdominal walls.
We believe that the more nearly atmospheric

intrapleural pressure on the side with the low
diaphragm is due to distention of the lung and to
diminished action of the muscles of the chest on
that side. The lung is thus chronically distended
and approaches the functional state of emphy-
sema, although no anatomical changes suggesting
this condition occurred. The more negative in-
trapleural pressure which occurred with a high
diaphragm could possibly be explained on the
basis of decreased activity of areas of lung with
increased activity of other areas, a phenomenon
similar to that observed in early lobar pneumonia.
Another more likely explanation, however, has
been suggested by Graham (9). He pointed out
that thickening of the pleura due to adhesions and
fibrosis may have been a factor in the low intra-
pleural pressure because of the increased resist-
ance of the fibrous tissue to lung expansion.

Drainage of the lungs as determined by study
of the time necessary to expel opaque oil readily
establishes that a low diaphragm acted upon by a
normal intra-abdominal pressure produces better
drainage, whereas a high diaphragm with the
same abdominal pressure is conducive to poor
drainage of the lower lobes of the lungs. This

finding is in agreement with the observations by
Graham et al. (8). He noted that in cases with
basal bronchiectasis, operations to interrupt the
phrenic nerve are often followed by serious conse-
quences to the patient as a result of interference
with drainage through the tracheobronchial tree.
Weakened abdominal muscUlature leads to poor
drainage of the lung regardless of the position of
the diaphragm.

SUMMARY AND CONCLUSIONS

These experiments suggest that from the
standpoint of effective respiration and of pul-
monary drainage there is an optimum position of
the diaphragm. Since this is dependent, among
other factors, upon abdominal tension, any change
in pressure within the abdomen may influence
pulmonary function. For optimum drainage
from the lower portions of the lung a low posi-
tion of the diaphragm is essential During cough
this permits a more positive expiratory bronchial
pressure. The low position, however, appears to
be conducive to less effective respiration, as shown
by a decreased negative intrapleural pressure with
normal or forced breathing. This clinically re-
sembles the state of emphysema with low dia-
phragm and a diminished negative pressure.
A high position of the diaphragm appears to be

conducive to fair respiratory function, as indi-
cated by a more negative intrapleural pressure,
but is less effective from the standpoint of lung
drainage, as judged by the time necessary for the
expulsion of opaque oil from the bronchus. It
was also noted, in animals with a high diaphragm,
that the expiratory bronchial pressure during
cough was less than that found in normal animals.
A clinical counterpart of such a condition is ate-
lectasis of the lung. The effect of a high posi-
tion of the diaphragm should also be considered
in bronchiectasis and in lobar pneumonia.
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