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In preliminary experiments some striking dif-
ferences in the mechanics of breathing in dif-
ferent body positions were observed. In view of
those findings it was thought worthwhile to carry
out a more extensive study with the anticipation
that the results might shed some light on the fac-
tors which influence the compliance and mechani-
cal resistance of the lung.

Compliance is defined as the volume change
brought about by one centimeter of water pres-
sure (L. per cm. H20). The lower the compli-
ance the stiffer the lung and vice versa. Mechani-
cal resistance measures the amount of pressure
necessary to obtain a certain flow rate and is ex-
pressed as cm. H20 per L. per sec.

In this paper, mechanical resistance includes
both the resistance to air flow per se and the resis-
tance to tissue deformation. The latter resistance
has been measured to be about 30 to 40 per cent of
the total mechanical resistance in normal lungs
(1). Because the pressure flow relationships are
not linear, the mechanical resistance changes con-
tinuously over the respiratory cycle especially in
patients with increased resistance. In order to
get better comparative values over an entire re-
spiratory cycle, values for mean mechanical re-
sistance are given in this paper.

METHODS

Intraesophageal pressures were substituted for intra-
pleural pressures. The method used was essentially the
one described by Mead and Whittenberger (2, 3), em-
ploying an esophageal balloon, 15 cm. in length and in-
flated with 1 ml. of air. All pressures were measured by
mechano-electrical transducers. Flow rates were meas-
ured by a pneumotachograph. The volume flow rate was
electrically integrated by a condenser-resistor unit. Be-
cause the integrator only maintained linearity for 10 sec-
onds, an automatic switch was provided which discharged
the condensers at determined time intervals (5 to 8 sec-
onds). A controlled secondary circuit made it possible

1 Research Fellow in Medicine, Tufts University School
of Medicine, Boston, Mass.

to correct for volume differences caused by the respira-
tory quotient and temperature and humidity changes be-
tween the inspired and expired air. Consequently the base
line remained horizontal in a given midposition. The
volumes measured are the inspired volumes at 25°C (not
saturated) and are reported as such. This would reduce
the compliance values about 7 per cent as compared to
values corrected for B.T.P.S. All electrical outputs
were fed into a Sanborn four channel recording unit.

Since considerable variations may occur between in-
dividual respiratory cycles caused by heart beats, at least
two series of ten cycles each were measured in each posi-
tion and at each respiratory rate. The mean compliance
of the two series was required to check within 0.03 for
values above 0.15, within 0.02 for values above 0.1 and
within 0.01 for values below 0.1. Resistive pressures
were measured by drawing the corrected static intra-
pleural pressure and obtaining the difference between dy-
namic and static intrapleural pressure at each gAo of a
second for slow respiratory rates and at each %5 of a
second for rapid rates. Tlle resistive pressure was di-
vided by the flow rate existing at that particular moment
and plotted on graph paper-first as pressure against flow
and second, as mechanical resistance against time. The
mean was measured planimetrically. All pressures were
calibrated by a water manometer and flow rates and
volumes with suitable Fischer and Porter flowmeters be-
fore and after the experiment.

In two subjects with spontaneous pneumothorax intra-
pleural pressures were measured through an 18-gauge
needle and in two patients with pleural effusion with an
indwelling 14-gauge polyethylene catheter and a Statham
strain gauge whose zero point was the posterior axillary
line.

The studies were done on eight subjects who by history,
clinical, and x-ray findings were free of chronic pul-

TABLE I

Physical characteristics of eight normal subjects

v.c.
B.S. (erect) M.B.C.

Patient Sex Age (ml) (ml.) (L./min.)

B. D. M 35 1.84 4,300 115
W. C. M 37 1.70 3,500
J. R. F 21 1.56 2,900 96
M.G. M 30 1.80 4,500 140
J.T. M 23 1.86 4,000
C. B. M 37 1.78 3,600
J. C. M 49 1.65 3,835 128
H. T. M 20 1.65 2,200 80
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monary disease. Their physical characteristics are given
in Table I. One of the subjects (M. G.) was studied
twice. Two of those subjects (J. C. and H. T.) had a
spontaneous pneumothorax, and intrapleural and intra-

esophageal pressures were measured simultaneously. In
addition, intrapleural and intraesophageal pressures were
compared in two patients with pleural effusion. The
positions studied by intraesophageal pressure were the
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supine in nine experiments, the sitting in nine experi-
ments and the prone in six experiments. Most positions
were studied during slow and fast respiratory rates.

RESULTS2

1. Comparison between intrapleural and intra-
esophageal pressures

Intrapleural and intraesophageal pressures were
measured simultaneously in two subjects with

2 The statistical technique used in the analysis of these
results makes no assumption as to the form of the distri-
bution of the variables studied in the general population.
Such statistical methods are called nonparametric or dis-
tribution-free methods. Since they are valid for any
parent population, they could be applied to samples of nor-
mal population. On the other hand, using a normal
theory test with a given level of significance does not
assure that the probability of certain type errors will
not occur if the normality of the distribution is not
known.

If comparisons were made between any two groups,
rates, positions or their combinations, the findings were
treated according to the signed Rank test for paired ob-
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spontaneous pneumothorax (10 per cent collapse)
and in two patients with pleural effusion. The re-
sults in three of these patients during slow breath-
ing are shown in Figure 1. In all cases, the intra-
pleural pressure differences were somewhat
greater than the intraesophageal pressure differ-
ences. During rapid breathing, intraesophageal
pressure differences were sometimes considerably
less than intrapleural pressure differences though
the pattern looked very similar in both tracings
(Figures 2A and 2B). End expiratory intrapleural
pressure was, in general, more negative than end
servations where there were matched pairs or the Sign
test and Sum of Ranks test, where there were unequal
groups. When several groups, positions or rates were
compared together, the method used was an analysis of
variance by Ranks.

Only those results which occurred at the 5 per cent
level of confidence or beyond were reported as significant.
That means that the possibility of whatever comparison
was made would occur five times or less out of one
hundred, which places it well beyond the range of chance
occurrence.
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FIG. 2A. J. C., 49 YRS., MALE; NORMALWITH SPONTANEOUSPNEUMOTHORAXON RIGHT SIDE WITH 10 PER
CENT COLLAPSE

Comparison of intrapleural and intraesophageal pressures in a normal patient with spontaneous pneumo-
thorax on the right side with 10 per cent collapse. During quiet breathing, the pressure difference in the intra-
pleural and esophageal tracings are nearly the same although the absolute pressure levels are slightly higher
in the intrapleural tracings depending upon position.
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FIG. 2B. J. C., 49 YRS., MALE; NORMALWrrH SPONTANEOUSPNEUMOTHORAXON RIGHT SIDE WITH 10 PER
CENTCOLLAPSE

Comparison of intrapleural and intraesophageal pressures in a normal patient with spontaneous pneumo-
thorax on the right side with 10 per cent collapse during rapid breathing.

Note the marked dampening in the esophageal pressure.

expiratory intraesophageal pressure. A notable
exception was the study in the lateral position with
the patients lying on the diseased lung. Patient
G. A. shows a higher intrapleural pressure in the
supine position as the result of the hydrostatic
pressure of the fluid. No reliable intrapleural
pressures could be obtained in the sitting position
on this patient. Subject H. T. showed a consider-
ably higher intrapleural pressure in the sitting
position. He had a small bronchopleural fistula
at the time of the study and his intrapleural pres-

sure tracing showed light damping in the sitting
position.

The compliance values compare well for sub-
ject J. C. in all positions. Subject H. T. has a re-

duction in intrapleural as compared to intraesopha-
geal compliance lying on the healthy side and in
the sitting position. Patient G. A. shows a lower
intrapleural compliance lying on the diseased side
and a higher intrapleural compliance lying on the
healthy side.

The values for intrapleural and intraesophageal

TABLE II

Mechanics of breathing in patient A. A., 65 years, male, with pleural effusion on the right side
(Study in supine position before and after removal of 1,000 ml. of fluid)

Mean mech. resist. Mean mech. resist.
End expir. pressure Compliance during insp. during expir.

Respira-
tory Tidal Intra Esoph. Intra Esoph. Intra Esoph. Intra Esoph.
rate volume p1. pr. pr. pl. pr. pr. p1. pr. pr. pl. pr. pr.

Before
24 560 +12.0 +2.5 0.08 0.087 5.40 4.75 9.25 8.80
60 500 +12.0 +3.0 0.052 0.072 6.75 5.25 5.70 5.50

After
24 450 + 1.0 -2.0 0.12 0.128 2.60 4.30 5.10 5.30
88 280 - 2.5 -5.2 0.043 0.097 3.50 3.30 2.70 3.15

i
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mechanical resistance compare fairly well in sub-
jects J. C. and H. T. Patient G. A. shows a some-

what higher intrapleural resistance in the supine
position and lying on the diseased side, while it
is somewhat lower lying on the healthy side. The
direction of positional changes is the same for in-
traesophageal and intrapleural compliance and
mechanical resistance.

In order to get some ideas about the influence of
a pleural effusion upon these differences, a patient
with pleural effusion before and after a tap of
1000 ml. fluid was studied. The results are pre-

sented in Table II. Both intrapleural and intra-
esophageal pressures become more negative after
the tap. Both compliances increase for slow re-

spiratory rates. The drop in intrapleural compli-

TABLE III

Mechanics of breathing: Results in eight normal subects in supine, sitting and prone positions
during slow and fast respiratory rates

Tidal volume
Respiratory rate (ml.)

Supine Sitting Prone Supine Sitting Prone

Patient SR FR SR FR SR FR SR FR SR FR SR FR

B. D. 10 75 13 12 60 750 570 740 740 690
W. C. 1S 33 1S 44 20 50 490 850 505 1,050 607 951

J.R. iS 70 12 75 12 75 580 200 463 370 694 405
k .G. (I)* 10 55 22 50 15 43 700 545 665 655 800 700
M. G. (I)t 11 37 17 50 15 40 845 811 800 650 830 820
J. T. 25 60 16 60 30 60 300 570 400 355 430 650
C. B. 15 120 24 496 600 570

J.C. 20 100 6 100 560 245 592 270
k. T. 11 80 14 80 850 350 750 435

Mean 14.7 70 15.5 66 17.3 55 620 528 610 542 682 702

Intraesophageal end expiratory presure Compliance
(cm. HaG) (L./cm. HtO)

Supine Sitting Prone Supine Sitting Prone

SR FR SR FR SR FR SR FR SR FR SR FR

B. D. +2.0 +1.4 +0.25 + 2.8 + 0.6 0.125 0.120 0.240 0.136 0.146
W. C. +0.5 +1.75 0 +2.2 - 0.25 + 1.4 0.223 0.225 0.205 0.225 O.1S0 0.162

].R. +2.0 +0.5 -2.2 -3.5 + O.S - 2.2 0.105 0.082 0.177 0.169 0.189 0.200
.. G. (I) +0.5 -0.6 -5.0 -3.5 -13.0 -10.0 0.140 0.150 0.162 0.144 0.072 0.073

M. G. ()t +1.25 +2.6 -3.5 -4.5 - 7.5 - 6.0 0.147 0.146 0.175 0.160 0.097 0.117
J. T. +0.5 -2.5 0 -1.0 - 2.8 - 5.5 0.128 0.090 0.253 0.262 0.230 0.205
C.B. +1.0 +1.0 -3.5 0.107 0.085 0.174

J.C. +1.8 +0.9 +1.1 -2.0 0.143 0.162 0.161 0.161
kI. T. 0 -1.0 -5.0 -5.0 0.112 0.112 0.200 0.210

Mean +1.06 +0.66 -2.0 -2.5 - 3.4 - 3.6 0.137 0.130 0.195 0.190 0.146 0.150

Mean mechanical resistance during inspirtion Mean mechanical resistance during expiration
(cm. HsO/L./sec.) (cm. HsO/L./sec.)

Supine Sitting Prone Supine Sitting Prone

Patient SR FR SR FR SR FR SR FR SR FR SR FR

B. D. 2.70$ 1.60 1.34 0.40t 0.65 1.62 1.72 1.55 1.20 0.85
W. C. 0.68 0.65 0.24 1.00 1.30 2.74 1.00 3.00

J.R. 5.40 5.00 3.90 4.20 3.80 3.20 7.30 5.30 4.90 5.20 4.00 3.50
k.G. I) 3.00 2.67 2.25 3.20 2.30 2.80 4.35 2.22 2.60 3.30 4.40 3.00
M. G. II)t 3.05 3.30 2.30 2.90 1.60 2.23 4.25 3.85 3.50 3.20 3.60 3.40
J. T. 6.50 3.60 1.90 2.10 3.70 3.54 6.60 3.90 2.70 2.50 4.10 5.10
C.B. 3.30 5.80 1.47 3.40 5.10 2.30

J.C. 2.18 2.83 2.34 2.60 2.38 2.80 2.32 2.22
lI.T. 1.50 2.40 1.65 1.00 2.50 3.00 2.70 1.30

Mean 3.14 3.40 1.98 2.32 2.13 2.48 3.74 3.49 2.81 2.68 3.38 3.17

* First study.
t Second study-two months later.
$ Marked interference of heart beats.
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ance with increase in rate is particularly noticeable
after the pleural tap, while the drop in intra-
esophageal compliance though present is less sig-
nificant. Intraesophageal mechanical resistance is
somewhat lower before the tap, both for inspira-
tion and expiration, and slightly higher after the
tap for slow respiratory rates. Corresponding to
the marked drop noted in intrapleural compliance
during fast breathing, the drop in intrapleural
resistance is less under these conditions.

From these results, it would seem that intra-
esophageal pressures give an adequate picture of
the effects of positional changes on the mechanics
in breathing. However, in patients with unilateral
dysfunction (pleural effusion, penumothorax with
bronchopleural fistula) the effects of positional
changes on the intrapleural pressures of the affected
lung are considerably more marked than on the
intraesophageal pressures.

The difference between intraesophageal and in-
trapleural pressure depends upon the character-
istics of the measuring device, its location within
the esophagus and the characteristics of the esopha-
geal wall and the adjacent structures (2-5). Dif-
ficulties may ensue in employing intraesophageal
pressures as a guide for the determination of ab-
solute lung distention. Therefore, an evaluation
of the work of breathing using intraesophageal
pressure measurements will not take into account
the metabolic work necessary to maintain the in-
flation of the lung at a given midposition.

2. Positional changes
The results for the three positions at two dif-

ferent respiratory rates are presented in Table III.
End expiratory pressures are consistently more

negative in the sitting than in the supine position.
In four out of six normals, they were more nega-
tive in the prone than in the sitting position.
These differences are significant at the 2 per cent
level. There are no significant differences in end-
expiratory pressures between slow and fast re-
spiratory rates in any position. In general, sub-
jects who show a decrease in tidal volume with an
increase in respiratory rate, demonstrate an in-
crease in negativity.

Compliance values are considerably higher in
the sitting than in the supine position. The values
in the prone position are usually intermediate with
considerable scattering of the individual scores.

These differences are significant at the 2.5 per
cent level. There are no differences for compli-
ance values at different rates in any of the positions
studied.

Mechanical resistance is somewhat higher dur-
ing expiration than during inspiration. The dif-
ference is signlificant for all positions for slow
respiratory rates and also for the prone position
for fast respiratory rates. Neither inspiratory nor
expiratory resistance change significantly at vari-
ous respiratory rates in any position. Mechanical
resistance is generally lower in the sitting and
prone positions as compared to the supine position.
The subjects with a high resistance in the supine
position show the greatest changes with variation
of body position. However, the scatter of the
individual results is such that the difference of the
means is not statistically significant.

DISCUSSION

In changing from the erect to the recumbent
position there is, in general, only a slight decrease
in total lung capacity, vital capacity, and residual
volume but a large decrease in expiratory reserve
volume with an inadequate compensatory increase
in the inspiratory reserve volume (6-10). Pul-
monary mixing is poorer in the supine than in the
erect position (11-18). In the lateral position the
lower lung shows a decreased expiratory reserve
volume. However, the oxygen consumption, min-
ute ventilation, vital capacity, and inspiratory re-
serve volume are increased (19). During thoracic
surgery, there is considerably more carbon dioxide
retention in the lateral position than in the su-
pine or prone position (20).

The pressure-volume curves of the relaxed
thorax (relaxation curves) are parallel in the sit-
ting, supine and Trendelenburg positions (21, 22).
The relaxation volume of the thorax is nearer the
expiratory volume in the recumbent and Trendel-
enburg positions. Under these conditions the lung
assumes a lower midposition. In the erect posi-
tion, the weight of the thorax tends to increase
the intrathoracic pressure whereas the pull of the
abdominal contents tends to decrease it. Judging
from the relaxation curves, the pull of the abdomi-
nal contents seems to predominate.

Although respiratory rates and tidal volumes in
the different body positions were within the same
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range in the experiments (only the prone position
showed a considerable increase in the minute ven-
tilation), changes in body position resulted in con-
siderable changes of end expiratory pressure,
compliance, and mechanical resistance. The
changes in end expiratory pressures are greater
than one would expect from changes in midposi-
tion alone (23, 24). If the observed changes in
compliance were only the result of changes in
midposition, they should also have been noted in
changing from slow to rapid respiratory rates,
where marked changes in tidal volumes and mid-
position occurred. Therefore, one has to look for
additional factors which could contribute to the ob-
served changes in the mechanics of breathing.

A decrease in hydrostatic pressure by removal
of intrapleural fluid leads to an increase in com-
pliance and a decrease in mechanical resistance.
Changes in hydrostatic pressure could influence
the physical properties of the lung directly, but
they also can affect both the distribution of pul-
monary blood flow and the forces acting upon the
chest wall, mediastinum and diaphragm. The
latter in turn changes the shape of the thorax and,
therefore, the midposition of the lung.

The amount and distribution of blood within
the lungs influences pulmonary surface tension
and, therefore, compliance and mechanical re-
sistance. In patients with mitral stenosis (25)
studied in the sitting position, the deviation from
normal values was more marked when the patients
were in failure. Some of the changes observed in
the supine position may be the result of increased
thoracic blood volume, thus simulating to some
extent the changes observed in mitral stenosis.
Oser, Ruston, and Ryan (26) showed that the in-
crease in venous hydrostatic pressure in the erect
position can exceed the venous tone below the
diaphragm and result in blood trapping and re-
duction of right atrial pressure.

Another factor to be considered is the amount
of unequal ventilation and the opening up of ad-
ditional ventilatory space when the lung volume is
increased (27). Our results seem to indicate
that this is a minor factor in normal lungs, com-
pliance being constant at different respiratory
rates (28).

The reported changes in the mechanics of
breathing are probably of no practical importance
in normal subjects who have a large functional re-

serve and are capable of compensating automati-
cally for the occurring changes. However, the
problem is quite different for patients with cardio-
pulmonary disease. Even for the normal subject,
it is important to report results of pulmonary
function tests with the body position in which the
patient was studied. The changes with body po-
sition can exceed the variation of normal values
in a given position.

SUMMARY

1. The mechanics of breathing were studied
in eight normal subjects.

2. Intrapleural and intraesophageal pressures
were compared in four patients in different body
positions. Intrapleural pressure differences were
usually somewhat greater than intraesophageal
pressures. End expiratory intraesophageal pres-
sure is usually more positive than end expiratory
intrapleural pressure. The difference varies from
subject to subject and in each depending upon the
body position. Intraesophageal pressures seem
to be adequate for the measurement of the me-
chanics of breathing, but unsuitable for the de-
termination of absolute lung distention (midposi-
tion).

3. Compliance and mechanical resistance were
measured during slow and rapid breathing in the
supine, sitting and prone positions.

4. Compliance was lowest in the supine and
highest in the sitting position and did not change
with change in respiratory rate.

5. Mechanical resistance was usually highest in
the supine and lowest in the sitting position, ex-
piratory resistance being somewhat higher than
inspiratory resistance in all positions studied.

6. Some of the physiologic factors which might
contribute to the observed changes are discussed.

7. The full significance of pulmonary function
testing can only be determined after considering
the body position during the tests.
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