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The work of moving the lung, chest wall, dia-
phragm and abdominal contents during spontane-
ous respiration is performed by the muscles of
respiration. In order to obtain a better under-
standing of the disability present in pulmonary
disease it would be advantageous to have, in nor-
mal and diseased states, a measure of the total
work being done, the energy cost of performing
this work and the efficiency of the muscles of res-
piration.

There are few measurements of total mechani-
cal work and efficiency of the respiratory muscles
in the literature (1). A simple method for the
determination of the oxygen consumption and effi-
ciency of the respiratory muscles, as well as an in-
direct measurement of the total mechanical work,
has recently been described (2). Reproducible
results were obtained in both a normal and an
emphysematous subject intensively studied.
The purpose of this paper is to report further

data on the oxygen cost, efficiency and the total
mechanical work of the respiratory process in a
series of normal and emphysematous subjects.

METHODS

Subjects. Table I lists the physical characteristics of
the 16 normal and 22 emphysematous subjects studied.
The normal subjects had no clinical or radiological evi-
dence of cardio-respiratory disease. The diagnosis of
pulmonary emphysema was based on the clinical history
and examination, and on the radiological and spirographic
evidence. Vital capacities and maximum breathing ca-
pacities were measured on a Collins respirometer with
valves and carbon dioxide absorber removed. The maxi-
mum of at least four determinations was chosen. All
patients with emphysema showed marked obstruction to
expiratory outflow and reduction of the maximum breath-
ing capacity.
Oxygen consumption of the respiratory muscles. The

oxygen consumption was determined at rest and at sev-
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eral levels of increased ventilation by a modification of a
method previously described (2). The apparatus em-
ployed is illustrated in Figure 1. The subject breathed
into and out of a 9 L. Collins respirometer with carbon
dioxide absorber incorporated. A cam on the pulley of
the spirometer activated a micro-switch which in turn
opened and closed a solenoid valve through which oxy-
gen could be delivered from a second spirometer. The
micro-switch was activated towards end-inspiration so
that a nonsloping record of tidal volumes and the inte-
grated minute ventilation were obtained on the first
spirometer, while the oxygen being consumed was re-
corded on the second spirometer.

All subjects were studied in the sitting position, hav-
ing fasted for at least nine hours and having rested in a
comfortable chair for one hour prior to the study. All
breathed 100 per cent oxygen from a meteorological bal-
loon for 10 minutes and into and out of the spirometer
circuit for five to seven minutes before any measure-
ments were taken. This was done because it was found
impossible to obtain reproducible measurements within
a shorter time. Seven to 10 minute measurements of
oxygen consumption and ventilation were made at rest
and during increased ventilation. Oxygen consumption
was expressed in milliliters per minute S.T.P.D. and
ventilation in liters per minute B.T.P.S.
At least two levels of increased ventilation were achieved

by the interposition of dead spaces consisting of thick-
walled rubber tubing (2.5 cm. internal diameter) between

FIG. 1. THE APPARATUS EMPLOYED TO MEASURE
MINUTE VENTILATION AND OXYGEN CONSUMPTION IN
ORDER TO CALCULATE THE OXYGEN CONSUMPTION AND
EFFICIENCY OF THE RESPIRATORY MUSCLES
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TABLE I

Physical characteristics and oxygen cost of increased ventilation in normal and emphysematous subjects

Vital capacity Max. breath. cap.

Cond. Subj. Age Sex Height B.S.A. Observed Predicted Observed Predicted 02 COSt*

yrs. cm. M.2 ml. % L./min. % ml./L.
Normal 1 25 M 185 2.10 5,890 128 210 139 0.76

2 43 M 171 1.85 4,760 125 140 130 1.10
3 32 M 180 1.87 6,200 152 182 152 0.78
4 21 M 168 1.80 4,650 138 159 132 1.62
5 43 M 170 1.80 4,250 119 104 96 1.12
6 25 M 190 2.22 6,180 130 174 124 1.21
7 36 M 203 2.50 6,940 128 202 139 1.34
8 21 M 197 2.15 6,020 118 208 115 1.38
9 30 F 159 1.63 3,460 117 102 113 1.78
10 22 M 182 1.97 4,950 110 159 115 1.87
11 21 M 186 1.95 6,260 133 224 159 1.49
12 21 M 177 2.03 5,320 122 159 119 1.23
13 24 F 159 1.55 3,450 117 139 153 1.15
14 21 F 160 1.58 3,363 109 119 117 0.45
15 36 F 169 1.78 4,529 136 101 107 0.77
16 27 F 164 1.70 3,470 111 126 133 0.58

Emphysema 17 71 M 168 1.59 2,910 90 26 33 2.50
18 56 M 170 1.65 3,870 108 37 35 7.27
19 68 M 173 1.67 2,740 80 44 52 9.20
20 61 M 168 1.62 1,710 50 28 32 3.70
21 38 M 168 1.62 2,010 53 25 22 3.33
22 71 M 150 1.36 1,780 68 22 34 6.70
23 50 M 154 1.94 2,465 82 39 45 2.80
24 59 M 174 1.72 1,090 30 14 15 8.12
25 51 M 173 1.74 2,840 77 48 48 3.50
26 56 M 156 1.69 3,035 100 64 78 1.68
27 59 M 170 1.49 2,310 66 17 19 8.00
28 72 M 162 1.64 2,120 71 28 38 3.68
29 66 M 167 1.65 2,650 81 30 37 9.51
30 60 M 168 1.85 2,450 72 35 39 4.43
31 59 M 157 1.68 2,445 81 31 39 4.03
32 73 M 175 1.87 2,820 81 46 55 5.17
33 69 M 179 2.00 1,875 51 20 22 7.84
34 61 M 165 1.62 3,250 99 30 35 18.50
35 55 M 169 1.98 2,521 71 56 59 3.86
36 64 M 173 1.86 2,220 62 36 40 8.02
37 54 M 168 1.78 2,350 67 23 24 7.90
38 47 M 167 1.78 2,570 71 28 28 7.45

* Oxygen cost of an increase in ventilation of 6 to 10 L. per minute from resting.

the subject and the spirometer, the smaller of the dead
spaces producing an increase in ventilation of 6 to 10 L.
per minute, and the larger from 12 to 25 L. per minute.
The resistance of the whole dead space-spirometer system
was less than 1 cm. H20 per L. per second at a flow rate
of 1.5 L. per second.

Subjects were allowed to increase their ventilation
spontaneously with no control of rate or depth while
breathing through a dead space. The sequence in which
the various increased levels of ventilation were studied
was altered at random. Observations at rest with no
added dead space were made at the beginning and end of
each series of measurements. Fifteen minutes of rest was
allowed between observations, during which time room
air was breathed.
For each subject the difference in oxygen consumption

at the resting ventilation and at a ventilation 6 to 10 L.
above the resting ventilation was divided by the differ-

ence in ventilations and expressed as the oxygen cost
of increased ventilation in milliliters per liter of ven-
tilation.

Efficiency of the respiratory muscles. The efficiency
of the respiratory muscles was determined in nine normal
and seven emphysematous subjects by measuring the ex-
tra oxygen consumption associated with the performance
of a known added respiratory work load, using the
respirometer as described above. Work was added by
having the subject inspire through metal tubing (2.5 cm.
internal diameter) projecting down under a water seal
(2). This produced a constant additional alveolar
spirometer pressure difference throughout inspiration,
relatively independent of the rate of air flow, and left
expiration unimpeded. The time taken for this procedure
was identical to that for measuring the oxygen con-
sumption of the respiratory muscles. The added work
was calculated by multiplying the minute ventilation
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TABLE II

Oxygen cost and efficiency of the respiratory muscles, determined by the open-circuit and closed-circuit techniques

Subject No. 2 Subject No. 3

Test Respiratory Added Respiratory Added
condition quotient work 02 cost Effic. quotient work 02 cost Effic.

Kg. M. ml./L. % Kg. M. ml./L. %
Open-circuit 0.87 1.35 0.80 1.12

0.85 0.76 0.76 4.40 7.00
0.76 5.48 8.50 0.95 0.96
0.82 0.84 1.01 4.27 7.56
0.71 5.51 7.72

Closed-circuit 1.20 0.75
4.78 7.65 5.98 7.12

1.01 0.86
5.36 7.25 4.08 8.08

1.12 0.92

in liters by the added pressure in centimeters H20 by
104 and was expressed in kilogram-meters per minute.
The extra oxygen consumption associated with the added
work load was converted to its energy equivalent as-
suming a respiratory quotient of 0.82 and expressed in
kilogram-meters per minute. The added mechanical
work, divided by the energy equivalent of the extra oxy-
gen consumption, yielded the efficiency of the respiratory
muscles for handling work loads.

In four normal subjects and three patients with emphy-
sema the efficiency was determined while breathing with
three to four levels of added work. The normals were
studied with added work loads of from 2.42 to 6.56 Kg. M.
per minute, while the patients were studied with added
work loads of from 0.54 to 2.34 Kg. M. per minute. The
range of values obtained for per cent efficiency in any
one subject was no greater than one. The mean of the
determinations in each subject was used in this report.

In order to test the validity of the "closed-circuit"
method, the oxygen consumption and efficiency of the re-
spiratory muscles were determined with an "open-circuit"
technique in two subjects (Nos. 2 and 3). Oxygen con-
sumption was measured at rest and while breathing 5.73
per cent CO, in air with and without an added inspiratory
resistance as outlined above. Expired air was collected
in a 300 L. Tissot spirometer and analyzed with a Scho-
lander micro-gas analyzer. Table II compares the oxy-
gen cost and efficiency of the respiratory muscles de-
termined by the "open-circuit" and "closed-circuit" tech-
niques in the two subjects. It can be seen that the values
obtained by the two techniques compared favorably.

Total mechanical work of breathing. Knowledge of
the energy equivalent of the oxygen cost of breathing
and of the efficiency allows calculation of the total me-
chanical work of breathing at any level of ventilation.
The oxygen cost of breathing and efficiency for handling
the added work loads can be determined as described
above. Our data and that reported previously (2) indi-
cate that the efficiency of the respiratory muscles for
handling added work remains essentially unchanged
over a large range of added work loads, suggesting that

the value for efficiency measured under such conditions
may be applied to situations where there is no added
work load. Therefore, knowledge of the efficiency and
the oxygen cost of breathing at the resting ventilation
allows calculation of the total mechanical work of breath-
ing at rest.

In this report the total mechanical work of breathing
per liter of ventilation at rest was calculated from the
product of the efficiency and the energy equivalent of the
oxygen cost of breathing per liter of ventilation at rest
and expressed in kilogram-meters per liter of ventilation.
This value, multiplied by the resting minute ventilation
in liters, yielded the total mechanical work of breathing
per minute at rest.

RESULTS

The oxygen cost of increased ventilation in the
normal and emphysematous subjects is shown in
Table I. It can be seen that the oxygen consump-
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FIG. 2. THE CHANGE IN OXYGEN CONSUMPTION As-
SOCIATED WITH CHANGE IN MINUTE VENTILATION IN 16
NORMAL SUBJECTS
Also shown are isopleths representing the oxygen cost

of breathing per liter of ventilation.
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FIG. 3. THE CHANGE IN OXYGEN CONSUMPTION As-
SOCIATED WITH CHANGE IN MINUTE VENTILATION IN 22
PATIENTS WITH EMPHYSEMA
Also shown are isopleths representing the oxygen

cost of breathing per liter of ventilation.

tion of the respiratory muscles per liter of ventila-
tion was considerably higher in the patients with
emphysema than in the normal subjects. The
cost ranged between 0.45 to 1.87 ml. per L. of
ventilation (mean 1.16) in the normal subjects,
while it ranged between 1.68 and 18.50 ml. per L.
of ventilation (mean 5.96) in the emphysematous
subjects.

In Figures 2 and 3 the increments in oxygen

consumption associated with changes in ventilation
in the normal subjects and patients with emphy-
sema are shown. It can be seen that in the normal
subjects the oxygen cost of an increase in ventila-
tion of 30 L. per minute above the resting ventila-
tion was less than 2 ml. per L. On the other hand,
in the subjects with emphysema the oxygen cost

ADDED MECHANICAL WORK

(kgm.m./min.)

FIG. 4. THE EXTRA OXYGEN CONSUMPTION REQUIRED
TO HANDLE ADDED RESPIRATORY WORK LOADS IN NINE
NORMAL AND SEVEN EMPHYSEMATOUS SUBJECTS
Also shown are isopleths representing the efficiency of

the respiratory muscles for handling added work loads.
0 represents normal subjects; X represents emphysema-
tous subjects.

was high for even slight increases in ventilation
and rose still further when ventilation was in-
creased.
The extra oxygen consumption associated with

added work loads in nine normal subjects and
seven patients with emphysema is shown in Fig-
ure 4. It can be seen that the extra oxygen

consumption per unit added work load was greater
in the patients with emphysema than in the
normals.

In Table III the calculated efficiencies of the
respiratory muscles of the nine normal and seven

TABLE III

Total mechanical work and efficiency of the respiratory muscles in normal and emphysematous subjects

Normal Emphysematous

Total mechanical work Total mechanical work
Subj. Efficiency at rest Subj. Efficiency at rest

% Kg. M./L. Kg. M./min. % Kg. M./L. Kg. M./min.
1 10.80 0.173 1.52 17 2.74 0.141 1.39
2 7.45 0.172 1.38 18 1.45 0.203 1.77
3 7.60 0.123 0.82 19 2.30 0.159 1.39
4 8.20 0.280 2.69 20 2.04 0.120 0.83
5 11.10 0.326 3.00 21 1.24 0.188 1.20
6 8.04 0.204 2.74 22 1.47 0.284 2.68
7 7.20 0.203 1.83 23 1.60 0.123 1.22
8 7.43 0.215 1.89
9 9.35 0.349 2.27

Mean 8.58 0.227 2.02 1.83 0.174 1.49
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emphysematous subjects are presented. The effi-
ciency of the respiratory muscles of the normal
subjects ranged between 7.20 and 11.10 per cent
(mean, 8.58 per cent) while the efficiency of the
emphysematous subjects was considerably less,
ranging between 1.24 and 2.74 per cent (mean,
1.83 per cent).
Also shown in Table III are calculations of total

mechanical work of breathing at rest. It can be
seen that the total mechanical work of breathing
tended to be less in patients with pulmonary
emphysema than in the normal subjects, whether
expressed as work per liter of ventilation or work
per minute.

DISCUSSION

The data presented indicate that the use of a
"closed-circuit" technique yields values for oxygen
cost of breathing and efficiency of the respiratory
muscles which are comparable to those obtained by
the "open-circuit" technique.

It is recognized that values obtained for oxygen
consumption or efficiency of the respiratory mus-
cles for handling added work loads will depend
upon the resistance offered by the apparatus used.
The values reported in this paper, therefore, are
not absolute but do serve to distinguish distinctly
between normal and emphysematous subjects.
The values for the oxygen consumption of the

respiratory muscles in the normal individuals stud-
ied are similar to those reported by previous in-
vestigators (1-4) but those for efficiency are
slightly higher than previously supposed (1).
The results reported in this study indicate that

in the emphysematous subjects the oxygen con-
sumption of the respiratory muscles is considerably
higher than in'the normals. In addition, small
increases in ventilation are associated with marked
increases in oxygen consumption in the emphy-
sematous patient. These findings are comparable
to those previously reported (2, 4). The effi-
ciency of the respiratory muscles in the emphyse-
matous subjects is considerably lower than in the
normals. This is in disagreement with the findings
of Fritts and Cournand (5) but it must be pointed
out that they measured work done on the lungs
only.

Although total mechanical work has been meas-
ured while the subject was ventilated in a respirator

(6, 7), there is at present no method available for
measuring the total mechanical work of breathing
during spontaneous respiration. The method de-
scribed in this paper may yield an indirect meas-
urement. The values for total work found in nor-
mal individuals are considerably higher than has
previously been supposed (6). However, previ-
ous measurements of total work were no greater
than that of work done on the lungs alone (8, 9)
and were probably, therefore, an underestimation.
The data obtained suggest that the total me-

chanical work performed on lung and thorax tends
to be less in the emphysematous than in normal
individuals at low ventilations. This might be ex-
pected since about 63 per cent of the work of
breathing is performed in overcoming elastic re-
sistances (6) and a substantial loss of lung elas-
ticity occurs in emphysema (8).
Though the total mechanical work done on lungs

and thorax tends to be less at low ventilations in
patients with emphysema than in normals, the
oxygen cost of breathing is four to five times
greater because of the markedly reduced efficiency
of the respiratory muscles. With increases in ven-
tilation there is a disproportionate increase in oxy-
gen consumption of the respiratory muscles in
emphysema. This may help to explain the disa-
bility present in pulmonary emphysema and the in-
ability of the severely emphysematous patient to
meet the increased energy demands of exercise and
infection.

SUMMARY AND CONCLUSIONS

1. The oxygen consumption of the respiratory
muscles was measured in 16 normal and 22 emphy-
sematous subjects. The oxygen cost of increased
ventilation was considerably higher in the emphy-
sematous subjects and rose even further with
slight increases in ventilation.

2. The efficiency of the respiratory muscles was
determined in nine normal and seven emphyse-
matous subjects. The efficiency was considerably
lower than the normal in the patients with
emphysema.

3. The total mechanical work at rest, measured
indirectly, tended to be less than the normal in
the patients with emphysema, whether expressed
as work per minute or work per liter of ventilation.
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