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(From the Hospital of The Rockefeller Institute for Medical Research, New York)

(Received for publication July 17, 1928)
INTRODUCTION

The type of breathing in pneumonia has certain fairly well marked
characteristics, which distinguish it from other disturbances of respira-
tion. Thereis, as a rule, an increased respiratory rate with a decrease
in the depth of each breath. This limitation in respiratory excursion
is in most instances accompanied by more or less severe pleuritic pain.
To what extent the pain is responsible for the shallow breathing or
for the so-called expiratory grunt is not clear, though it is fairly cer-
tain that it is not wholly accountable for either. With the exception
of the pleuritic pain, the patient suffering from pneumonia seems ex-
traordinarily unconcerned with his embarrassed breathing. It is a
matter of common observation that patients with pneumonia do not
complain of breathlessness even when they are well enough to enu-
merate their symptoms. Nor do they, except when in extremis, ap-
pear to make an extra effort to get their breaths, as do individuals
suffering from heart failure or from severe uncompensated acidosis or
asthma. Furthermore, most of them are apparently quite content to
lie flat in bed. These facts suggest that the respiratory mechanism in
pneumonia, although embarrassed, is operating fairly efficiently at a
new level. Consistent with this suggestion have been the findings
with respect to the acid-base balance in pneumonia. There appears
to be no evidence for the existence of an acidosis. Indeed, the blood
in only an occasional case shows any deviation from what is considered
to be a normal zone delimited by the pH and CO. tension lines (1).
When such a deviation occurs it exists in the direction of a slight com-
pensated alkalosis rather than of an acidosis. The maintenance of
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172 ANOXEMIA IN PNEUMONIA

these physiological constants at their normal levels shows that the
respiratory function is, in fact, in fair working order. This statement
must, however, he qualified, since the other chief function of the res-
piration—the supply of oxgen to the tissues—is impaired. No ac-
tual measurement of the oxygen tension in the tissues has been made,
nor of the tension in the arterial blood of pneumonia patients. The
oxygen content and capacity of the arterial blood is, however, readily
measurable, and from these figures one can obtain an estimate of the
efficiency of the respiratory mechanism.

It is probably not inaccurate to say that almost every case of pneu-
monia shows at some time a deficiency in the oxygen saturation of the
arterial blood (2). The fact that there may be oxygen want and still
no carbon dioxide retention or shift in the neutrality regulation of
the blood is explicable on the basis of the different physical properties
of O, and CO; and the different manner in which they combine with
hemoglobin. This subject has been fully discussed by Haldane (3).

Lundsgaard and Van Slyke (4) have attempted to analyze the vari-
ous factors which contribute to the presence of cyanosis. The origin
of cyanosis in pneumonia, it seems safe to state, is respiratory rather
than circulatory. It is, however, by no means clear why the blood is
incompletely oxygenated in the lungs. Several explanations have
been offered for this, viz., unequal expansion of the lungs (5); rapid
and shallow breathing (6) ; diminished lung volume (7); intra-alveolar
exudate (8); decreased oxygen diffusion resulting from toxic injury of
alveolar walls (9); passage of blood through unaerated channels in
the lung (10). It has, moreover, been shown experimentally that an
increased rate of blood flow through the lungs may prevent the hemo-
globin from taking up its normal load of oxygen (11). Whether this
last actually plays a réle in pneumonia is, to be sure, doubtful, but
there seems little doubt that some or all of the other factors may com-
bine to prevent the complete reoxygenation of the blood in its passage
through the lungs. Plausible as these explanations may be, the actual
proof of their influence and the proper weighting of their importance
remains difficult, if not impossible. One can never know the true -
state of the parenchymatous and vascular lesion in the lung at the
time of the arterial oxygen analysis. The relationship of these two
must therefore remain a matter of inference and conjecture.
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It is far easier to measure the changes in the type of breathing and to
correlate these with changes in the oxygen saturation of the arterial
blood. One should not, however, give too much weight to such a cor-
relation, because there will remain other factors not accessible by
quantitative methods, but no less important. It is more profitable
for the present to state the relationships observed than to give undue
weight to measurements simply because they represent the only data
available.

METHODS

We have recently described a body plethysmograph for the study of respiratory
movements in human beings (12). The measurements made in the present work
were obtained by placing the patients in the plethysmograph. This we believe
to be a more accurate method of recording respirations in the presence of already
embarrassed breathing than is possible with the use of masks or mouth pieces
even though valves of minimal resistance are available. We have frequently
observed that profound changes in breathing result from the application of these
various devices to the patient’s head. The plethysmograph has the added ad-
vantage of permitting a record of the observations while the subject is ignorant of
the fact that his respirations are being studied. The patients were allowed to
remain in the box for 10 to 20 minutes before observations were begun. During
this time any feeling of apprehension seemed to pass off and the subject frequently
dozed. It was impossible to secure data on patients who were desperately ill
as it seemed inadvisable to move such individuals to the laboratory.

A graphic tracing (fig. 1) was obtained for a period varying in length from one-
half to one hour. No preliminary fast was required, but in most instances
observations were made 2 or 3 hours after meals. During each tracing, the
plethysmograph and recording apparatus was tested for leaks. At the close of the
period of observation, the subject was urged to take the deepest breath he could
for the purpose of measuring his complementary air and vital capacity. An
arterial puncture was then performed, usually of the femoral artery. The blood
was analysed for its oxygen content and capacity by the method of Van Slyke and
Neill (13). The data thus acquired give us information about the rate and depth
of respiration, the relative duration of inspiratory and expiratory phases, the vital
capacity of the lungs and the oxygen content, capacity and per cent saturation
of the arterial blood. These facts so simply acquired in normal individuals are
far from easily obtained from patients suffering from pneumonia. Great care
must be taken that the procedures should not fatigue the patient and jeopardize
his chances of recovery. Not infrequently we have had to omit from the series
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Fic. 1. (@) PLETHVSMOGRAPHIC TRACING FROM CASE 10, MADE ON THE
FourtH DAY AFTER ONSET OF ILLNESS; (b) PLETHYSMOGRAPHIC TRACING
FROM SAME PATIENT MADE DURING CONVALESCENCE, ON TWENTY-FirTH DAY
APTER ONSET OF ILLNESS
The upper line was drawn by the work-adder signal lever. Interval between

signal lever marks equals 12.34 liters. The lower line represents time in 2 second

intervals.
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individuals best suited for the purposes of the study because their general condition
did not seem to warrant subjecting them to any unnecessary disturbance.

The series studied consists of 17 patients, all suffering from acute
pneumonia, in the Hospital of The Rockefeller Institute (table 1).
The general plan was to study the patient during the acute stage of
his disease and again during convalescence. The variegated nature
of the material makes a grouping of data of dubious value. More is
to be learned from a consideration of the changes occurring in the
individual patients.

In general it may be said that the abnormalities in breathing consist
in rapid and shallow respiratory movements resulting in an increased
minute volume of pulmonary ventilation. Associated with this, there
is a shortening of the duration of both respiratory phases, more par-
ticularly of the expiratory. There is, of course, a marked diminution
of the vital capacity of the lungs. All these changes are closely re-
lated to the condition of anoxemia as expressed by the oxygen satura-
tion of the arterial blood. To what extent abnormalities in breathing
are responsible for oxygen want, or whether anoxemia in turn gives
rise to the disturbances of respiration it is the chief object of this
investigation to discover.

EXPERIMENTAL

Of 11 patients in whom observations were made both during the
acute stage of the disease and during convalescence, 8 showed a defi-
nite correlation between rapid and shallow breathing and anoxemia.
By this we mean that when restored to health the patients not only
showed an increase in the per cent saturation of the arterial blood,
but slower and deeper breathing and a diminution in the minute
volume of pulmonary ventilation. From this fact alone no conclu-
sion can be drawn as to a possible causal relationship between rapid
and shallow breathing and ‘anoxemia. The two may simply occur
coincidentally or be related to a common cause.

No constant relationship can be shown to exist between the per
cent change in respiration and the per cent change in saturation.
For example, case 1 showed an increase in tidal air of 76 per cent dur-
ing convalescence with an 11 per cent rise in saturation, while case 2
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showed a greater rise in saturation, over 15 per cent, with practically
no change in tidal air. In both cases, however, there was an approxi-
mately equal reduction in respiratory rate. In case 5 the tidal air
increased by 12 per cent with a 5 per cent rise in saturation while
case 6 showed a 26 per cent gain in depth but only a 3 per cent gain in
saturation. Cases 7 and 11 both showed an actual diminution in
tidal air with convalescence though in the first the arterial saturation
rose from 85.4 to 94.2 and in the second from 84.1 to 92.0 per cent.
In case 9 the gain in saturation was 12 per cent which was less than
the gain in case 14 in spite of the fact that the former patient increased
his tidal air 108 per cent during convalescence as compared to the
latter’s 41 per cent.
~ Only 1 patient of the series exhibited very strikingly rapid and
shallow breathing. This was case 13 whose tidal air was only 127 cc.
and whose rate in the plethysmograph was 70 to the minute. In
spite of the fact that his pulmonary minute volume was more than
100 per cent larger during the acute illness than it was subsequently
during convalescence his arterial oxygen saturation was only 79.4
per cent. In a case such as this one, when the tidal air probably does
not exceed the subject’s dead air space, and alveolar ventilation must
depend upon diffusion alone, it is reasonable to suppose that oxygen
want is aggravated by the restricted character of the breathing.
Direct evidence for this may be had from observing the effect of
morphine on some pneumonia patients (14) in whom a depression in
respiration increases the already existing oxygen want. Case 17
may serve as an example of this, for after receiving 16 mgm. of mor-
phine sulphate subcutaneously the patient’s tidal air decreased from
331 to 254 cc., the rate from 32 to 25 and the minute volume from 10.67
liters to 6.38 liters. These changes were accompanied by a decrease
of the oxygen content of the arterial blood from 13.05 vols. per cent
to 11.47 vols. per cent and a reduction in saturation from 92.1 to
80.8 per cent. It should be borne in mind, however, that the de-
pressed respiratory function resulting from morphine is of a different
nature from that typical of pneumonia which is characterized by a
rapid rather than a slow rate and an augmented rather than a dimin-
ished minute volume of pulmonary ventilation.
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The effect of oxygen inhalation on the respiratory rate and depth

Three patients of the series were studied both while breathing room
air and again with the plethysmograph placed inside the oxgen
chamber while the patients were permitted to inhale a 40 to 44 per
cent oxygen mixture. It was hoped to glean from this procedure fur-
ther information as to the relative interdependence of rapid and shal-
low breathing and anoxemia.

Case 14. J. G., male, age 23. Hospital No. 6357. Diagnosis: Lobar pneu-
monia; empyema; thoracotomy.

Present illness. For 2 days the patient had complained of pain in his left side
and chills. He was admitted on March 18, 1928.

Physical examination. Severe pain was obvious. There was slight cyanosis of
nail beds and face. The temperature was 105.4°F., pulse 132, respirations 60.
The leucotye count was 34,700. Examination of the chest showed slight dulness
over angle of scapula. Below this point breath sounds were suppressed.

X-ray examination. Diffuse opacity from left apex to base, most marked at
base.

Bacteriological examination. Group IV pneumococcus and hemolytic strepto-
coccus were recovered from sputum. Blood culture sterile.

Course. Plethysmographic tracings were made before and during oxygen ad-
ministration. This was accomplished by placing the plethysmograph inside the
oxygen chamber. The first plethysmographic tracing was made March 19, a day
after admission. The temperature was then 103.2°F., pulse 128. The respiratory
rate was 44, tidal air 255 cc., and minute volume 11.20 liters. The expiratory-
inspiratory ratio was 0.96. The arterial blood analysis showed a percentage
saturation of 81.7, with the oxygen content and capacity 16.15 and 19.79 vols.
per cent, respectively. After these observations had been made the oxygen
concentration in the chamber was raised to 44.5 per cent. Two hours later a
second series of plethysmographic observations were made. The respiratory
rate was now 46.7, tidal air 228 cc., and minute volume 10.67 liters. The ratio of
expiration to inspiration was now 1.34. Arterial saturation had increased to 94.4
per cent with an oxygen content of 20.12 vols. per cent and capacity of 21.68 vols.
per cent.

Comment on case 14

The result of putting the patient in the chamber was to raise the O,
content of the arterial blood approximately 4 vols. per cent and to
increase the per cent saturation from 81.7 to 94.4. No slowing or
deepening of respirations occurred. It may be assumed that the
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anoxemia was not responsible, in this instance, for the presence of
rapid and shallow breathing. We have frequently observed in the
therapeutic use of oxygen that arterial anoxemia may be relieved with
little or no effect on the character or rate of respirations.

Case 15. C. C., male, age 16. Hospital No. 6410. Diagnosis: Lobar pneu-
monia; focal nephritis.

Present iliness. A young Italian boy was admitted to the hospital on April 17
complaining of pain in his left side and cough with expectoration of blood tinged
sputum. He had been sick for 2 days.

Physical examination. The patient was slightly cyanosed. Temperature was
101.4°F., pulse 128, respirations 28. The leucocyte count was 5,200. The
chest findings showed dulness and diminished voice sounds in the right front chest
from the second rib to the base. Occasional crepitant rale heard. In the region
of the spine of the right scapula breathing was broncho-vesicular. Many sub-
crepitant rales at right base. Dulness and suppressed breathing from second rib
to base in left back.

X-ray examination. There was opacity of the right middle and lower lobes and
upper part of the left lower lobe.

Bacteriological examination. No type spgcific organism was recovered from the
sputum. Blood culture was sterile.

Course. On April 17 the patient was transferred to the oxygen chamber.
Before the oxygen was turned on a plethysmographic record was obtained. At that
time the patient’s temperature was 102.4°F., his pulse rate 144. He was breathing
at the rate of 46 to the minute. Tidal air was 266 cc. and minute volume 12.23
liters. The duration of the inspiratory phase was 0.63 second, of the expiratory
0.74 second. The ratio was 1.17. The arterial blood was 65.8 per cent saturated,
oxygen content 12.48 vols. per cent, capacity 18.97 vols. per cent.

Two and a half hours later, after the patient had been in an atmosphere of 40
per cent oxygen for more than an hour a second plethysmographic record was made.
The respiratory rate was now 42.5 and the tidal air 236 cc. The minute volume
10.03 liters. No significant change in the duration of inspiration and expiration
occurred. The saturation of the arterial-blood had fallen slightly, to 64.1 per cent.
Oxygen content and capacity were respectively 11.23 and 17.50 vols. per cent.
The patient grew rapidly worse and died on the following day.

" Comment on case 15

The observations bring out one important point, namely, that ex-
posing the patient to twice the normal atmospheric oxygen tension
produced no changes in the oxygen saturation of the arterial blood and
no change in the -breathing. Were the anoxemia due to rapid and
shallow breathing, it is logical to assume that raising the alveolar oxy-
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gen tension two-fold would, in a measure at least, relieve the condition.
In this instance we must assume that blood was circulating through
unaerated portions of the lungs, and that this rather than rapid and
shallow breathing was in the main responsible for oxygen want.

Case 16. J. M., male, age 32. Hospital No. 6414. Diagnosis: Lobar pneu-
monia; septicemia.

Present illness. The patient had been sick for 3 days, complaining of pain in
the left chest, chills, cough, and expectoration of blood tinged sputum. He was
brought to the hospital on April 19, 1928.

Physical examination. There was slight cyanosis of nail beds. Temperature
was 104°F., pulse 120, respirations 36. The leucocyte count was 14,000. The
chest signs showed; from spine of left scapula to base posteriorly there was dulness
to flatness; voice and breath sounds increased except at very base where they
were diminished; bronchial breathing and occasional crepitant rile at angle of
left scapula; dulness and occasional sub-crepitant rale at the right base.

X-ray examination. Opacity of area occupied by left lower lobe, lower part of -
right upper lobe and right lower lobe.

Bacteriological examination. Group IV pneumococcus was recovered from the
sputum and blood.

Course. On April 20 the patient was transferred to the oxygen chamber
because he was growing more cyanotic and his breathing was becoming more
difficult. Before oxygen was administered a plethysmographic record was made.
His temperature was then 102.8°F., pulse 112. The respiratory rate was 35, tidal
air 376 cc., and minute volume 13.18 liters. The arterial blood oxygen content was
18.05 vols. per cent, with a capacity of 20.60 vols. per cent, the saturation being
87.7 per cent.

Two and a half hours later, after the patient had been in an atmosphere of 39.5
per cent oxygen for 14 hours, a second plethysmographic tracing was made. No
significant change had occurred in any of the measurements. The respiratory
rate was now 35.2, tidal air 372 cc., minute volume 13.08 liters. The arterial
oxygen content and capacity had risen respectively to 18.54 and 20.80 vols. per
cent. The saturation was now 89.0 percent. In spite of this slight increase the
patient’s color was obviously better and he said he felt better.

The next day the patient became rapidly worse and died on April 23. His -
blood culture was positive, there being more than 100 colonies to the cubic centi-
meter of blood.

Comment on case 16

The case is similar to the last one, a rapidly fatal pneumonia which
did not respond to oxygen therapy either by a significant increase in
the per cent saturation of arterial blood or by a slowing or deepening
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of the respirations. Were the anoxemia the result of rapid and shal-
low breathing, one would expect relief from raising the atmospheric
oxygen tension, especially in a case where neither rapid rate nor shal-
low breaths were extreme.

- DISCUSSION

There can be no doubt of the frequent association of anoxemia and
rapid and shallow breathing in pneumonia. Reference to table 1 will
provide numerous examples of this fact. That these two phenomena,
however, are causally and reciprocally related does not necessarily
follow. In a paper dealing with this subject Meakins (6) concluded
“that the anoxemia occurring in acute lobar pneumonia is the result
of the rapid and shallow breathing typical of this condition.” This
statement is based on 4 published cases in which no blood analyses are
included. Our observations do not wholly support this contention,
since exceptional cases occur in which no correlation between changes
in the rate and depth of breathing and the oxygen saturation of the
arterial blood can be demonstrated (cases 7 and 11). There are, of
course, individuals whose pulmonary ventilation is so inadequate
(case 13) that it must self evidently lead to asphyxia; and others in
whom a reduction in ventilation following morphine injection will
accentuate already existing oxygen want (case 3). Two cases (nos.
15 and 16) both anoxemic while breathing room air remained so in
an atmosphere containing twice the normal partial pressure of oxygen.
Were anoxemia in these cases the result of rapid, shallow breathing
there should have been an alleviation of oxygen want, which did not,
however, come to pass. The fact that the blood may be restored to
its normal oxygen content without a reduction in respiratory rate or an
increase in the depth of breathing (case 14) is strong evidence against
the corollary view that rapid and shallow breathing in pneumonia is
the result of anoxemia.

It is likely that in this physiological function, as in others, reduction
beyond a threshold value is necessary before the internal environment
of the body suffers appreciable variation. In other words, there is
a factor of safety beyond which ventilation must be reduced before
anoxemia arises. There is no convincing evidence to prove that the
anoxemia commonly occurring in pneumonia arises from such a reduc-
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tion, though it is reasonable to believe that in certain instances it may
be an aggravating influence.

How much actual acceleration in rate irrespective of diminished
depth has to do with inadequate reoxygenation of blood in the lungs
has not, heretofore, been considered. The shortening of the duration
of the inspiratory and expiratory phases and the reduction in the
expiratory-inspiratory ratio was, in these patients, the rule during their
acute illness. The significance of this change is not clear. We have
the impression, however, that the relative duration of the respiratory
phases is of importance from the point of view of pulmonary ventilation.

Relatively large values for the minute volume of pulmonary ventila-
tion are found almost without exception during the acute stage of
pneumonia, and become smaller during convalescence. This has
been looked upon by some as of a compensatory nature. If so, the
compensation is obviously inadequate with respect to the aeration of
the blood in the lungs.

With regard to the vital capacity, its measurement is perhaps of
not much significance except as an indication of pleuritic pain. The
functional residual air studied by Binger and Brow (7) is of greater
interest, and this we believe should be reinvestigated from the point of
view of anoxemia.

SUMMARY AND CONCLUSIONS

1. By means of a specially designed body plethysmograph the res-
piratory movements have been studied in a group of patients suffering
from acute pneumonia.

2. The oxygen content, capacity and per cent saturation have also
been measured.

3. Observations have been made during the acute stage of the
disease, during convalescence, after morphine administration and oxy-
gen inhalation.

4. Rapid and shallow breathing, and anoxemia are commonly as-
sociated phenomena.

5. No clear evidence can be adduced, however, that the anoxemia
which occurs in lobar pneumonia is the result of rapid and shallow
breathing, though in some cases extremely rapid and shallow breath-
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ing or the depression of ventilation brought on by morphine may ac-
centuate already existing oxygen want.

6. Oxygen inhalation may restore the arterial blood to a normal
saturation without influencing pulmonary ventilation.
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