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The control of the pulmonary ventilation is a

central problem in the physiology of muscular ex-

ercise. The hypothesis that the respiratory center
is stimulated by chemical changes in the arterial
blood has been defended by Gesell (1), Haldane
(2), and Henderson (3). In addition to this type
of stimulation, Krogh and Lindhard (4) have dis-
cussed the anticipatory hyperventilation preceding
and immediately following the onset of exercise.
This they attribute to cerebral cortical stimulation.
Recently, Harrison and his associates (5, 6) have
maintained that the stimulus for the increase in
pulmonary ventilation in men and dogs during very

moderate exercise, either active or passive, is not
chemical, but is reflex. Comroe and Schmidt (7)
confirmed these findings in anesthetized dogs, us-

ing either electrical stimulation of the lumbar ante-
rior spiral roots, or else passive movements of the
limbs. In view of the importance of this problem,
we have repeated Harrison's experiments, which
use light exercise, and have extended them to in-
clude a more strenuous grade of exercise, in which
the changes in ventilation are larger and more

consistent from experiment to experiment and
from subject to subject.

EXPERIMENTAL METHODS

Two different types of experiments have been made:
(1) In the first type, using the arm muscles of recum-

bent subjects, ventilation was measured: (a) at rest; (b)
at rest, with the circulation of both arms cut off at the
level of the distal insertion of the deltoids; (c) during
exercise of the flexors of the hand, with the circulation
normal; (d) during the same exercise continued to ex-

haustion, with the circulation cut off, (e) immediately
after restoration of the circulation. After each period
of exercise the subject was allowed to rest until he re-

gained his basal condition. The exercise consisted in
squeezing inflated rubber bulbs with each hand 60 times
per minute at a rate of work of 12 kilogrammeters per

minute for ll minutes, or squeezing a bulb with one

hand and moving an ergograph with the other. Sphyg-
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momanometer cuffs inflated to 200 mm. Hg were used to
cut off the circulation.

(2) In the second type, the leg muscles were used. The
subject walked on a motor-driven treadmill, at a grade
of 8.6 per cent, and a speed of 2.4 or 3.5 m.p.h., until a
steady state was reached. While still walking, the circu-
lation of both legs was cut off by inflating, to a pressure
of 200 mm. Hg, sphygmomanometer cuffs placed around
the legs at the level of the distal insertion of the gluteal
muscles. After a given time, usually 1½ minutes, the
pressure was relieved and the subject continued to walk,
until the previous steady state was reached, usually within
10 minutes. Ventilation was measured during this steady
state, then during the ischemia, and finally after release
of the pressure.

RESULTS

Table I shows the results of the first type of
experiments, in which recumbent subjects exercise

TABLE I
Pulmonary ventilation of recumbent normal subjects

under conditions stipulated

Condition of subject

Sub- EuXPMn' 1s_ _,i

liEers per minue, dry a S.T.P..
Bar 1 6.90 7.00 8.10 7.30 12.4

2 7.50 8.20 8.90 8.90
3 7.20 8.00 8.50 8.50 13.0
4 6.40 7.60 7.60 7.00 12.2
5 6.80 7.80 8.10 7.80 14.5
6 6.80 7.50 9.00 8.10
7 6.70 6.90 6.80 7.10 13.5
8 6.70 6.70 7.30 7.30 12.5
9 6.72 7.20 7.20 7.20 16.0

10 7.00 7.80 7.20 7.00

Mor 1 6.70 9.00 8.90 8.90 12.3
2 7.74 7.74 8.40 7.90 12.3
3 7.80 8.20 7.90 9.10 13.1
4 6.80 7.60 7.70 7.80
5 6.80 6.90 8.60 9.10
6 7.95 8.20 8.45 8.00
7 6.75 6.80 7.43 6.75
8 7.80 7.85 7.85 7.20 12.8
9 8.10 8.00 9.90 9.00

10 7.80 8.00 9.50 10.00 15.0
11 6.90 8.10 9.10 8.00

Hol 1 6.80 8.10 8.50 8.20 14.0
2 6.50 7.10 8.80 8.20 12.0
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the flexors of the hands. It should be compared
with Table III of Harrison (5), and differs from
his results in the following ways: (1) mere ische-
mia nearly always produced a slight increase in
ventilation at rest; (2) exercising the flexors of
the hands, without ischemia of the arms, always in-
creased the ventilation, but to a far smaller extent
than shown by Harrison; (3) exercising the flex-
ors of the hands with the arms ischemic usually
produced a decrease in ventilation below the value
for the same exercise with circulation intact; (4)
release of the ischemia produced at once a marked
increase in ventilation (this increase was not re-

marked upon by Harrison (5), nor is it shown in
his tables); (5) the changes were so small that
their significance is hard to evaluate, except in the
case of the marked hyperventilation after ischemia.

Our results, therefore, lead to the following
conclusions: (1) that ischemia during exercise of
this very mild sort usually results in diminution
in ventilation in comparison with exercise with
normal circulation; and, (2) that after ischemia is
released, a large increase in ventilation occurs.

These findings can only be explained by chemical
stimulation of the respiratory centers and not by
reflex stimulation. In these experiments, the ex-

ternal work was about 12 kilogrammeters per min-
ute, and the extra oxygen consumption of the sub-
jects was only about 30 cc. per minute, a figure
which agrees well with the calculated work done.

In view of the small changes in ventilation pro-

duced by this type of exercise, and the difficulty

in standardizing the work, we decided to employ

a well-standardized exercise, easy to control, and
producing relatively large changes in ventilation.
In this way, we hoped to get consistent, clear cut
results.

Table II shows typical results of experiments
with subjects walking on the treadmill, first in a

steady state, then with ischemia of both legs, and
finally after the release of the ischemia (cf. experi-
ments of type 2 in Experimental Methods). The
data for ventilation in the first one or two experi-
ments on each subject show some variability.
However, after the subjects became used to the
discomfort of the experimental condition, ischemia
always produced a marked decrease in pulmonary
ventilation, to be followed after release of the
ischemia by a marked rise above the level of the
steady state and a return, within 10 minutes, to
the level of the steady state. It will be seen that
ischemia in every experiment produced a marked
decrease in the oxygen consumption, and release
of the pressure was always followed by a marked
increase above the level of the steady state.

The data in Table II lead to the following con-

clusions and interpretations:

(1) Subjects must be exposed to this type of
experiment several times before the results be-
come reliable.

(2) Even though the nervous connections re-

main intact, total ischemia of the legs during walk-
ing causes a decrease in the pulmonary ventilation.

TABLE II

Pulmonary ventilation and oxygen consumption in normal men walking at a speed of 3.5 m.p.h. and a grade of 8.6 per cent

Pulmonary ventilation Oxygen consumption
Subject Condition

l1t expt. 2nd expt. I 3rd expt. 4th expt. 1st expt. 2nd expt. I3rd expt. 4th expt.

likrs per minute litrs per minute
Bar Steady state, no ischemia 46.3 43.0 43.7 43.7 1.485 1.570 1.500 1.525

During ischemia 43.4 43.9 36.9 38.2 1.115 1.200 1.142 1.146
First minute after ischemia 64.0 54.5 65.4 55.4 1.860 2.000 2.000 1.950
Ten minutes after ischemia 48.0 44.5 44.2 44.0 1.500 1.590 1.580 1.560

Mor Steady state, no ischemia 29.6 34.0 36.7 36.0 1.320 1.400 1.360 1.390
During ischemia 28.0 39.2 29.9 33.5 1.000 1.090 1.100 1.080
First minute after ischemia 43.2 54.3 46.3 50.1 2.210 2.000 2.100 2.050
Ten minutes after ischemia 32.1 33.6 38.8 35.2 1.320 1.420 1.400 1.410

Con Steady state, no ischemia 48.6 48.0 45.0 2.490 2.400 2.480
During ischemia 45.4 43.0 43.2 1.560 1.610 1.680
First minute after ischemia 70.5 70.0 68.8 3.425 3.510 3.240
Ten minutes after ischemia 48.2 50.0 47.0 2.480 2.390 2.490
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The stimulus to ventilation during walking must
therefore be chiefly of chemical, not reflex, origin.

(3) After release of the ischemia, even though
the nervous connections remain unaffected, there
is a marked increase of ventilation which must be
caused by chemical stimuli. This conclusion has
been verified by estimation of the blood lactate,
and the results will be discussed elsewhere (8).

DISCUSSION

Our results are in agreement with the hypotheses
of Gesell (1), Haldane (2), and Henderson (3)
that the respiratory centers are stimulated chemi-
cally, whether it be by the pH of the arterial blood,
or by other circulating factors affecting the intrin-
sic metabolism of the centers, and with the findings
of Jarisch and Gaisbock (9) with resting men, in
whomischemia was accomplished by a significant
decrease in oxygen consumption, and in whom,
relief of the ischemia produced at once a hyper-
ventilation with increased oxygen consumption.

The discrepancies between our results, using
very light exercise, and Harrison's (5) are diffi-
cult to explain. It is possible that the anticipatory
hyperventilation shown by Krogh and Lindhard
(4) plays some part in Harrison's results. We
have found that even subjects well accustomed to
the procedures involved in studying muscular ex-
ercise in the laboratory, showed variable results
during the first few experiments, and only after
several days began to give consistent results. In
our experience, no normal subject accustomed to
the experimental procedure has had a ventilation
as high as those reported by Harrison (5), under
experimental conditions similar to his. The chief
difficulties with using light exercise are that the
work is hard to standardize, and that the changes
in ventilation are small. Whena heavier grade of
work is used, these difficulties disappear, since
voluntary and subconscious factors which can
easily influence pulmonary ventilation in man at
rest or doing very light exercise, become less and
less effective with increasing rates of muscular
work. In fact, during exercise that exhausts
within a few minutes, voluntary alteration of the
pulmonary minute-volume is virtually impossible.

All of the results reported in the present paper
are consistent with the hypothesis that increase in
ventilation in exercise is caused predominantly by

chemical stimulation, and not by reflex stimulation
from the leg.

SUMMARY

1. The increase in pulmonary ventilation has
been studied in normal men exercising the limbs,
first with normal circulation, and then with the
circulation cut off by pressure from inflated cuffs.

2. Very light exercise (at a rate of .12 kilo-
grammeters per minute) of the flexors of the
hand during total ischemia of the arms usually
resulted in a smaller ventilation than when the
arms had normal circulation. Release of the
ischemia was followed at once by a marked hyper-
ventilation.

3. In subjects walking uphill on a treadmill (at
a rate of 700 kilogrammeters per minute for a 90
kilo subject), total ischemia of both legs resulted
in a marked diminution of pulmonary ventilation,
even though the nervous pathways were intact,
and release of the ischemia was followed at once
by a marked hyperventilation, much higher than
the value prior to ischemia.

4. These results are interpreted to mean that
the chemical stimulus for increased ventilation in
exercise of these types is far more important than
the reflex.

5. The discrepancies between our results and
Harrison's (5) are perhaps due to the fact that
consistent results are found only after the subjects
have become well accustomed to the experimental
procedures by several repetitions of the experi-
ments, and when exercise of sufficient severity is
used so that the changes in ventilation and oxygen
consumption are relatively large in magnitude.
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and William Forbes, and the other members of the labora-
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