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FACTORSINFLUENCING RESPIRATION DURINGHEAVYEXERCISE'

By JERE H. MITCHELL,2 BRIAN J. SPROULE, AND CARLETONB. CHAPMAN

(From the Cardiopulmonary Laboratory of the Department of Internal Medicine, University
of Texas Southwestern Medical School, Dallas, Texas)

(Submitted for publication June 19, 1958; accepted July 31, 1958)

The first insight into the control of respiratory
function was provided by Haldane and Priestley
(1) who concluded that alveolar pCO2, acting ul-
timately on the respiratory center, was the ruling
factor. The same mechanism was thought to be
responsible for the hyperpnea of light exercise
but, as pointed out by Douglas and Haldane (2)
and by Douglas (3), other factors may come into
play during heavy exercise. Since the work of the
Haldane school, the CO2 control theory has been
challenged and other factors, both nervous and
humoral, have been suggested (4-6).

Among the nervous stimuli that have been con-
sidered are direct cortical stimulation (7), re-
flexes from exercising limbs (8, 9), and reflexes
from the great veins and right atrium (10). Se-
rious objections to each of these possibilities have
been raised (4, 11, 12).

Humoral factors that have been considered in-
clude arterial and venous pCO2, pH, PO2, and
accumulation of anaerobic metabolites. Investiga-
tions by Bannister, Cunningham and Douglas
(13), using alveolar CO2 determinations, lend
support to the earlier views of Haldane; other in-
vestigators (14, 15) have found either no change
or a slight decrease in arterial pCO2 during exer-
cise. Bannister and Cunningham (16) have also
recently postulated decreased arterial PO2 as a
respiratory stimulant during heavy exercise but
obtained no data to support the view. A decrease
in arterial pH during exercise has been found by
many investigators (14, 17, 18), but the phenome-
non has never been shown to be causally related to
the hyperpnea of exercise. Somewhat along the
same lines, the possibility that unidentified metabo-
lites might be so related was suggested by Hen-

1 This work was supported by grants from the United
States Public Health Service [H-2113 (C) ], and the
Dallas Heart Association.

2Postdoctorate Research Fellow, National Heart In-
stitute.

derson (19) and was also considered by Asmus-
sen and Nielsen (20).

The following study was designed to examine
some of these suggestions, particularly those that
are concerned with changes in oxygen and CO2
tension and with pH alterations in arterial and
venous blood.

METHODS

The subjects were normal men, aged 20 to 43 years.
All were leading active lives but none were trained
athletes. Respiratory data, including maximal oxygen
intake, were obtained on 59 men. Blood gas studies, in-
cluding brachial arterial and peripheral venous samples,
were added in 24 subjects, several of whom were stud-
ied more than once. Blood samples from all sites, how-
ever, were not always obtained on all subjects. Blood
from the internal jugular vein was collected, in addition
to the other samples, in 4 subjects. In the accompanying
Tables I through V, means and standard deviations are
followed by the number (in parentheses) of observations
on which the data are based. In most instances, the
number of observations corresponds to the number of
subj ects.

Exercise was performed on a motor-driven treadmill
in an air-conditioned room at a temperature between 23
and 260 C. Maximal oxygen intake was first deter-
mined by a previously published method (21). In stud-
ies done some days later, PE 90 (I.D., 0.034 inch)
catheters were placed in the left brachial artery and
vein, and in the femoral vein. The catheters were at-
tached to three-way stopcocks and were kept filled with
normal saline solution containing a small amount of
heparin. Blood from the internal jugular vein was col-
lected through a cardiac catheter, the tip of which was
in the jugular bulb. In order to permit collection of
blood samples during exercise from catheters inserted
into the left arm, the subject's left hand gripped a cross-
bar, placed in front of him and at the level of the lower
thorax, throughout the studies. The right arm was al-
lowed to swing normally. The catheter in the femoral
vein was long enough to permit the stopcock attached to
it to be held steady for sampling, regardless of the mo-
tion of the thigh.

Resting studies were carried out with the subject stand-
ing in place on the treadmill. He was connected to an
Otis-McKerrow two-way breathing valve by means of a
rubber mouthpiece and his nose was closed with a nasal
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clamp. Expired air was collected in a Douglas bag.
Gas analysis was immediately carried out, using a Beck-
man E-2 magnetic oxygen analyzer and a Liston-Becker
infrared carbon dioxide analyzer. The volume of ex-

pired air was measured in a Tissot gasometer and cor-

rected to BTPS. The respiratory rate was determined
by means of a strain-gage assembly attached to the re-

spiratory valve and mean tidal volume was calculated
by dividing expired volume by respiratory rate. Oxygen
intake was determined with the aid of a nomogram (22).
Blood samples were collected anaerobically in hepari-
nized syringes from all sites simultaneously.

Oxygen tension was determined polarographically (23).

Oxygen and carbon dioxide contents were determined
by the Van Slyke and Neill method and per cent satura-
tion was calculated from the oxygen content and oxy-

gen capacity. The pH determinations were performed
at 37.5° C. using a Cambridge research model pH
meter. Plasma carbon dioxide content was determined
from whole blood carbon dioxide content; pH and he-
matocrit by the nomogram of Van Slyke and Sendroy
(24). Carbon dioxide tension was calculated, by use of
the Henderson-Hasselbalch equation, from pH and CO2
content of plasma at 37.5° C.:

CO2 content
S[10(pH - pK') + 1]

TABLE I

Ventilatory volume, oxygen intake and respiratory quotient at rest and at exercise loads leading to maximal oxygen intake *

Rest Exercise I Exercise II Exercise III

Ventilation,
L./min. (BTPS) 10.15 4t 2.07 (40)* 73.50 i 10.43 (54) 83.38 1t 11.98 (39) 94.72 h 15.94 (32)

Respiratory rate/min. 17 i 5 (28) 31 ± 9 (42) 35 i 10 (31) 38 4z 10 (25)

Tidal volume,
Liters (BTPS) 0.63 ± 0.21 (28) 2.50 i 0.67 (42) 2.54 d 0.64 (30) 2.59 + 0.57 (24)

Oxygen intake,
L./min. (STPD) 0.35 :1: 0.06 (40) 2.81 d 0.39 (54) 3.09 :1: 0.42 (39) 3.27 ± 0.50 (32)

Oxygen intake,
ml./Kg./min. (STPD) 4.8 i 0.8 (40) 38.7 + 5.2 (54) 42.4 i 5.8 (39) 44.8 d 5.7 (32)

Respiratory quotient 0.74 :+: 0.08 (40) 1.05 A± 0.10 (54) 0.97 i 0.09 (39) 0.94 4 0.09 (32)

* Figures in parentheses refer to number of observations in each category.

TABLE II

Blood gas and pH measurements at rest and at exercise loads leading to maximal oxygen intake in normal subjects *

Site Rest Exercise I Exercise II Exercise III

Brachial PO2 (mm. Hg) 85 i 13 (32) 86 :4 14 (34) 89 i 12 (26) 91 i 13 (17)
artery 02 Sat. (%) 94.9 i 2.6 (33) 93.3 d 5.2 (31) 94.2 i 3.5 (22) 94.1 i 2.2 (14)

pCO2 (mm. Hg) 39 i 4 (26) 40 1 6 (23) 38 4- 6 (16) 36 1 6 (10)
Plasma CO2 (mEq.IL.) 24.0 -+ 1.4 (27) 20.4 4- 2.1 (25) 16.3 d 2.8 (16) 14.1 3.0 (10)
pH 7.39 41 0.04 (36) 7.28 A- 0.05 (32) 7.23 d 0.08 (24) 7.19 d 0.08 (16)

Brachial PO2 (mm. Hg) 29 ± 8 (22) 24 ± 8 (18) 29 ± 6 (9) 25 5 (9)
vein 02 Sat. (%) 55.0 ± 15.0 (25) 25.0 ± 9.8 (19) 22.1 i 6.1 (10) 25.0 1 6.4 (10)

pCO2 (mm. Hg) 45 5 (20) 71 : 13 (15) 64 i 9 (6) 63 4 9 (8)
Plasma CO2 (mEq./L.) 26.1 + 2.2 (20) 26.9 i 2.2 (15) 25.5 i 1.4 (6) 23.8 1 1.5 (8)
pH 7.36 i 0.04 (25) 7.21 ± 0.12 (22) 7.19 : 0.07 (13) 7.14 i 0.06 (11)

Femoral P02 (mm. Hg) 26 i 10 (25) 25 d 9 (24) 27 i 5 (12) 30 d 7 (11)
vein 02 Sat. (%) 40.2 i 14.4 (27) 24.6 6.6 (27) 24.1 i 6.2 (13) 20.9 ± 8.0 (12)

PCO2 (mm. Hg) 47 4 6 (24) 83 : 11 (21) 70 8 (7) 74 :t 7 (10)
Plasma C02 (mEq./L.) 26.9 ± 2.3 (24) 27.6 + 2.2 (20) 25.3 i 2.2 (7) 24.4 i 1.9 (9)
pH 7.35 i 0.05 (29) 7.13 i 0.08 (28) 7.13 :1 0.06 (14) 7.11 4 0.05 (13)

Internal PO2 (mm. Hg) 28 i 8 (4) 30 i 7 (4)
jugular 02 Sat. (%) 58.3 i 8.3 (4) 60.3 i 3.8 (4)

vein pCO2 (mm. Hg) 58 4- 3 (4) 52 i 4 (4)
Plasma CO2 (mEq.IL.) 26.8 ± 1.1 (4) 24.2 ± 2.1 (4)
pH 7.25 :1 0.02 (4) 7.26 i 0.04 (4)

* Figures in parentheses refer to number of observations in each category.
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TABLE III

Ventilatory volume, oxygen intake and respiratory quotient during heavy exercise and recovery *

Exercise Recovery I* Recovery II Recovery III

Ventilation,
L./min. (BTPS) 73.50 41 10.43 (54)t 46.46 ± 8.07 (12) 27.93 ± 6.69 (12) 18.28 4t 4.74 (9)

Respiratory rate/min. 31 ± 9 (42) 26 ± 6 (10) 23 i 5 (10) 21 + 7 (7)
Tidal volume,

Liters (BTPS) 2.50 ± 0.67 (42) 1.85 ± 0.46 (10) 1.33 i 0.42 (10) 0.95 ± 0.19 (7)

Oxygen intake,
L./min. (STPD) 2.81 :1 0.39 (54) 1.08 ± 0.19 (11) 0.59 ± 0.13 (11) 0.45 ± 0.03 (9)

Oxygen intake,
ml./Kg./min. (STPD) 38.7 ± 5.2 (54) 14.6 ± 2.4 (11) 8.0 i 0.8 (11) 6.2 ± 0.7 (9)

Respiratory quotient 1.05 ± 0.10 (54) 1.37 + 0.09 (11) 1.16 ± 0.15 (11) 0.85 ± 0.10 (9)

* The first recovery period is 1 to 2 minutes after cessation of exercise, the second is 4 to 5 minutes, and the third 9 to
10 minutes after cessation.

t Figures in parentheses refer to number of observations in each category.

TABLE IV

Blood gas and pH measurements during heavy exercise and during recovery *

Exercise Recovery I Recovery II Recovery III

Brachial PO2 (mm. Hg) 86 4 14 (34)t 87 ±t 9 (6) 90 ± 13 (6) 82 ± 10 (5)
artery 02 Sat. (%) 93.3 ± 5.2 (31) 91.8 ± 5.7 (8) 90.6 i 6.0 (8) 92.7 ± 4.3 (7)

PCO2 (mm. Hg) 40 4- 6 (23) 36 ± 6 (8) 33 ± 8 (8) 32 7 (7)
Plasma CO2 (mEq./L.) 20.4 41 2.1 (25) 15.0 ± 2.4 (8) 13.5 + 3.7 (8) 14.3 ± 3.6 (7)
pH 7.28 ± 0.05 (32) 7.20 ± 0.03 (8) 7.19 i 0.06 (8) 7.23 ± 0.07 (7)

Brachial pO2 (mm. Hg) 24 i 8 (18) 26 ± 7 (9) 32 ± 7 (11) 34 ± 15 (7)
vein 02 Sat. (%) 25.0 ± 9.8 (19) 39.8 i 14.5 (9) 49.0 t 15.7 (10) 48.3 ± 9.1 (7)

pCO2 (mm. Hg) 71 i 13 (15) 75 ± 16 (9) 62 ± 22 (10) 51 ± 10 (7)
Plasma C02 (mEq./L.) 26.9 : 2.2 (15) 23.0 :1: 2.0 (9) 20.2 1 3.5 (10) 18.4 1 3.4 (7)
pH 7.21 ± 0.12 (22) 7.06 ± 0.12 (10) 7.11 ± 0.13 (11) 7.15 ± 0.14 (8)

Femoral pO2 (mm. Hg) 25 ± 9 (24) 34 ± 8 (13) 38 + 12 (13) 32 ± 12 (11)
vein 02 Sat. (%) 24.6 ± 6.6 (27) 47.0 4 12.3 (12) 55.9 ± 11.7 (13) 48.8 + 11.5 (11)

pCO2 (mm. Hg) 83 ± 11 (21) 82 4 13 (12) 56 i 11 (13) 53 ± 9 (11)
Plasma CO2 (mEq./L.) 27.6 ± 2.2 (20) 22.3 ± 2.8 (12) 17.6 ± 3.6 (13) 18.1 41 3.9 (11)
pH 7.13 :1 0.08 (28) 7.01 i 0.09 (13) 7.07 ± 0.09 (13) 7.11 ± 0.09 (11)

Internal PO2 (mm. Hg) 30 ± 7 (4) 29 i 6 (4) 29 i 9 (3) 27 11 (4)
jugular 02 Sat. (%) 60.3 ± 3.8 (4) 55.2 ± 6.5 (4) 40.8 ± 10.8 (3) 41.3 4 20.0 (4)
vein pCO2 (mm. Hg) 52 4 (4) 53 3 (4) 57 i: 1 (3) 53 ± 4 (4)

Plasma CO2 (mEq./L.) 24.2 i 2.1 (4) 21.4 i 1.8 (4) 20.9 ± 1.4 (3) 21.7 ± 1.5 (4)
pH 7.26 ± 0.04 (4) 7.19 t 0.01 (4) 7.17 ± 0.06 (4) 7.19 ± 0.02 (4)

* The stages of recovery are the same as in Table III.
t Figures in parentheses refer to number of observations in each category.

where
S = solubility factor at 37.5°,

= 0.0304 (25), and
pK' = factor determined for each value of pH from a

nomogram (26).

After the resting determinations were complete, one of
two experimental plans was followed. In the first pro-
cedure, the subjects were exercised at three increasing
workloads with a 10 to 15 minute rest period between

each load. Exercise loads were augmented either by in-
creasing the speed or by raising the grade of the tread-
mill (or by doing both). The three grades included
that which had previously produced the maximal oxy-
gen intake. The subj ects were exercised for 2.5 min-
utes at each workload. During the first 1.5 minutes the
Douglas bag was flushed with the subject's expired air.
During the last minute of the exercise period, expired air
was collected and blood samples were drawn from all
three sites. After completion of the run, the patient
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TABLE V

Ventilatory volume, oxygen intake, cardiac output and "central" blood volume at rest and during three levels of
exercise leading to that producing maximal oxygen intake *

Rest Exercise I Exercise II Exercise III

Ventilation,
L./min. (BTPS) 10.27 4 1.19 (11)* 72.64 -+1 8.15 (16) 84.94 i 12.82 (16) 94.91 A 15.55 (14)

Respiratory rate/
min. 18 4 5 (9) 30 4 5 (16) 34 7 (16) 37 7 (14)

"Central" blood volume,
Liters 1.65 4 0.21 (15) 3.09 4 0.63 (15) 3.15 ± 0.63 (15) 3.52 ± 0.71 (14)

Cardiac output,
L.1min. 5.5 ± 0.9 (15) 21.4 A 5.4 (15) 21.6 ± 4.3 (15) 23.3 4 6.0 (14)

Pulse rate/min. 88 ± 16 (14) 179 ±t 9 (15) 188 i 9 (15) 190 ± 9 (10)

02 intake,
L./min. (STPD) 0.33 ± 0.05 (11) 2.80 ± 0.25 (16) 3.12 ± 0.34 (16) 3.26 ± 0.43 (14)

* Figures in parentheses refer to number of observations in each category.

rested for 10 to 15 minutes and the study was repeated
two more times at higher workloads.

In the second study, carried out at a later date, rest-
ing determinations were made and the subjects were ex-
ercised for 2.5 minutes at a workload near that produc-
ing maximal oxygen intake. Again, the gas and blood
collections were carried out during the last minute of the
run. After completion of the run, the subject remained
standing on the treadmill and recovery studies were per-
formed. Expired air and blood samples from the vari-
ous sites were collected 1 to 2 minutes, 4 to 5 minutes
and 9 to 10 minutes after stopping the treadmill.

In 16 subjects, so-called central blood volume, cardiac
output, pulse rate, ventilation, respiratory rate and oxy-
gen intake were studied at rest and at three increasing
levels of work. For measurement of central blood volume
and cardiac output, 10 mg. of Evans blue dye (T-1824)
was delivered at the end of the catheter in the brachial
vein of the stationary arm 1.5 minutes after the begin-
ning of exercise. Arterial blood samples were collected
from the brachial artery of the same arm at one sec-
ond intervals using an electrically operated collector or
a manual collection device. The dye content of the blood
was determined spectrophotometrically. Central blood
volume and cardiac output were calculated from the dye
dilution curves by the method of Hamilton, Moore,
Kinsman and Spurling (27). Expired air was collected
simultaneously. Pulse rate was measured electrocardio-
graphically by means of a bipolar precordial lead using
needle electrodes at V, and V5 positions, the left hand
being grounded.

RESULTS

The mean values for ventilation (BTPS), re-
spiratory rate, mean tidal volume (BTPS), oxy-
gen intake (STPD) and respiratory quotient at

rest and during three increasing levels of heavy
exercise are shown in Table I (first experimental
plan). In Table II, the corresponding changes in
arterial and venous blood gases and pH are set out.

The values obtained in the second experimental
plan (work and recovery) are shown in Tables
III and IV. It will be noted that the exercise data
for all subjects at the first level of exercise (near
maximal oxygen intake) were utilized in both ex-
perimental plans.

In Table V, the mean "central" blood volume,
cardiac output and pulse rate at rest and during
three subsequent increased workloads with cor-
responding values for ventilation and respiratory
rate are given.

DISCUSSION

These data, and those published previously by
our group (21), show clearly that arterial PO2
does not decline during heavy exercise. In actual
fact, there seems to be a slight increase in mean
values for arterial PO2 as exercise loads are made
progressively heavier (Table II), and little fur-
ther change occurs during recovery (Table IV).
The discrepancy between these results and those
of Lilienthal, Riley, Proemmel and Franke (28)
may be attributable to differences in methods or
to the level of exercise used.

In Table II, a slight drop in arterial oxygen
saturation during heavy exercise is seen, a result
similar to that reported by Hickam, Pryor, Page
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and Atwell (14), and by Asmussen and Nielsen
(29). A further decline occurs during the first
few minutes of recovery (Table IV). The ex-
planation for the divergent behavior of arterial
oxygen saturation, as compared with arterial PO2,
has to do in part with changes in arterial pH as
shown previously (21).

The behavior of venous pO2 during progressive
exercise loads is also shown in Table II. The dif-
ferences noted in brachial, femoral and internal
jugular venous PO2 are not significantly different
statistically. Whether or not internal jugular ve-
nous PO2 can be taken to represent tissue PO2 in

the respiratory center is doubtful (30) but there
is no reason to suppose that exercise produces hy-
poxia in the respiratory center cells, especially
since arterial PO2 is normal or even elevated dur-
ing heavy exercise. During recovery, the brachial
and femoral venous PO2 both appear to increase
(Table IV) but internal jugular venous pO2 re-
mains relatively constant.

The original Haldane view on the chemical
control of respiration, which by inference invokes
changes in arterial pCO, during exercise, receives
no support (insofar as heavy exercise is con-
cerned) from the present data (Table II and Fig-
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Clear line in background indicates course of total ventilation in liters per minute.
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ure 1) or from the work of Asmussen and Nielsen
(29). The study by Filley, Gregoire and Wright
( 15), who employed the Riley microbubble method,
also fails to demonstrate increase in arterial pCO2
during exercise. The marked increase in ventila-
tion that occurs with heavy exercise cannot,
therefore, be due to increased arterial pCO2. The
present study, however, does not rule out the pos-
sibility of a change in the CO2 sensitivity of the
respiratory center, but the report by Hickam and
co-workers (14) is opposed to it. After the ces-
sation of exercise, arterial pCO2 decreases below
the resting value at a time when ventilation is still
increased (Table IV and Figure 2).

Brachial and femoral venous pCO2 rise markedly
during heavy exercise (Table II and Figure 1),
the values nearly doubling at the first exercise
load and falling slightly as loads are further in-
creased. The resting value for internal jugular
venous pCO2, with the subject standing, is con-
siderably higher than that in the two other sys-
temic veins. The actual mean values were 58
compared to 45 and 47 mm. Hg for, the brachial
and femoral venous values. During a single
heavy exercise load, internal jugular venous pCO2
was stationary, or fell slightly, instead of rising
markedly as it did in the other venous samples.
The absence of significant change in jugular ve-
nous pCO2 during heavy exercise is hardly in keep-
ing with the idea that tissue CO2 tension in the

respiratory center rises during exercise unless
changes in cerebral blood flow, or other factors,
render jugular venous pCO2 invalid as a guide to
CO2 tension in the respiratory center itself. Dur-
ing recovery from heavy exercise, brachial and
femoral venous pCO2 fell markedly, roughly paral-
leling the decline in ventilation (Table IV and
Figure 2). There was no significant change in
the values for internal jugular venous pCO2 dur-
ing this period.

It is well established that arterial pH decreases
during heavy exercise and that the pH changes are
more marked after the cessation of exercise (17,
18). In this study, arterial pH declined, and
ventilation increased, during the performance of
three exercise loads of increasing severity. During
these periods of exercise, an inverse relation be-
tween arterial pH and ventilation seemed to exist
(Table II and Figure 3). The relation is prob-
ably not, by itself, a causal one, since during re-
covery from exercise it breaks down completely
(Table IV and Figure 4). Shortly after the ces-
sation of exercise, arterial pH declined still fur-
ther and remained quite low for 9 to 10 minutes.
Ventilation, however, declined strikingly and
steadily after work was stopped.

Brachial and femoral venous pH changes were
more marked during three progressive exercise
loads than corresponding changes in arterial blood
(Table II and Figure 3), the main drop occurring
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between the resting value and the first exercise
load. The pH changes on the venous side were
presumably due to the combined effect of increased
anaerobic metabolites and increased pCO2. In-
ternal jugular venous pH at rest, with the patient
standing, was lower than brachial or femoral,
the mean value being 7.25 compared to 7.36 and
7.35, respectively. Internal jugular venous pH
did not decrease during an initial exercise load
but was not measured during progressive exercise
loads. During recovery from heavy exercise,
brachial and femoral venous pH continued to de-
cline for a few minutes, then began to rise slowly
(Table IV and Figure 4). As in the case of ar-
terial pH, the continued fall in brachial and fe-
moral venous pH after cessation of exercise when
ventilation was rapidly returning to normal is op-
posed to the possibility of an inverse relation be-
tween these two variables. Internal jugular ve-
nous pH decreased only slightly after the cessation
of exercise.

"Central" blood volume, as calculated from dye
dilution curves by the Hamilton method, was
found to increase more or less in a parallel fashion
with ventilation as exercise loads of increasing
severity were performed. Further evidence on
this point was provided by Nowy, Kikodse and
Z6llner (31) who, using the same method, also
found a slight increase in "central" blood volume
in some subjects during light exercise. Whether
or not augmentation of "central" blood volume
causes increase in ventilation by stimulation of
stretch receptors has not been clearly answered.

Harrison, Harrison, Calhoun and Marsh (10)
have postulated the existence of such receptors,
and Yeomans, Porter and Swank (32) produced
hyperpnea by means of rapid intravenous infusions.
Mills (33) produced hyperpnea by suddenly re-
leasing blood which had been trapped in veins of
the legs and suggested that the effect was due to
the stimulation of stretch receptors located at the
pulmonary capillary level. Asmussen and Nielsen
(20) produced more marked increases in ventila-
tion by the release of blood trapped in the legs
during exercise but thought the phenomenon to be
due to a chemical agent rather than to a volume
change. All this work, and the data reported
above, are in keeping with the possibility that in-
creased central blood volume, estimated by the di-
lution technique, may produce an increase in ven-
tilation. The question, however, is far from
settled. The reliability of the dilution method for
estimating central blood volume, especially when
cardiac output is high, is open to question. The
main difficulty has to do with errors in extrapola-
tion of dilution curves. This error, as pointed
out by Rapaport, Kuida, Haynes and Dexter (34),
affects calculation of central blood volume rela-
tively more than cardiac output. It is also prob-
able that the repeatability of the method declines
at high output levels. The data presented, how-
ever, establish a directional change, indicating an
increase in some aspect of central blood volume as
ventilation and cardiac output rise.

It seems impossible, therefore, to attribute the
hyperpnea of exercise to change of pCO2, pH, or

80
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pO2 in the arterial blood. On the venous side,
brachial and femoral pCO2 roughly parallel
changes in ventilation during exercise and re-
covery but tend to fall off as exercise loads of in-
creasing severity are performed. Also, in the
recovery period, one to two minutes after exercise,
these values remain elevated when ventilation is
decreasing. The absence of significant change in
jugular venous pCO2 is opposed to the idea that
tissue CO2 tension in the respiratory center rises
during exercise if it be accepted that jugular ve-
nous pCO2 reflects that in the respiratory center
itself. The behavior of pCO2 at the various venous
sites, including the internal jugular, does not rule
out the possibility that pCO2 of mixed venous
blood parallels, and indeed in part determines,
changes in ventilation brought about by heavy
exercise. Such a cause and effect relationship
would require the presence of CO2 receptors in
the lungs or right heart, a possibility that has been
suggested by Pi Sufier (35) but which was not
tested in the present study. This possibility, and
that having to do with change in "central" blood
volume, seem to constitute the most fruitful areas
for future studies.

CONCLUSIONS

Arterial PO2 does not decline significantly dur-
ing heavy exercise and cannot, therefore, be re-
sponsible for the hyperpnea. Neither is there a
significant increase in arterial pCO2. Changes in
arterial pH do not bear a predictable relation to
changes in ventilation during exercise and re-
covery. Of the remaining possibilities, changes
in mixed venous pCO2 and in "central" blood
volume may be factors involved in the production
of hyperpnea during heavy muscular exercise but
cannot yet be designated with assurance as the
cause or causes of the phenomenon.
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