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When CO, is added to the inspired gas of a
normal resting subject, the Pgo, of arterial blood
rises quickly, but the ventilation rate increases
gradually. The lag of ventilation behind change
in arterial Pgo, has been ascribed to the time re-
quired for the tissues of the respiratory center to
come into balance with the altered Pgo, of the
perfusing blood (1-3). The response of ventila-
tion to change in arterial Po, is more prompt,
presumably because the peripheral chemoreceptors
are more richly perfused (2,4-7). These relation-
ships have been well established, but there is
little information about factors which can affect
the rate at which ventilation responds to a blood-
borne stimulus.

It is possible to produce an abrupt increase
in arterial Pgo,, as well as other arterial blood
changes, by releasing tourniquets which have oc-
cluded blood flow through the legs for several
minutes (8-11). A few seconds after the rise in
arterial Pco, begins, there is an abrupt increase in
ventilation rate (Figure 1). It is found that the
time of onset and the magnitude of this ventilation
increase can be markedly altered by a variety of
procedures which also have the common property
of changing the rate of cerebral blood flow. It is,
however, difficult to explain all of the observations
satisfactorily in terms of our present understand-
ing of the control of ventilation. It is the purpose
of this report to present data on the production
and modification of tourniquet hyperpnea with
particular reference to apparent variations in the
stimulus-response time of ventilation, and to spec-
ulate on the meaning of these data.

* This work was supported by Research Grant H-4080
from the National Heart Institute, National Institutes of
Health, U. S. Public Health Service. This work was
presented in part at the Cardiovascular Section of the
Joint Sessions of the American Society for Clinical In-

vestigation and the American Federation for Clinical Re-
search, Atlantic City, N. J.,, May, 1959.

METHODS

The subjects were untrained normal male medical
students with an age range of 21 to 31 years. They
were not fasting and came to the experiment directly
from their work.

In outline, the technique consisted of occluding circu-
lation to the legs for 15 minutes by applying arterial
tourniquets to the thighs and then releasing the tourni-
quets suddenly while the subject was breathing into a
recording spirometer. Multiple arterial blood samples
were withdrawn from an indwelling brachial artery
needle before and after tourniquet release for analysis
of the pH, CO,, and O, changes produced by this proce-
dure.

In detail, the experimental procedure was as follows.
The subject was placed in the supine position and a
Cournand needle was inserted into a brachial artery. The
needle was attached by plastic tubing to a manifold with
a series of three-way stopcocks to which syringes were
attached for rapid withdrawal of small blood samples.
Wrap-around blood pressure cuffs, 8 inches in width, were
placed on the upper thighs. The cuffs were inflated
rapidly to a pressure above the arterial systolic pressure
by releasing a clamp on the tubing between the cuffs and
a 15-L carboy into which air had previously been com-
pressed to over 300 mm Hg. The pressure in the cuffs
was maintained at 180 to 200 mm Hg (well over systolic
pressure in all subjects) for the entire 15-minute period
that the tourniquets were applied. During this period,
subjects avoided any muscular activity below the tourni-
quets. Almost all subjects complained of some aching or
cramping sensations in the legs, particularly under-
neath the tourniquets, for the first 3 to 5 minutes after
cuff inflation. During the remainder of the 15-minute pe-
riod, however, all subjects were relaxed and had little or
no discomfort from the tourniquets. During the last 5
minutes of tourniquet application and the period after
tourniquet release, subjects breathed from a 150-L
Douglas bag through a Douglas valve into a 120-L record-
ing spirometer so that the ventilation rate could be con-
tinuously recorded. It is reported as ventilation at
ATPS. Ventilation was recorded after tourniquet re-
lease until the rate had returned to the prerelease level.
When the cuffs had been inflated for 15 minutes, they
were released suddenly by opening an escape valve. At
the time of tourniquet release, subjects experienced a
brief sensation of tingling which generally subsided well
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before any ventilatory response occurred. Arterial blood
samples were taken immediately prior to tourniquet re-
lease and at regular intervals for 1.5 to 2 minutes after
tourniquet release. Each sample was withdrawn rapidly
over a few seconds’ time. Each sampling time reported
is the midpoint of the sampling period. Blood was taken
into oiled, heparinized syringes. For pH determinations,

sodium fluoride was added as a preservative. The syr-
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F1c. 1. SPIROMETER RECORD DURING TOURNIQUET HY-

PERPNEA IN A NORMAL SUBJECT BREATHING AIR AND
0XYGEN. The figure is a reproduction of an actual Tissot
spirometer recording. The direction of drum rotation is
such that time is increasing from right to left. The dis-
tance between vertical lines represents 1 minute. The
arrows on the right indicate the moment of release of
thigh cuffs which had been inflated above arterial pres-
sure for 15 minutes. The arrows on the left indicate the
onset of hyperpnea. The time intervals between tourni-
quet release and the onset of hyperpnea are printed be-
neath each tracing. The ventilation rates before and
after tourniquet release, as measured by the straight
lines drawn along the tracings, are shown in appropriate
positions. For measurement purposes the intersection
of these straight lines is considered to mark the onset of
hyperpnea. With oxygen, the onset of hyperpnea is de-
layed and the ventilation increases less than when the
subject is breathing air.
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inges were capped and stored in ice water and analyses
were completed within 2 to 5 hours.

This entire procedure was carried out at least twice in
every subject studied, once with air and once with tank
oxygen (99.5 per cent) as the gas inspired from the
Douglas bag during the last 5 minutes of tourniquet ap-
plication and the period following tourniquet release.
The order in which the studies were done was random-
ized from subject to subject, and the subjects did not
know which gas was being breathed. In some subjects,
this entire procedure was carried out under other special
conditions described below.

In 5 subjects, the procedure was repeated with both
air and oxygen breathing during sodium bicarbonate in-
fusion. The subjects were given 400 to 500 ml of 3.0
per cent NaHCO; intravenously over a 30-minute pe-
riod before tourniquet release. Three additional subjects
were studied during NaHCO, infusion with 3.0 per cent
CO,, 21.0 per cent O,, 76.0 per cent N,, and 3.0 per cent
CO,, 97 per cent O, as the inspired gases.

Three subjects were studied during ammonium chlo-
ride infusion. These subjects were given approxi-
mately 200 ml of 0.8 per cent NH,CI intravenously over
a 30-minute period before tourniquet release on air and
an additional 150 ml in the next 30 minutes before tourni-
quet release while they breathed oxygen.

In another 5 subjects, the procedures were carried out
during aminophylline infusion. The subjects were given
300 mg of aminophylline by infusion into an arm vein
during the 30 minutes before tourniquet release on air
and an additional 300 mg during the following 30 min-
utes before tourniquet release while they breathed oxy-
gen.

In 7 subjects tourniquets were not used, but ventilation
was recorded continuously during the first 6 minutes
of breathing two different gas mixtures containing ap-
proximately 4.5 per cent CO,, 21.0 per cent O, and 74.5
per cent N,, and approximately 4.5 per cent CO,, 95.0 per
cent O, and 0.5 per cent N,, respectively. Each trial was
preceded by a control period of at least 5 minutes during
which the subject breathed air if the 21 per cent O, mix-
ture were to follow, or tank oxygen if the 95 per cent
O, mixture were to follow. A rest period of at least
15 minutes was allowed between trials. The order of
presenting the two mixtures was varied. Switching
from control to the CO,-containing mixture without the
subjects’ knowledge required an arrangement with extra
lead-in tubing, so that an average of about 8 seconds was
needed for the gas actually to reach the subject. Arterial
samples were taken as above, without disturbing the sub-
ject, during the control period and usually at 1 minute
and 6 minutes after switching to CO,.

The arterial blood oxygen capacity was determined by
the method of Drabkin and Austin (12). Oxygen con-
tent and per cent oxygen saturation were determined by
the spectrophotometric method of Hickam and Frayser
(13). The pH of whole blood was measured with a
Cambridge model R pH meter equipped with an enclosed
glass electrode. Measurements were made at room tem-
perature, usually 25° to 26° C, and the result was cor-
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rected to 37° C by Rosenthal’s factor (14). The carbon
dioxide content of whole blood was determined by the
method of Van Slyke and Neill (15), and duplicate analy-
ses were required to check within 0.1 vol per cent. The
plasma CO, content was estimated from the blood CO,
content and from the pH, hemoglobin concentration, and
per cent oxygen saturation, by the line chart of Van Slyke
and Sendroy (16). The arterial plasma CO, tension
was calculated from the pH and plasma content of CO, at
37° C by the Henderson-Hasselbalch equation, using a pK
of 611 (17). In this laboratory, Pco. values by this
method are reproducible to within = 1.0 mm Hg.

RESULTS

The effects of breathing air and oxygen on
the ventilatory response to tourniquet release were
compared in a total of 35 subjects as to magnitude
of ventilation increase and the interval between
tourniquet release and onset of hyperpnea. Fig-
ure 1 is a reproduction of an actual spirometer
tracing and shows the typical responses with air
and oxygen breathing. Hyperpnea began abruptly
in air-breathing subjects at about 25 seconds after
tourniquet release and reached its full magnitude
generally within 2 breaths. Ventilation main-
tained a nearly steady level for a minute or two,
and then gradually declined to reach the resting
level in about 3 minutes. Oxygen caused a
marked reduction in the increment of ventilation
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TABLE I

Effect of breathing air and oxygen onm the magnitude and
timing of hyperpmea after release of artery-occluding
thigh tourniquets in 7 subjects

Interval
Increase in between
ventilation tourniquet
after release and
Gas Control tourniquet ventilation
inspired ventilation release increase
L/min L/min sec
Air 6.7 +£1.0¥ 5.3+3.1 2345
O: 7.4+1.3% 2.6+1.01 50101

* Standard deviation.
+ Significantly different from corresponding value on air.

after tourniquet release and a marked prolonga-
tion of the interval between tourniquet release
and the onset of hyperpnea. For all 35 subjects
the control ventilation on air was 69 =15 L
per minute, hyperpnea appeared at 27 = 8 seconds
after tourniquet release, and the increment in ven-
tilation was 5.3 = 2.5 L per minute. On oxygen
the control ventilation was 7.8 = 2.2 L. per min-
ute, the interval was 49 = 11 seconds, and the in-
crement was 3.7 = 1.8 L per minute. Despite the
reduction and delay of hyperpnea with oxygen, its
onset was still abrupt.

Immediately after tourniquet release the mean
arterial pressure fell slightly but regained the
control level within 10 to 15 seconds. The pres-

TABLE II

Mean arterial blood changes in 7 subjects breathing air and oxygen after release of artery-occluding
thigh tourniquets

Arterial blood values: control and change from
control after tourniquet release

Time after
Inspired tourniquet Plasma COs
gas release content pH Pco:
sec vol P mm Hg

Air Control 56.6 & 2.9 7.37 £ 0.02 43.7 £ 14
0. Control 56.8 + 1.9 7.37 £0.03 429 3= 3.3
Air 22 &+ 2 +12 +14 —0.02 & 0.01 +3.0 23
(o2 23 & 4 +0.1 £0.5 0.00 & 0.01* +0.4 + 0.8*
Ai 37T+ 2 +2.2 £ 1.7 —0.05 = 0.02 +7.1 £ 3.7
0. 37T+ 4 +1.5 £0.7 —0.04 &£ 0.02 +5.6 £ 3.0
Air 53+ 6 +14 1.7 —0.04 &+ 0.02 +5.5 £ 3.1
0.t 534+ 5 +2.0 + 1.1 —0.05 £ 0.02 +7.1 £ 3.7
Air 79 £ 10 +0.5 = 1.4 —0.03 £+ 0.02 +3.6 +3.1
0. 80 + 11 +0.6 = 1.0 —0.04 = 0.03 +3.8 +3.3
Air 136 £+ 12 0.0 =19 —0.02 £+ 0.03 +2.2 + 3.6
0. 140 &= 6 —13+14 —0.01 +0.03 +0.3 £ 3.1

* Significantly different from corresponding value on air (p < 0.05).

t Six subjects only. °
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F16. 2. MEAN CHANGES IN ARTERIAL BLOOD Pco, AFTER
TOURNIQUET RELEASE IN 7 NORMAL SUBJECTS BREATHING
AIR AND OXYGEN. Zero time represents the moment of
release of thigh cuffs which had been inflated above ar-
terial pressure for 15 minutes. The vertical arrows indi-
cate the mean time at which hyperpnea appeared on air
(left-hand arrow) and on oxygen. Other data on these
subjects are presented in Tables I and II.

sure changes on air and oxygen breathing were
similar. The time required for appearance of
hyperpnea, as well as the lack of obvious neuro-
genic stimuli to account for its onset, indicates
its mediation by a blood-borne stimulus arriving
at the respiratory center or peripheral receptors.
The effects of breathing air and oxygen on
tourniquet hyperpnea and on the time course of
arterial blood gas changes were compared in seven
subjects. The effect of tourniquet release on
ventilation in these subjects is summarized in
Table I. Table IT presents the mean values for
arterial CO, content, Pco,, and pH in these seven
subjects. About 10 seconds were required to col-
lect a blood sample and the sampling time from
which the means were calculated was the mid-
point of the sampling period. From the table, and
from Figure 2, which shows the change in ar-
terial Pgo,, it is apparent that the CO, and pH
changes were similar on air and oxygen, except
that the changes with air came significantly earlier
than those with oxygen. Inspection of Figure 2
indicates that the period of rapid increase in ar-
terial Pgo, developed roughly 7 seconds sooner
after tourniquet release when the subject was
breathing air than when he was breathing oxygen.
The slight delay in arterial blood change on
oxygen is at least partially explained by the find-
ing that the cardiac output is slightly lower and
the mean circulation time longer after tourniquet
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release with oxygen breathing than with air
breathing (18). However, the difference in tim-
ing of the apparent ventilation stimulus, so far as
this is indicated by Pgo, change, accounts for only
a small part of the delay in ventilation response
while breathing oxygen ; that is, for approximately
7 seconds of a 27-second difference in response
time. Furthermore, hyperpnea developed in the
air-breathing group at a much lower Pgo, level
than with oxygen breathing. Measurements were
also made of arterial blood oxygen saturation: on
air, the mean control value was 96.8 per cent, and
the greatest change was — 2.2 = 2.1 per cent at
the 37-second sampling period; with oxygen
breathing, saturation remained at 100 per cent.
In six subjects a comparison was made of the
timing of tourniquet hyperpnea while they
breathed 15 per cent O,, 85 per cent N,, and of that
while they breathed air. Arterial blood samples
were taken at only two times, before tourniquet
release and immediately after the onset of hyper-
pnea. In this series, the interval between tourni-
quet release and hyperpnea was 28 %= 4 seconds
on air and 23 = 4 seconds on 15 per cent oxygen ;
this time difference was significant (p < 0.01).
On air, the change in arterial oxygen saturation
after hyperpnea began was — 1.6 = 0.8 per cent,
and on 15 per cent oxygen it was — 3.3 = 1.0 per
cent, a significant difference (p < 0.05). The in-
crease in arterial Pgo, on air was 4.7 =29 mm
Hg, and on 15 per cent oxygen, 1.1 = 2.0 mm Hg,
but the difference was not statistically significant.

Oxygen causes cerebral vasoconstriction, and
if this effect were pronounced in the respira-
tory center it might account for the delay in
tourniquet hyperpnea caused by oxygen. Ac-
cordingly, observations were made on the effect
of other agents that alter cerebral blood flow.

Inhalation of CO, (19-21) and intravenous in-
fusion of 3.0 per cent NaHCO, (20) both increase
cerebral blood flow. Eight subjects were given in-
fusions of NaHCO,, and three of these also
breathed 3 per cent CO, in air during study.
The results in the two groups were similar. The
combined data are presented in Table III. The
effect of CO,, NaHCO,, or both was to reduce sig-
nificantly the interval between tourniquet re-
lease and the onset of hyperpnea during oxygen
breathing.

NH,Cl infusion decreases cerebral blood flow
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TABLE III

Effect of sodium bicarbonate infusion on the magnitude
and timing of hyperpnea after tourniquet release

Interval
between
tourniquet
release and
After tourniquet release ventilation
Control increase
Increase in (in all 8
Ventilation pH Pco: ventilation pH Pcoz subjects)
L/min mm Hg L/min mm Hg sec
(5 Subjects)
Air 5.8 1.1 7.40 4 0.02 40.7* 52414 7.39 &+ 0.05 43.0
Oxygen 7.5 £ 1.7 7.40 & 0.01 41.7 3216 7.38 &£ 0.03 47.8
Air-NaHCO; 6.9 + 1.7 7.46 X 0.03 424 3.7+£0.7 7.43 + 0.03 449
Oxygen-NaHCO; 8.1x19 7.53 £ 0.01 43.1 3.3+£13 7.46 = 0.04 47.5
(In 3 other subjects, 3.09, CO; was added to the inspired gas)
Air 6.5 7.36 43.0 3.6 7.34 26 =5
Oxygen 6.2 7.41 41.3 3.1 7.35 49 + 9%
Air-NaHCO; 12.0 745 44.6 2.8 7.41 28 £ 5
Oxygen-NaHCO; 15.7 7.49 45.5 5.0 7.46 37 £+ 8%

* Pco, was determined in 4 subjects only.
t Significantly different from air (p < 0.01).

1 Significantly different from oxygen alone (p < 0.01).

(20). The results of NH,Cl infusion in three
subjects are shown in Table IV. One subject
had hyperventilation with NH,Cl infusion and
resultant alkalosis. The other two subjects
had decrease in pH with air breathing and

release and hyperpnea was prolonged during
NH,CI infusion in all three subjects, both on air
and oxygen. In one subject, hyperpnea after
tourniquet release did not occur at all with oxygen
breathing during NH,Cl infusion. The ventila-

NH,Cl. The interval between tourniquet tion increment after tourniquet release was de-
TABLE IV
Effect of NH,Cl infusion on the magnitude and timing of hyperpnea
after tourniquet release in 3 subjects
Interval
After_tourniquet between
release tourniquet
Control release and
Increase in ventilation
Subj. Condition Ventilation pH ventilation pH increase
L/min L/min sec
1 Air 6.4 7.37 3.9 7.35 29
Oxygen 6.9 7.32 4.9 7.30 49
Air-NH,CI 7.5 7.34 24 7.32 48
Oxygen-NH,Cl 7.5 7.39 3.3 7.28 106
2 Air 10.3 7.45 14.7 7.39 54
Oxygen 10.3 7.46 5.7 7.42 68
Air-NH,Cl 32.6 7.53 9.4 7.51 70
Oxygen-NH,Cl 22.0 7.47 6.0 7.41 76
3 Air 8.6 7.43 3.8 7.40 27
Oxygen 6.7 7.40 2.2 7.31 46
Air-NH,CI 9.5 7.39 2.9 7.33 75
Oxygen-NH,ClI 11.8 7.42 NH* 7.33 NH*
Mean Air 84 7.42 7.5 7.38 37
Oxygen 8.0 7.39 4.3 7.34 54
Air-NH,CI 16.5 7.42 4.9 7.39 64
Oxygen-NH,Cl 13.8 7.43 4.7t 7.34 91t

* No hyperpneic response.

t Calculated from 2 subjects only since 1 subject had no hyperpneic response.
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TABLE V

Effect of aminophylline infusion on the magnitude and timing of hyperpnea
after tourniquet release: mean values in 5 subjects

Interval
between
After tourniquet release tourniquet
Control release and
Increase in ventilation
Ventilation pH Pcoz ventilation pH Pcoz increase
L/min mm Hg L/min mm Hg sec
Air 72 £ 1.1 7.40 +£0.02 38.2 2.2 6.3 4+26 738003 41223 3311
Oxygen 10.4 4= 4.0 7.45 £ 0.01 34.5+£28 49428 742 4£0.04 37.8+44 59 + 19
Air with 114 +£74 746 £0.03 323 +£38 4231 7.42 + 0.04 354 £ 5.2 >52*
aminophylline
infusion
Oxygen witht 10.7 = 1.1 7.45 £ 0.05 33.0 4.7 4.2 + 1.1 7.40 £ 0.03 36.7 += 4.8 63 £ 22
aminophylline
infusion

* Interval greater than on air alone in 4 subjects; 1 subject had no hyperpneic response.

t Four subjects only.

creased by NH,Cl in all three subjects during air
breathing and in two of three subjects on oxygen.

The intravenous infusion of 500 mg of ami-
nophylline is reported to decrease cerebral blood
flow by 25 to 35 per cent (22-24). As shown in
Table V, five subjects had a significant prolonga-
tion of the interval between tourniquet release and
hyperpnea when given aminophylline during air
breathing. With oxygen breathing, the interval
was not changed significantly. The magnitude
of the ventilation increase was not changed sig-
nificantly during either air or oxygen breathing
by aminophylline.

In seven subjects, observations were made on
the rates at which ventilation was increased by
breathing 4.5 per cent CO, in normal (21 per
-cent) and high (95 per cent) O, mixtures. The
results are summarized in Table VI. Since the
ventilatory response to CO, is slightly reduced

at high oxygen tensions (25, 26), increases in
ventilation over the control level are expressed
as per cent of the ventilation increment that each
subject attained on the appropriate gas mixture
after 6 minutes. Ventilation increased much
more slowly on 95 per cent O, than on 21 per
cent O, during the first minute, after which the
two ventilation-time curves were roughly parallel,
with the high oxygen curve always lagging. Ar-
terial Pgo, was substantially identical on the two
mixtures. On 21 per cent O, the values were:
control, 42.7 = 3.4 mm Hg; 1 minute (five sub-
jects), 51.0 = 2.3 mm Hg; 6 minutes (five sub-
jects), 51.5 =29 mm Hg. On 95 per cent O,
the values were: control, 41.9 =42 mm Hg; 1
minute (five subjects), 524 +6.6 mm Hg; 6
minutes, 53.1 6.8 mm Hg. In two subjects
samples were taken at 4 minutes and at 7 and 9
minutes on both normal and high oxygen tensions.

TABLE VI

Mean ventilation rate of 7 subjects at 1-minute intervals after beginning inhalation of 4.5%, CO.
at normal and high O tensions

Ventilation (L/min) and ventilation increase above control (as % of 6-minute increase)

Gas Control
mixture (air) 1 min 2 min 3 min 4 min 5 min 6 min
4.5(;%802, (L/min) 8.0+ 1.6 12.2 & 3.2 157 +44 174 +60 181 +39 21.0+42 20.7 4.9
2y
74.50% N. (%) 0 36 £ 38 61 43 76 + 43 80 + 16 104 + 26 100
(100% O2)
4.5&%0(:02, (L/min) 84 £23 9.2 + 1.8* 12.5 +34* 152 4 3.3* 158 +3.6* 17.3 &= 3.7* 183 % 2.9*
95
o (%) 0 7+£20% 36 £41* 63 £ 30 71 & 28 86 + 24* 100

* Significantly less than the corresponding value on 4.5%, COs, 21%, O..
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The Pgo, of these samples was similar to that of
the 1- and 6-minute values in the other subjects.
In each trial of CO, breathing the Pgo, of the
early and late arterial blood samples was remark-
ably constant. Of all 14 of these pairs, the great-
est difference between early and late members of
a pair was 3.0 mm Hg. In summary, breathing
the two gas mixtures caused a prompt, substan-
tially equal elevation in arterial Pgo,, but ventila-
tion increased much more slowly on 95 per cent
O, than on 21 per cent O,.

DISCUSSION

The identity of the primary stimulus responsi-
ble for tourniquet hyperpnea and the site of its
action are not entirely clear. Mills (27) has re-
ported that release of venous tourniquets will
produce a very brief, mild hyperpnea in approxi-
mately 4 seconds, possibly related to an acute in-
crease in pulmonary blood volume. The present
tourniquet hyperpnea, produced by release of ar-
terial tourniquets, is different in timing, quantity,
and duration. The stimulus for this tourniquet
hyperpnea, for reasons given earlier, appears to
be blood-borne. The change in arterial blood
oxygen after tourniquet release with the subject
breathing air or 15 per cent oxygen seems too
little to account for the hyperpnea. The increase
in arterial Pgo, and the associated pH change
could easily account for the increase in ventilation,
given enough time to act. However, the prompt
appearance of the hyperpnea and the abruptness
with which it reaches full magnitude are not
typical of the ventilatory response to inhaled CO,.

Grodins and co-workers (3) have shown that
inhalation of 4.7 per cent CO, in air by a normal
subject will rapidly elevate the alveolar Pgo, to
a near steady state level with little over- or under-
shooting. Calculations based on normal values
for alveolar ventilation, lung volume, cardiac out-
put, blood gases, and metabolic rate indicate that
our subjects should have completed 90 per cent
of the initial rapid change in alveolar Pgo, within
30 to 40 seconds after beginning inhalation of
4.5 per cent CO,. Arterial blood samples showed
that a mean Pgo, 8 mm Hg above the resting level
had already been reached at 1 minute and was
substantially unchanged thereafter. At 1 minute,
however, the mean ventilation of the group breath-
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ing 4.5 per cent CO, in air had increased by only
about 4 L per minute. Ventilation thereafter
continued to increase gradually, as previously
described (1-3). By contrast, during air breath-
ing, tourniquet hyperpnea, which almost immedi-
ately reached 5 L per minute, appeared at 23
seconds after cuff release, when the mean ele-
vation of arterial Pgo, was only about 3 mm Hg.
At this time the arterial Pgo, could hardly have
been rising for more than 10 seconds. If the slow
response to inhaled CO, depends primarily on the
time required for perfusing blood to raise the
CO, of the respiratory center, and if tourniquet
hyperpnea also results from increased CO, in the
center, then it seems necessary to postulate that
the tourniquet maneuver may in some way have
the effect of greatly increasing blood flow through
the center. This could perhaps account for the
promptness with which tourniquet hyperpnea ap-
pears. Increased sensitivity to CO, seems an un-
likely explanation since tourniquet hyperpnea
quickly levels off even though arterial Pgo, con-
tinues to rise for a few seconds more,

The effect of oxygen in delaying tourniquet
hyperpnea and decreasing the response might re-
sult from a decrease in sensitivity to Pgo, change,
a reduction in blood flow through the center, or
both. It is well established that the ventilatory
response to inhaled CO, is diminished by high
oxygen tensions. The effect of oxygen on the
speed of response to inhaled CO, has received
little notice, except by White, Humm, Armstrong
and Lundgren (25), who observed that ventilation
increases more slowly when CO, is given in oxy-
gen than when it is given in air. Table VI shows
that ventilation on 4.5 per cent CO, increases
much more slowly when the gas is given in 95
per cent O, than when in 21 per cent O,.
In particular, ventilation is much slower get-
ting started on the high oxygen mixture, al-
though the arterial Pgo, values at various times
are nearly identical on the two mixtures. These
findings are compatible with the hypothesis
that oxygen delays and reduces tourniquet hy-
perpnea by reducing the perfusion rate of the
center as well as by reducing sensitivity to CO,.
However, to account for the delay, it is necessary
to postulate that the vasoconstrictor effect of oxy-
gen is much greater in the respiratory center than
in the brain as whole. Kety and Schmidt (19)



276

found a mean decrease of 13 per cent in the cere-
bral blood flow on 85 per cent oxygen, but calcu-
lations based on assumptions similar to those of
Grodins and associates (3) suggest that blood flow
through the center would have to be reduced by
about 50 per cent to account for the effect of oxy-
gen on the response rate to inhaled CO, (see
Appendix). .

An attempt has also been made to calculate how
much change in center flow would be needed to
account for the effect of oxygen on tourniquet hy-
perpnea (see Appendix). Here, even more as-
sumptions are needed because of the constantly
changing arterial Pgo,. The results indicate that
a flow reduction to about one-fourth on oxygen
might account for the effect. However, the ab-
solute value of flow during tourniquet hyperpnea
would need to be several times greater than that
during CO, inhalation. This conclusion is also
grossly apparent from the comparative data al-
ready presented.

In summary, it appears that accounting for the
differences in rate of response to tourniquet hy-
perpnea and to inhaled CO, during air and oxygen
breathing by postulating changes in perfusion rate
of the respiratory center would require that per-
fusion of the center be markedly reduced by oxy-
gen and markedly increased during the tourniquet
procedure, possibly by substances released from
hypoxic extremities. This would be facilitated
by rich vascularization of this region. Histologic
studies do, in fact, show great variation in the
concentration of capillaries in different parts of
the brain. The brain stem is among those regions
which appear to be most richly supplied with capil-
laries (28, 29).

In order to explore further the possibility that
changing perfusion rates of the respiratory center
might influence the timing of tourniquet hyperp-
nea, observations were made on the effect of pro-
cedures known to alter over-all cerebral blood flow.
Aminophylline and NH,Cl, which decrease cere-
bral blood flow, each significantly delayed the ap-
pearance of hyperpnea on air, and NH,Cl prob-
ably augmented the delay produced by oxygen.
NaHCO, with CO,; which increases cerebral
flow, significantly decreased the delay on oxygen,
but did not affect the interval during air breathing.
Multiple arterial pH determinations on several
subjects did not show any effect of these proce-
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dures on the timing of arterial blood changes fol-
lowing tourniquet release. These observations are
consistent with the hypothesis that the interval
between tourniquet release and hyperpnea is re-
lated to the rate of cerebral blood flow, but are
also open to other interpretations.

From the present data it is not possible to ex-
clude participation of the peripheral chemorecep-
tors in the phenomena of tourniquet hyperpnea.
The carotid body is stimulated by a rise in Pgo,
and a fall in pH, although the effect is much less
than that produced by hypoxia (2, 30, 31). Itis
richly perfused (5), and its perfusion rate appears
to be altered markedly by change in oxygen ten-
sion of the blood (6). Evidence is not available,
however, to indicate whether the various agents
used here to change cerebral blood flow also af-
fect carotid body perfusion in the same directions.

It is conceivable that chemical stimulation of the
carotid body might account for the rapid occur-
rence of tourniquet hyperpnea during air breath-
ing and that a high arterial oxygen tension might
suppress the stimulus, as it can suppress the cya-
nide stimulus (7). The delayed response on oxy-
gen would then represent the slower response of
the respiratory center, now unmasked by removal
of the carotid body stimulus. This postulate, how-
ever, would raise problems relating to the oxygen-
like effects of aminophylline and ammonium chlo-
ride, and the opposing effect of bicarbonate.

The possibility also remains that some unidenti-
fied substance which is a respiratory stimulant
may be released from the ischemic extremities and
account for tourniquet hyperpnea. The release
of such a substance from working muscles. has
been suggested to explain the hyperpnea of ex-
ercise (32, 33).

There is a striking parallelism between the
course of blood changes and ventilation early in
exercise and in tourniquet hyperpnea. With the
onset of moderately severe exercise in uncon-
ditioned subjects there is an immediate increase in
ventilation (34), presumably “neurogenic” in ori-
gin. This persists nearly unchanged in most sub-
jects for 40 to 60 seconds, despite the develop-
ment of a considerable increase in arterial Pgo,
toward the end of this period. There is then an
abrupt “secondary” increase in ventilation which
appears to be a response to the change in arterial
blood (35, 36). The abruptness of this response
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is reminiscent of tourniquet hyperpnea. In both
exercise and tourniquet hyperpnea the arterial
Pco, is elevated for a few seconds before the re-
sponse. In both cases large masses of hypoxic
muscle are being perfused. Recently, Craig and
Cummings (37) have shown that the “secondary”
rise of ventilation during exercise develops much
more gradually when subjects are breathing oxy-
gen than when they are breathing air. These
findings suggest that tourniquet hyperpnea and
the “secondary” rise of ventilation early in exer-
cise may be closely related phenomena.

Although the identity of the principal ventila-
tory stimulus in tourniquet hyperpnea and the
site of its action are not yet clearly established, it
is evident that the timing and magnitude can be
greatly altered by procedures which also alter the
rate of cerebral blood flow. The effect of chang-
ing perfusion rates in chemosensitive regions must
be taken into account in the study of states char-
acterized by a rapidly changing ventilation (38).

SUMMARY AND CONCLUSIONS

1. Observations have been made in normal sub-
jects on the transient hyperpnea which follows re-
lease of tourniquets that have occluded arterial
flow to the legs for 15 minutes. Hyperpnea ap-
pears abruptly a few seconds after the arterial
blood begins to show an increase in Pgo,, a fall in
pH, and a slight decrease in per cent oxygen
saturation. The hyperpnea is believed to be
caused by a blood-borne stimulus from the previ-
ously ischemic tissue, and the change in Pco,
appears large enough to be responsible.

2. The onset of tourniquet hyperpnea is con-
siderably delayed when the subject breathes oxy-
gen, or when he is pretreated with NH,Cl or
aminophylline. The delay caused by oxygen is
reduced by pretreatment with NaHCO, and CO,
inhalation. The rate at which ventilation increases
on inhalation of 4.5 per cent CO, is significantly
slower when the gas is mixed with 95 per cent
oxygen than when it is mixed with 21 per cent
oxygen.

3. It is concluded that the rate at which ven-
tilation responds to an increase in arterial Pco,,
and possibly to other blood-borne stimuli, can be
slowed considerably by procedures which reduce
cerebral blood flow and increased by procedures
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which increase cerebral flow. However, in order
to account for the timing of tourniquet hyperpnea
simply by change in the CO, content of the re-
spiratory center, it is necessary to postulate that
the center is much more rapidly perfused during
tourniquet hyperpnea than during CO, inhala-
tion, and that its perfusion rate is remarkably al-
tered by oxygen and by some other substances
which alter the over-all cerebral blood flow.

APPENDIX

If it be assumed that the ventilatory response to in-
haled CO, and to tourniquet release depends upon changes
in the Pco, of the respiratory center, the present data, to-
gether with certain further assumptions, permit making
estimates of the perfusion rate of the center. Because the
assumptions are necessarily inaccurate, the estimates are
not advanced as having quantitative validity in absolute
terms. Nevertheless, the calculations are useful because
proportionate changes in estimated perfusion rates under
different circumstances are so great as to indicate either
a quite unexpected capacity for altering flow in the center,
or a failure to take into account some other, apparently un-
familiar, regulatory mechanism.

The basic assumptions are as follows: 1) that increase
in ventilation rate is proportional to increase in Pco.
within the respiratory center; 2) that the respiratory cen-
ter is a uniformly perfused volume of tissue with a uni-
form Pco,, equal to that of its venous blood; 3) that the
perfusion rate of the respiratory center does not change
during the course of a particular inhalation experiment or
of a particular episode of tourniquet hyperpnea; 4) that
the CO, dissociation curves of arterial and venous blood
and of respiratory center tissue are linear and identical;
and 5) that the contribution to respiratory center Pco.
made by the metabolism of the center itself can be neg-
lected.

Assumption I implies that no other.regulatory mecha-
nism is operative; as noted above, this may be incor-
rect. Assumption 3 is almost certainly incorrect. As
pointed out by DeFares, Derksen and Duyff (38), the
vessels of the center, like other cerebral vessels, are
probably dilated by an increase in CO,. Assumption 4
is at best an approximation. The deviation from linearity
of the blood dissociation curves over a small Pco, range is
not large, but the curves are not identical. Adequate in-
formation is not available for the tissue dissociation
curve.

Let B = the increase in arterial Pco, above the resting
level (mm Hg) ; C = the increase in Pco, of the respira-
tory center and its venous blood above the resting level
(mm Hg) ; V =volume of the respiratory center (ml);
F =blood flow through the respiratory center (ml/sec) ;
t =time in seconds, measured from the beginning of a
change in arterial Pco,; and kE=F/V in seconds™, the
turnover rate of the respiratory center.

The data obtained from the experiments on inhalation
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of 4.5 per cent CO, can be used to estimate the effect of
oxygen breathing on respiratory center perfusion under
these circumstances, granting the preceding assumptions.
It has been shown (3) that inhalation of 4.5 per cent
CO, by a normal subject causes an abrupt rise of arterial
Pco, to a plateau 8 to 10 mm Hg above the resting level,
and the present experiments show that such a plateau
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SPIRATORY CENTER CORRESPONDING TO THE INDICATED
CHANGE IN ARTERIAL Pco, AND TO DIFFERENT RATES OF
BLOOD FLOW THROUGH THE CENTER. The solid line [Pco,
=7 sin(w/60)¢t] is based on experimental data and is
intended to approximate the time course of change in
arterial Pco, following tourniquet release. Time is taken
as beginning with the onset of change in arterial Pco..
The mean arterial Pco, values actually obtained after
tourniquet release during air breathing (solid circles)
and oxygen breathing (open circles) are plotted, allow-
ing 13 seconds for arterial changes to appear during air
breathing and 20 seconds during oxygen breathing (see
text). The mean times at which hyperpnea occurred
on air and oxygen are indicated. The dotted lines show
the calculated time course of change in Pco, of the re-
spiratory center, given the same arterial curve in each
case but different perfusion rates of the center. The per-
fusion rates are designated as k£ (the ratio of blood flow
to tissue volume in seconds™).
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based on normal values for instrumental dead space,
alveolar ventilation, lung volume, cardiac output, blood
gases, and metabolic rate indicate that our subjects
should have completed 90 per cent of the initial rapid
change in alveolar Pco, in 30 to 40 seconds after being
switched to the CO, mixture, and the arterial plateau
should have been substantially established by 40 sec-
onds. In view of the rapidity with which the new arterial
Pco, level is established relative to the slow subsequent
change in ventilation, it seems allowable to consider the
new level as appearing in a simple, step-like fashion at
40 seconds. B, the increase in arterial Pco, above the
resting level, is therefore given a constant value of 8 mm
Hg and time, ¢, is taken to begin at 40 seconds after
switching to CO,. From the assumptions of linearity and
identity in the CO, dissociation curves, the statement that
the center gains the CO, given up by the blood can be
written as

V dC=F(B-C) dt [1]
Allowing that C =0 when £ =0, this yields
C=B (1—-¢*) [2]

In order to obtain a value for the turnover rate, k, a
value for C at a time, ¢, must be obtained, using assump-
tion 1. If an increase of 2.5 L per minute in ventilation
is allowed as the full response, in the absence of hypoxia,
to an increase of 1 mm Hg in arterial Pco, (3, 26) and
hence, presumably, in respiratory center Pco, then the
data of Table VI can be used for estimating relative
respiratory center flow rates. The 2-minute values are
chosen because the ventilation increments are roughly
similar to those of the tourniquet experiments, with which
they will be compared below. C is obtained by dividing
each ventilation increment by 2.5, B is taken as 8, and ¢
as 80 seconds (120 —40). Substituting these values in
Equation 2 yields a £ of 0.006 on air and of 0.003 on
oxygen. These are not advanced as estimates of actual
flow rate, but as suggestive of a large effect of oxygen
in reducing the rate of flow through the respiratory
center.

In the case of tourniquet hyperpnea, B, the arterial
Pco,, is changing rapidly during the ventilatory response
and it is desirable to choose a simple function of time
which describes B in approximate terms. For this pur-
pose let B=7 sin(x/60)¢t. This curve is plotted in
Figure 3. The actual first 3 mean values for increase
in arterial Pco, after tourniquet release on air and on
oxygen, shown in Figure 2, are also plotted in Figure 3
to demonstrate their agreement with the hypothetical ar-
terial curve, at least up to 40 seconds from the beginning
of increase in Poo,, Time in Figure 3 begins with the
increase in arterial Pgo,, which is estimated from the
data of Figure 2 to begin at 13 seconds after tourniquet
release on air and 20 seconds after release on oxy-
gen. Accordingly, these intervals are subtracted from
the times given in Table II and Figure 2 to yield
the times shown in Figure 3. The agreement is con-
sidered satisfactory as an approximate description of B.
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Substituting this value of B in Equation 1 gives

dC + kC dt = Tk sin (7/60) ¢ dt [3]

This yields

C= Tk [k sin (x/60)t — 7 /60 cos (7/60) t] + Ke*
N k + (x/60)?

[4]

K, the integration constant, is evaluated by setting C =0
when ¢ =0, yielding

C= Tk [k sin (x/60)t — x/60 cos (r/60) ¢t 4+ =/60e*]
B + (x/60)

In Figure 3 this function is plotted to show how C would
vary with #, given the same arterial Pco, curve but dif-
ferent perfusion rates of the center, represented by dif-
ferent values of k.

Figure 3 illustrates some relationships which follow
from acceptance of the hypotheses that variations in per-
fusion rate principally account for variations in response
time and that the simple model just described usefully
simulates reality.

If tourniquet hyperpnea is assumed to result simply
from increase in Pco, of the respiratory center, then a
rapid perfusion rate must be postulated. Since tourni-
quet hyperpnea on air begins abruptly at a rate not much
under 5 L per minute and shortly exceeds that, it is a
conservative choice to assign 2 mm Hg as the increase
in center Pco, at the onset of hyperpnea. Table VII pre-
sents the & values corresponding to increments of 1, 2,
and 3 mm Hg Pco, in the respiratory center at various
intervals after the onset of arterial blood changes.
When the interval is taken to be 10 seconds, as in the
seven subjects of Tables I and II, a k£ of 0.20 is re-
quired for a Pco, of 2 mm Hg. Allowing an interval of
15 seconds, to correspond with the slightly longer re-
sponse time of most subjects, still yields a & of 0.08.

To account for the change in response time on oxy-
gen within the limitations of the present assumptions, a
marked reduction in perfusion rate must be postulated.
If a 2 mm Hg increase in Pco, again is taken as the re-
sponse ‘“threshold,” the k value appropriate to the 30-
second response time on oxygen is 0.02 (Table VII). This
perfusion rate is only one-fourth as large as that oc-
curring on air by the more conservative estimate. It may
also be noted that a reduction in k of this degree has the
effect of reducing considerably the maximal increase
which occurs in Pco, of the center and delaying the time
at which this maximum comes.

It is reiterated that these “perfusion rates” cannot be
advanced as representing the actual perfusion rate of the
“respiratory center.” The calculations emphasize, how-
ever, that acceptance of the postulate that changes in
Pco, of the center can account for both tourniquet and
CO, inhalation hyperpnea, and acceptance of the simple
model presented here, impose an apparent need to ac-
cept also that oxygen inhalation reduces center flow
proportionately much more than over-all cerebral flow,
and that center flow is considerably greater during
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TABLE VII

Calculated perfusion rates (k) of the respiratory center cor-
responding to 1 mm Hg increments in Pco, of the center
at indicated intervals after onset of arterial

blood changes *
Increase in Perfusion rate of respiratory center
Pco: of k (sec™)

cer:f:?l{:tt;r%g) t=10 sec t=15 sec t =30 sec
1 0.07 0.03 0.01
2 0.20 0.08 0.02
0.14 0.03

3 0.66

* The increment in arterial Pco, is taken to have .the
numerical value: A Pco, = 7 sin (x/60)¢ during the time
interval, 0 to 40 sec.

tourniquet hyperpnea than during CO, inhalation. The
need for further investigation of the subject is apparent.
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