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ABSTRACT 

Hyperventilation during the breathing of 100 percent oxygen elevates the POï 
of alveolar gas by the same amount that it lowers its Pcoi. Since the development 
of arterial hypocapnia causes cerebral vasoconstriction, brain oxygenation is drastically 
decreased even while arterial oxygenation is improved by the hyperventilation. 
Administration of 30 percent CO. with oxygen at an ambient pressure equivalent to 
that at 39,000 feet altitude prevented alkalemia and, in spite of hyperventilation, 
restored central oxygenation to a level at least equivalent to that found when pure 
oxygen was breathed at rest at the same altitude. The respiratory minute volume 
during administration of C02 with 02 was greater than when 02 alone was breathed 
at the reduced ambient pressure., Since neither arterial Po2 nor central Pco2 values 
differed in these two experimental situations, the respiratory stimulation may represent 
the quantitative demonstration in man of a respiratory effect of carbon dioxide which 
is mediated solely by the chemoreceptors exposed to arterial blood and which acts in 
the absence of a change in direct central stimulation by C02. 

This technical documentary report has been reviewed and is approved. 

ROBERT B. PAYNE A' 
Colonel, USAF, MSC 
Chief, Operations Division 



EFFECTS OF CHAMES IH WOOD Pm , OH HUM OXYOEHADOH 
AT 147 MM. M AMBIEKI PKSSURE (39,000 FEET) 

1. INTRODUCTION 

Forty years ago, early in the history of 
aviation, the addition of carbon dioxide to 
inspired oxygen was suggested to improve the 
tolerance of aviators to altitude (1). Whether 
an increase in inspired PcOj at altitude does in 
fact offer physiologic advantages and improved 
performance has been extensively studied, 
especially during World War II. There is no 
doubt that, during the breathing of air at 
moderately high altitudes (2-5) and when in¬ 
haling low-oxygen mixtures at 1 atmosphere 
(6, 7, 8), the addition of carbon dioxide to the 
inspired gas reduces anoxia and improves al¬ 
titude tolerance. This improvement is largely 
related to the increase in alveolar and arterial 
oxygen tension associated with C02-induced 
respiratory stimulation (2-8) although greater 
unloading of oxygen (7, 8) has been offered as 
an additional mechanism. 

The situation is less clearly defined when 
pure oxygen is breathed at altitude (5, 9, 10, 
11). An increase in alveolar Pco2 during oxy¬ 
gen breathing at any ambient pressure must 
result in a displacement of oxygen and a lower¬ 
ing of alveolar and arterial Po2. This effect 
has been demonstrated and has formed the 
basis for the view that induced hypercapnia 
during oxygen breathing at high altitude will 
lead to exaggeration of anoxia. 

In the present study emphasis has been 
given to the possibility that administration of 
carbon dioxide with oxygen at altitude may 
lead to (a) improvement in oxygenation of the 
brain in spite of exaggeration of arterial 
anoxemia, and (b) prevention of anoxia of 

Received for publication on 19 February 1962. 

the central nervous system resulting from re¬ 
duction of brain blood flow by hyperventilation 
hypocapnia (12). The first possibility, sug¬ 
gested by the now well-established cerebral 
vasodilator effect of hypercapnia, has been 
studied previously (10). The second, which 
may be related to the development of uncon¬ 
sciousness in pilots of high-performance air¬ 
craft, has also been studied at 1 atmosphere 
(13), but has not yet been experimentally 
evaluated in man at reduced ambient pressure. 

2. METHODS 

This study was conducted in a large de¬ 
compression chamber. Control measurements, 
were made at the prevailing barometric pres¬ 
sure (table I) and experimental measurements 
at an ambient pressure of 147 mm. Hg. This 
pressure (equivalent to an altitude of about 
39,000 feet) was selected to provide an alveolar 
Po2 lower than normal but not so low as to 
interfere with the conduct of the experiments. 

Subjects 

The ages, body measurements, and rectal 
temperatures of the five normal men studied 
are shown in table I. In a separate series of 
pilot experiments without vascular punctures, 
the subjects were familiarized with carbon 
dioxide inhalation, active hyperventilation, the 
respiratory apparatus, and the sensations of 
changes in ambient pressure. On the days of 
actual study, the subjects reported to the 
chamber at 8 aun. after a light carbohydrate 
breakfast, and lay supine on a padded hospital 
litter throughout the experiment. After re¬ 
ceiving vascular punctures, the subjects were 
allowed to rest for at least thirty minutes be¬ 
fore the first measuring period began. 

1 



TABLE I 

General procedure 

Each of the five experiments was divided 
into four phases with conditions as described 
in table I. Phase I consisted of the conven¬ 
tional control, with the subjects breathing air 
at atmospheric pressure. After the control 
measurements of phase I and before ascent 
to simulated altitude, the subject and the in¬ 
vestigators denitrogenated by breathing 100 
percent oxygen for one hour to lessen the like¬ 
lihood of subsequent dysbarism. The ascent 
to 39,000 feet proceeded at a rate of approxi¬ 
mately 3,000 feet per minute; at this simulated 
altitude, the measurements for the remaining 
phases were performed. In phase II the sub¬ 
jects breathed 100 percent oxygen at rest. 
During phase III they actively hyperventilated 
while still breathing 100 percent oxygen. In 
phase IV the subjects inhaled 30 percent carbon 
dioxide in oxygen at rest. The order of 
phases III and IV was reversed for experi¬ 
ments 2 and 3, making the sequence I, II, IV, 
and III. Measurements were not begun until 
at least six minutes after the administration 
of a new gas and until the alveolar Pco2 was 
stable except in phase III when the measuring 
period began approximately three minutes 
after initiation of active hyperventilation, at 
which time the alveolar PcOo was below 24 mm. 

Hg and nearly stable. 

Maintenance of environmental conditions 

An absolute ambient pressure of 147 mm. 
Hg was obtained in each experiment and was 
measured directly with a mercury manometer. 
Variations in chamber pressure were kept to 
ta than ± 0.5 mm. Hg by the use of an 
auxiliary water manometer, activated by the 
mercury manometer at 162 mm. Hg ( i 
feet). The ability of this system to maintain a 
stable altitude was tested by using an in¬ 
frared C02 analyzer, containing a fixed con¬ 
centration of carbon dioxide in the cuvet, as 
a pressure gage. Chamber temperature was 
maintained at approximately 21° C. ± 1 
by the chamber thermostatic control system. 

Gas administraton and respiratory 

measurements 

The subjects inhaled the various gases 
rough a respiratory system consisting of 
outhpiece, nose clip, low dead-space breathing 
lives (14), 2-inch internal diameter corrugat- 
l tubing, and a sensitive demand valve1 sup- 
ied at 50 p.s.i. from cylinders of compressed, 
ater-pumped gas. Expired gases passed 
irough 2-inch internal diameter, smooth- 
ailed, rubber tubing to a wet-test, rotary 

■ Low pressure demand regulator, CH-47878, from the Mine Safety 

Appliances Co., Pittsburgh, Pa. 
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per minute. Resistance to the maximal inhala¬ 
tions and exhalations did not exceed 1.0 cm. 
H20. 

End-tidal gas was automatically sampled 
(15), analyzed with a calibrated Beckman 
Model LB-1 infrared C02 analyzer, and the 
percent of carbon dioxide in the gas was 
recorded on an Esterline-Ángus recorder. At 
reduced barometric pressure, calibration was 
complicated by pressure effects from slight 
variations in flow rates of the calibration gas. 
This difficulty was eliminated by withdrawing 
the calibration gas from an anesthesia bag, the 
subject activating the end-tidal gas sampler to 
provide the same flow rate for calibration as 
during actual end-tidal gas sampling. 

In each of the experimental phases simul¬ 
taneous measurements of total respirations, 
total expired volume, and end-tidal Pco2 were 
made over four-minute periods. 

Blood sampling and analysis 

Blood sampling needles (19-gage) were in¬ 
serted into a femoral artery and the right 
internal jugular bulb after local infiltration 
of each site with 2 to 3 ml. of 1 or 2 percent 
procaine solution and were connected with a 
heparin-filled sampling manifold (16). Simul¬ 
taneous arterial and cerebral venous blood 
samples were obtained in heparinized syringes 
at a uniform rate over the middle two minutes 
of the four-minute period of respiratory meas¬ 
urement. During the last minute of the period 
a separate sample of arterial blood was drawn 
for determination of 02 capacity. The blood 
samples were immediately placed in crushed 
ice. In sampling, the previously described (17) 
flushing of syringe dead space was employed 
to minimize error because of dilution of blood 
by heparin solution. It is also noteworthy that, 
at the low ambient pressure, the sampling of 
internal jugular venous blood was extremely 
difficult because of the tendency of water 
vapor to form and fill the syringe as the 
plunger was withdrawn. This large “gas 
phase” disappeared spontaneously as sampling 
was completed. 

Blood pH measurements were determined 
anaerobically in duplicate at sea level within 
one hour, using a Mclnnes-Belcher glass 
electrode and an Electronics Industries Ltd. 
electrometer. All components of the glass 
electrode assembly including the calomel half¬ 
cell, KC1 reservoir, and silver-silver chloride 
junction were enclosed in an electrically 
shielded, temperature controlled, Lucite cham¬ 
ber maintained at a temperature averaging 
37.19 ± .025° C. The output of the electrom¬ 
eter was recorded on a Texas Instrument Com¬ 
pany Rectiriter such that resolution was ± 
0.001 pH units. The iced blood samples were 
rewarmed in a 37° C. water bath for ap¬ 
proximately two minutes before pH measure¬ 
ment ; the temperature of solutions in the glass 
electrode was measured at the time of each 
determination by means of a thermistor bridge 
with the thermistor located within the glass 
electrode. The electrometer was calibrated be¬ 
fore and after each pH measurement by means 
of standard buffers. Blood pH was corrected 
to the measured body temperature using the 
temperature coefficient 0.0147 per degree 
centigrade (18), for glycolysis, and for ef¬ 
fects of whole blood on the glass electrode 
(19). In the 40 paired pH determinations 
obtained in the present study the mean 
difference between duplicate samples was 
0.004 ± 0.0006 unit (standard error of dif¬ 
ference). 

Determination of blood gas composition was 
performed manometrically (20) in duplicate on 
1 ml. aliquots within three hours of sampling. 
Percentage oxygen saturation of hemoglobin 
was determined from the manometrically meas¬ 
ured values after the usual correction for 
physically dissolved oxygen and for hemocon- 
centration in the determination of oxygen 
capacity (21, 22, 23). Blood oxygen tension 
was estimated from values for percentage 
hemoglobin saturation, pH, and body tempera¬ 
ture, using the nomogram of Severinghaus 
(24). Plasma C02 content was estimated from 
whole blood C02 content, pH, and 02 capacity 
by means of the nomogram of Van Slyke and 
Sendroy (25). CO- tension was calculated 
from plasma C02 content and whole blood pH 

3 



! 

I 

TABLE H 

Mean and individual values obtained in the four 

Subject 

Respiration Blood compositi 

Respiratory Tidal Respiratory 
min. vol. volume rate 

(liter/min.) (liter) per min. 

Arterial 
Mean b 
capill 

PCOf 
(mm. Hg) 

pH 
units 

CO. 
content 
(vol. %) 

Po. 
(mm. Hg) 

Hb 
saturation 

(%) 

O. 
content 
(vol. % ) 

O. 
capillary 
(vol. %) 

Po 
(mm. 

Phase I — Natural respiration, breathing: air at 1.0 a 

JK 
SH 
BC 
JC 
DZ 

Mean 

6.32 
6.06 

4.81 
5.26 
5.70 

5.63 

0.645 
0.438 
0.474 
0.502 
0.400 

0.492 

9.8 
13.8 
10.1 
10.5 
14.3 

11.7 

41.3 
43.0 
45.4 
43.6 
44.4 

43.5 

7.360 
7.348 
7.357 
7.373 
7.355 

7.357 

44.3 
47.2 
50.1 
51.1 
48.9 

48.3 

95.4 
116.6 
90.9 

109.0 
101.9 

102.8 

96.2 
97.8 
95.8 
97.7 
96.9 

96.9 

20.6 
17.9 
18.7 
17.5 
19.1 

18.8 

21.1 
17.9 
19.2 
17.6 
19.4 

19.0 

51. 
53. 
52. 
53. 
56. 

53. 

JK 
SH 

BC 
JC 
DZ 

6.26 0.564 11.1 
7.32 0.541 13.5 
4.90 0.436 11.3 
7.63 0.709 10.8 
6.55 0.430 15.3 

40.1 
40.8 
41.0 
39.9 
39.9 

7.346 
7.403 
7.398 
7.409 
7.394 

42.4 
50.3 
49.4 
50.4 
47.3 

Phase II — Natural respiration, breathing 02 at 147 

56.5 
52.3 
54.4 
54.9 
62.6 

85.7 
85.4 
86.5 
87.8 
90.1 

19.3 
16.0 
17.5 
16.1 
18.5 

22.3* 
18.5 
20.0 
18.1 
20.3 

40. 
37. 
38. 
38. 
42. 

Mean 

JK 
SH 
BC 
JC 
DZ 

Mean 

JK 
SH 
BC 
JC 
DZ 

6.53 0.536 12.4 

33.95 1.101 30.8 
29.79 0.896 33.2 
20.93 0.611 34.3 
60.63 1.779 34.1 
53.01 1.441 36.8 

39.66 1.166 33.8 

12.29 0.672 18.3 
19.65 1.188 16.5 
13.30 0.709 18.8 
16.80 0.975 17.3 
16.65 0.812 20.5 

40.3 

22.1 
26.8 
24.6 
17.7 
17.5 

21.7 

40.7 
45.5 
44.4 
40.8 
43.8 

7.390 

7.503 
7.532 

7.547 
7.661 
7.637 

7.576 

7.345 
7.368 
7.371 
7.403 
7.351 

48.0 

32.0 

43.1 
40.6 
38.1 
34.7 

37.7 

42.7 
52.1 
60.6 
50.6 
47.3 

56.1 87.1 17.5 19.8 39, 

Phase III — Voluntary hyperventilation, breathing 0 

84.3 
85.5 
84.4 

67.2 
83.2 

96.5 
96.9 
97.0 
96.3 
97.6 

22.1 
18.7 
19.8 
18.4 
20.4 

22.7 
19.1 
20.2 
18.9 
20.6 

37. 
37. 
36. 
30. 
34. 

80.9 96.9 19.9 20.3 35. 

Phase IV — Natural respiration, breathing C02 in O. 

56.5 
53.5 
54.2 
54.4 
61.3 

85.7 
85.0 
85.4 
87.2 
88.5 

19.4 
16.1 
17.2 

16.5 
18.6 

22.4 
18.7 
19.9 
18.7 
20.8 

40.1 
40. 
40. 
40. 
45.1 
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TABLE n 

ndividual values obtained in the four indicated study conditions 

Mean brain 
capillary 

Venous A-V difl 'erences 

Hb 
saturation 

(%) 

0. 
content 

(vol. %) 

0. 
capillary 
(vol. %) 

Po, 
(mm. Hg) 

Pco, 
(mm. Hg) 

pH 
units 

CO. 
content 
(vol. %) 

Po. 
(mm. Hg) 

Hb 
saturation 

(%) 

O, 
content 

(vol. %) 

Po, 
(mm. Hg) 

0. 
content 
(vol. %) 

Brain blood 
flow index 

— Natural respiration, breathing air at 1.0 atm* 

96.2 
97.8 
95.8 
97.7 
96.9 

20.6 
17.9 
18.7 
17.5 
19.1 

21.1 
17.9 
19.2 
17.6 
19.4 

51.8 
53.5 

52.5 
53.8 
56.9 

96.9 18.8 19.0 53.7 

■ Natural respiration, breathing 02 at 147 mm. 

55.6 
53.6 
56.3 
52.4 
54.0 

7.280 
7.293 
7.309 
7.329 
7.313 

7.305 54.4 

Hg ambient pressure 

85.7 
85.4 

86.5 
87.8 
90.1 

87.1 

19.3 
16.0 
17.5 
16.1 
18.5 

17.5 

22.3 
18.5 
20.0 
18.1 
20.3 

19.8 

40.2 
37.6 
38.6 
38.6 
42.4 

39.5 

51.5 
49.8 
51.2 
48.7 
49.5 

50.1 

7.300 
7.356 
7.348 
7.364 
7.344 

7.342 

51.9 
53.0 
56.8 
56.5 
54.7 

54.6 

49.9 
56.1 
56.3 
56.6 
53.6 

54.5 

[_Voluntary hyperventilation, breathing 02 at 147 mm. Hg ambient pressure 

96.5 
96.9 
97.0 
96.3 
97.6 

96.9 

22.1 
18.7 
19.8 
18.4 
20.4 

19.9 

22.7 
19.1 
20.2 
18.9 
20.6 

20.3 

37.7 
37.1 
36.0 
30.5 
34.1 

35.1 

43.5 

42.1 
41.1 
34.3 
35.4 

7.360 
7.418 
7.428 
7.494 
7.468 

48.0 

54.5 
53.6 
52.6 
50.1 

■ Natural respiration, breathing C02 in 02 at 

39.3 7.434 61.8 

147 mm. Hg ambient pressure 

85.7 
85.0 
85.4 
87.2 
88.5 

19.4 
16.1 
17.2 
16.5 
18.6 

22.4 
18.7 

19.9 
18.7 
20.8 

40.8 
40.5 
40.9 
40.3 
45.0 

47.9 
52.6 
54.7 
48.6 
50.3 

7.314 
7.333 
7.319 
7.358 

7.319 

47.7 
56.5 
56.4 
55.3 
51.3 

36.4 
36.1 
36.9 
35.5 
40.7 

37.1 

30.6 
28.4 
28.7 
27.9 
31.6 

29.4 

21.8 
21.6 
20.8 
17.3 
20.4 

20.4 

31.0 
32.2 
32.4 
30.4 
35.0 

61.1 
62.0 

66.1 
64.8 

70.1 

64.6 

52.0 
51.4 
52.0 
51.9 
57.1 

52.9 

37.0 
39.8 
38.6 
33.9 
39.3 

37.7 

54.0 
57.8 
57.8 
57.2 
62.5 

13.0 
11.2 
12.6 
11.5 
13.7 

12.4 

11.7 
9.6 

10.5 
9.5 

11.7 

10.6 

8.5 
7.7 
7.9 
6.5 
8.2 

7.8 

12.2 
10.9 
11.6 
10.8 
13.1 

59.0 

80.5 
54.0 
73.5 
61.2 

65.6 

25.9 
23.9 
25.7 
27.0 
31.0 

26.7 

62.5 
63.9 
63.6 
49.9 
62.8 

60.5 

25.5 
21.3 
21.8 
24.0 
26.3 

7.6 
6.7 
6.1 
6.0 
5.4 

6.4 

7.6 
6.4 
7.0 
6.6 
6.8 

6.9 

13.6 
11.0 
11.9 
11.9 
12.2 

12.1 

7.2 
5.2 
5.6 
5.7 
5.5 

1.00 
1.00 
1.00 
1.00 
1.00 

1.00 

1.00 
1.05 
0.87 
0.91 
0.79 

0.92 

0.56 

0.61 
0.51 
0.50 
0.44 

0.52 

1.06 
1.29 
1.09 
1.05 
0.98 

th. ratio of the A-V O, differ«« obeerved durine natura, re.pir.tion of air at 1.0 atmoephere to the A-V O, difference obeerved during a etudy condition 



by means of the Henderson-Hasselbalch equa¬ 
tion, using the solubility factor and pK' of 
CO? in plasma (19,26). 

Calculation of mean brain capillary PO2 and 
cerebral blood flow index 

Mean tissue capillary Po2 represents a 
mathematical, nonmeasurable value of blood 
oxygen tension compatible with the rate of 
oxygen uptake by the tissue, the tissue dif¬ 
fusion coefficient for oxygen, and the mean 
tissue oxygen tension (27-30). For the brain 
it can be considered the average Po2 in the 
average brain capillary. 

Mean capillary Po2 has been estimated by 
several different procedures. The graphic in¬ 
tegration method for determining mean capil¬ 
lary Po2 initially devised by Bohr was 
concerned with the pulmonary capillary (27). 
Barcroft’s algebraic expression for the periph¬ 
eral tissues: 

Mean capillary Po2 = 

Arterial Po2 — Venous Po2 
Venous Po2 -)- - 

3 

provides a close approximation only when ar¬ 
terial Po2 is low (28). Houston and Riley cal¬ 
culated the mean peripheral tissue capillary 
Po2 more reliably by using a modification of 
the Bohr graphic integration method (29). 

In the present study, mean brain capillary 
Po2 was calculated by an integration procedure 
which used the experimentally determined 
values for hemoglobin oxygen capacity and for 
arterial and cerebral venous oxygen content, 
oxygen tension, and pH. In carrying out this 
procedure, it was assumed that the decreases 
in both blood oxygen content and pH were 
linear as blood was changed from the arterial 
to the venous state in the brain. Considering 
the alteration in pH across the average brain 
capillary to be linear is very likely in error (31) ; 
however, owing to the very small magnitude 
of the pH change from artery to vein, this 
assumption introduces no gross error in esti¬ 
mating mean brain capillary Po2. While 
adequate for present purposes, assuming a 

linear rate of fall in blood oxygen content 
across the brain capillary will eventually be 
justified only by showing that (a) mean linear 
velocity of brain capillary blood flow is uniform 
and (b) the rate of oxygen consumption of 
cells supplied by successive segments of each 
brain capillary is either constant or it varies 
in a random manner. 

A useful indication of alterations in the 
rate of cerebral blood flow is provided by the 
cerebral blood flow index, i.e., the ratio of the 
arteriovenous 02 difference breathing air at 
1.0 atmosphere to the arteriovenous 02 differ¬ 
ence measured during an experimental situa¬ 
tion (32). 

A change in the cerebral blood flow index 
can be produced by separate or simultaneous 
changes in brain blood flow and oxygen con¬ 
sumption. However, in situations where a 
detectable alteration in the rate of cerebral 
oxygen consumption does not occur, this index 
provides an accurate, quantitative measure of 
percentage change in brain blood flow. 

3. RESULTS 

Individual data obtained in the four phases 
of this study are shown in table II. The mean 
difference, standard error of mean difference, 
and probabilities that the changes are signifi¬ 
cant, with statistical evaluation, are shown in 
table III. The data of phase I, obtained during 
air breathing at 1.0 atmosphere, represent nor¬ 
mal values at rest in the subjects studied. For 
convenience, the results will be presented, first, 
by comparing the effects on brain oxygenation 
of changes in blood values among the various 
phases, and then by noting the effects on res¬ 
piration. All changes cited in the text are 
statistically significant unless otherwise in¬ 
dicated. 

Changes in brain oxygenation 

Figures 1 and 2 illustrate the alterations 
in blood oxygenation associated with the alter¬ 
ations effected in Pco2. Figure 3 shows the 
corresponding changes in the brain blood flow 
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index. The findings will be described by com¬ 
paring the average values obtained in the 
different experimental phases. 

Phase I (natural respiration, breathing air 
at 1.0 atmosphere) versus phase II (natural 
respiration, breathing 02 at H7 mm. Hg am¬ 
bient pressure). Ascent to 39,000 feet simu¬ 
lated altitude,2 breathing 100 percent 02 
without positive pressure, produced relative 
hypocapnia and moderate anoxia. The arterial 
Pco2 fell from 43.5 to 40.3 mm. Hg. Arterial 
Po2 decreased from 103 to 56 mm. Hg, the 
arterial hemoglobin saturation from 96.9 to 
87.1 percent. Mean brain capillary Po2 fell 
14 mm. Hg (from 54 to 40 mm. Hg) ; the 
cerebral venous Po2 and hemoglobin saturation 
fell from 37 to 29 mm. Hg and from 64.6 to 
52.9 percent, respectively. The small increase 
in the arteriovenous 02 content difference and 
consequent lowering of cerebral blood flow 
index were not statistically significant. 

Phase II ( natural ventilation, breathing 02 
at H7 mm. Hg ambient pressure) versus 
phase III (voluntary hyperventilation, breath¬ 
ing 02 at H7 mm. Hg ambient pressure). 
Active hyperventilation caused a fall in ar¬ 
terial Pco2 from 40.3 to 21.7 mm. Hg. There 
was nearly an equal rise in arterial Po2 (from 
56 to 81 mm. Hg). Because of the effect on 
hemoglobin of the marked rise in arterial pH 
(from 7.390 to 7.576), the arterial hemoglobin 
saturation in phase III returned to its sea level 
value of 96.9 percent. Mean brain capillary 
Po2 fell from 39.5 to 35.1 mm. Hg (0.1 > P 
> .05) and internal jugular venous Po2 and 
hemoglobin saturation declined markedly (from 
29 to 20 mm. Hg and from 52.9 to 37.7 percent, 
respectively). The decrease in mean brain 
capillary and cerebral venous oxygenation, 
which occurred concomitantly with improve¬ 
ment in arterial oxygenation, was caused by 
the removal of a larger amount of oxygen from 
each milliliter of blood passing through the 
brain capillaries. This is reflected by the 
nearly twofold increase in arteriovenous oxygen 
difference (from 6.8 to 12.0 vol. percent). 
Since the le^fels of anoxemia produced in 

’ThU condition of reduced ambient pressure will be loosely 
referred to as altitude. 

phase III have been shown not to decrease 
brain oxygen consumption (33, 34), and since 
little change in brain oxygen consumption 
appears to occur during hyperventilation (35, 
36, 37), the observed change in A-V 02 content 
difference was probably caused almost entirely 
by a reduction in brain blood flow. The change 
in cerebral blood flow index from 0.91 to 0.51 
suggests that brain blood flow was reduced to 
approximately one-half its normal value. 

Phase III ( voluntary hyperventilation, 
breathing 02 at H7 mm. Hg ambient pressure) 
versus phase IV (natural ventilation, breathing 
C02 in 02 at H7 mm. Hg ambient pressure). 
When voluntary hyperventilation was termi¬ 
nated and the subjects were given 30 percent 
C02 in 02 to breathe, arterial Pco2 returned 
from 21.7 to 43.0 mm. Hg, approximately the 
same value as seen while breathing air at 
1.0 atmosphere. Arterial Po2 fell 25 mm. Hg 
(from 81 to 56 mm. Hg), coming to the Po2 
found during natural ventilation breathing 
100 percent 02 at altitude. Arterial hemo¬ 
globin saturation fell from 96.9 to 86.4 percent. 
Notwithstanding the large decrease in arterial 
Po2 brought about by displacement of alveolar 
oxygen with C02, mean brain capillary and in¬ 
ternal jugular venous Po2 each rose markedly 
(from 35 to 42 mm. Hg and from 20 to 32 
mm. Hg, respectively). These elevations of 
mean capillary and internal jugular venous Po2 
occurred because less oxygen was removed 
from each milliliter of blood passing through 
the brain capillaries. This is shown by the 
lowering Of A A-V 02 content from 12.0 to 5.7 
vol. percent, with a resultant increase in cere¬ 
bral blood flow index from 0.51 to 1.07. Again, 
since it is improbable that changes in the rate 
of cerebral oxygen consumption occurred, the 
decrease in A-V 02 difference most likely re¬ 
flects a restoration of brain blood flow to near 
normal. 

Phase II (natural ventilation, breathing 02 
at H7 mm. Hg ambient pressure) versus 
phase IV (natural ventilation, breathing 80 
percent C02 in 02 at U7 mm. Hg ambient 
pressure). Administration of 30 percent C02 
in oxygen at 147 mm. Hg elevated arterial Pco2 
from 40.3 to 43.0 mm. Hg. 
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FIGURE 1 

Relationship of Peo, and Po2 of arterial, mean brain capillary, and internal jugular venous blood at 
1 atmosphere during air breathing and at 39,000 feet simulated altitude during oxygen breathing with an 

without induced alteration of alveolar Pcor 

The dashed lines connecting the several study conditions indicate only that a change occurred and not the 

rate of its development. For elaboration, see legend of figure 2. 
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Changes in Po2 of blood in passage through the brain (from average data obtained on arterial and internal 
jugular venous blood). 

During air breathing while resting at 1.0 atmosphere, Po2 falls from a value near 100 mm. Hg in the 
arterial blood entering the brain to approximately 40 mm. Hg in the internal jugular venous blood. Within 
the brain capillary (indicated in the figure by capillary length or transit time), a uniform rate of removal of 
oxygen would result in the pattern of fall in Po2 shown. Mean brain capillary Po2 (see methods) is the 
integral of the change from the arterial to venous level. 

Oxygen breathing at the reduced ambient pressure of 39,000 feet simulated altitude resulted in a greater 
lowering of arterial and mean capillary Po2 than of brain venous Po2. 

Voluntary pulmonary hyperventilation while breathing oxygen at altitude raised arterial Po2 prominently 
above the value found when oxygen was inhaled without voluntary overbreathing. Although hyperventilation 
raised arterial Po2, both mean capillary and venous Po2 were lowered. 

Addition of carbon dioxide to the oxygen inspired at altitude displaced oxygen in the alveolar gas and thus 
lowered arterial Po2 from the value obtained by hyperventilation. Although arterial Po2 fell, mean capillary 
and brain venous Po2 were elevated, being restored to levels close to those previously associated with the 
breathing of pure 02 at rest. 
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FIGURE 3 

Changes in brain blood flow index at U7 mm. H g 
ambient pressure during natural respiration breathing 
Ov voluntary hyperventilation breathing 02, and natural 
respiration breathing SO percent C02 in 02. 

Brain blood flow index (see methods) suggests a 
Slight lowering of cerebral blood flow below normal 
when 02 was breathed while resting at 39,000 feet simu¬ 
lated altitude. This occurred in spite of a reduction of 

arterial Po2. 

When hypocapnia was induced by voluntary hyper¬ 
ventilation during 02 breathing at reduced ambient pres¬ 
sure, brain blood flow index decreased to about 50 percent 
of the normal resting value. 

Prevention of hypocapnia during hyperventilation, by 
addition of C02 to the 02 inspired at the simulated altitude, 
restored brain blood flow index at least to the normal 
value for air breathing at rest. 

While 30 percent inspired carbon dioxide at 
altitude is equivalent in Pco2 to approximately 
6 percent C02 at 1.0 atmosphere, the change in 
arterial Pco2 produced at altitude was no 
greater than that associated with breathing 
2 percent C02 in 21 percent 02 in N2 at sea 
level (32). Carbon dioxide breathing at alti¬ 
tude did not change arterial oxygenation, arte¬ 
rial Po2 remaining at about 56 mm. Hg. Mean 
brain capillary Po2 was increased, however, 
from 40 to 42 mm. Hg and internal jugular 
venous Po2 from 29 to 32 mm. Hg. At the 
same time, venous hemoglobin saturation was 
elevated from 52.9 to 57.9 percent. The im¬ 
provement in capillary and venous oxygenation 
was again related to removal of less oxygen 
from each unit of blood traversing the brain. 
Thus, A-V 02 content difference was reduced 

from 6.8 to 5.7 yol. percent, presumably as a 
result of a return of brain blood flow to normal. 

Changes in respiration 

The small average increases in respiratory 
rate, depth, and minute volume on ascent to 
39,000 feet simulated altitude while breathing 
02 were not significant. The voluntary in¬ 
creases in respiratory parameters at altitude 
represent conditions of the study rather than 
results. Finally, administration of 30 percent 
C02 in 02 at altitude increased respiratory rate, 
tidal volume, and minute volume above the 
values observed during air breathing at 1.0 
atmosphere and during natural respiration with 

oxygen at altitude. 
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4. DISCUSSION 

When no inert gas is present in the gas in¬ 
spired, total alveolar gas tension is equal to the 

Total inspired gas pressure = Ph2o + Pco2 + Po2. 

The level of alveolar oxygen pressure is then 
largely dependent upon the alveolar Pco2 (it¬ 
self determined by balance among such factors 
as rate of metabolic C02 production, alveolar 
ventilation, and the partial pressure of C02 
inspired). In this situation a lowering of alveo¬ 
lar Pco2 secondary to an increase in alveolar 
ventilation (or other cause) will improve arte¬ 
rial oxygenation, and an increase of alveolar 
Pco2 will lower arterial Po2. 

While a fall in arterial Po2 produces the 
chemoreflex effects of anoxemia, consideration 
of arterial blood alone is not sufficient to make 
a judgment on the presence, absence, or degree 
of cellular anoxia. Oxygenation of the brain 
is affected not only by arterial Po2 and 02 
content, but also by the rate of blood (oxygen) 
flow through brain tissue. At a particular 02 
capacity and entering (arterial) Po2, the rate 
of blood flow relative to oxygen utilization of 
the brain determines the rate of fall of oxygen 
tension as blood passes through the capillary 
network. Since the level of arterial Pco2 ex¬ 
erts a prominent influence on the rate of brain 
blood flow (34, 37, 38, 39), the same factors 
which alter arterial oxygen tension in one di¬ 
rection may change brain oxygenation in the 
other. It is evident, then, that the end result 
of an induced or an accidental change in alveo¬ 
lar Pco2 during oxygen breathing will depend 
upon the interaction of the effects of high and 
low Pco2 and Po2. These and other aspects of 
tissue oxygenation are discussed elsewhere 
(40-43). 

The interactions of Pco2 and Po2 having 
greatest significance to the present study are 
those affecting (a) the flow of blood through 
brain tissue, (b) the control of respiration by 
central and chemoreflex mechanisms, and (c) 
the uptake of oxygen by hemoglobin. These 
will be discussed in relation to the several ex¬ 
perimental situations studied. 

Oxygen breathing at altitude 

The primary physiologic event on exposure 
to reduced ambient pressure was the consider¬ 
able (nearly 50 mm. Hg) lowering of arterial 
and alveolar oxygen tension. In view of the 
well-known cerebral vasodilator effect of an¬ 
oxemia (37, 38), it might be expected that an 
increase in brain circulation would follow. This 
can be considered not to have occurred, since 
in a previous study anoxic cerebral vasodilata¬ 
tion could not be detected until the Po2 of arte¬ 
rial blood fell below about 50 mm. Hg (lower 
than in any phase of the present study) (13,42). 
Actually, as shown by the drop in cerebral blood 
flow index, there appears to have been not a 
rise but a decrease of nearly 10 percent in the 
rate of brain blood flow. This was most prob¬ 
ably an indirect effect of the arterial anox¬ 
emia. It presumably resulted from the 
anoxemic chemoreflex respiratory stimulation, 
lowering of arterial Pco2 and, hence, hypocap- 
neic cerebral vasoconstriction. During this 
part of the study, the development of 
anoxia was indicated by lowering of oxygen 
tension not only in arterial blood but in the 
mean capillary and brain venous blood as well. 
The use of an arterial “oximeter” as a warning 
device in this condition would properly indicate 
the development of anoxia. 

Active hyperventilation while breathing 
oxygen at altitude 

In this situation the initial effects of hyper¬ 
ventilation can be considered to be the changes 
in alveolar Po2 and Pco2. Arterial Po2 was 
raised by the increased alveolar ventilation, 
and, with the additional influence of alkalosis, 
arterial oxygen saturation actually returned to 
normal. Arterial oximetry (44) would indicate 
this change also as a complete restoration of 
normal oxygenation, even though arterial Po2 
was still 22 mm. Hg below normal. More im¬ 
portant, figure 1 shows that such an oximeter 
indication of arterial percentage of Hb satura¬ 
tion would undoubtedly be erroneous in terms 
of brain oxygenation, since the halving of brain 
flow caused both mean capillary and internal 
jugular venous blood Po2 to fall. Again, the 
influence of the observed change in arterial 
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Po2 upon the brain vessels can be considered 
negligible and the reduction in blood flow at¬ 
tributed to the powerful vasoconstrictor effect 
of hypocapnia. Thus, excessive pulmonary 
ventilation and hypocapnia during oxygen 
breathing at high altitude can lead to exag¬ 
gerated central anoxia, even while diminishing 
arterial anoxemia. 

Several consequences of the changes in op¬ 
posite directions observed in arterial and cen¬ 
tral PO2 deserve attention in relation to the 
capacity for effective performance at low am¬ 
bient pressures. First, the rise in arterial Po2 
(and the fall in Pco2) should lead to diminished 
bombardment of the brain by the chemoreflex 
impulses which normally provide a powerful 
arousal mechanism in isotonic anoxia (42, 45). 
Loss of this form of central nervous system 
stimulation, coinciding with central alkalosis 
and an exaggeration of central anoxia, may be 
an important factor predisposing the individual 
to loss of consciousness when anoxia is accom¬ 
panied by excessive alveolar ventilation (42, 
45). 

The relation of the blood Po2 at various 
locations to the oxygenation of individual brain 
cells also must be considered in appraising the 
observed effects of hyperventilation. When 
POo is measured with an oxygen electrode, the 
oxygen pressure of the brain tissue is found 
to vary with the proximity of the sensing elec¬ 
trode to a blood vessel : the Po2 is higher near 
an artery than near a vein (40, 41). In this 
study certain brain cells can be considered to 
have been strongly affected by the reduction of 
central oxygen tension which resulted from 
slowing of brain blood flow. These include: 
(a) those brain cells in which the 02 supply 
depends chiefly upon a Po2 gradient from the 
venous end of a capillary, (b) those cells fur¬ 
thest removed from the capillary, and (c) those 
cells most actively metabolizing. Actually, 
brain cells supplied with oxygen from the 
arterial end of the capillary were probably 
rendered less anoxic by the increase in arterial 
Po2, even though hyperventilation led to cere¬ 
bral vasoconstriction and a lowering of Po2 
further along the brain capillary bed. 

At this point attention must be given to 
the interpretation of changes in “mean brain 
capillary Po2.” Since Po2 varies not only from 
arterial to venous end of the capillary but also 
in relation to the distance of a cell from oxygen 
source, mean capillary Po2, like mean brain 
Po2, is not a measurable quantity (31, 40, 41). 
Presumably, it must even vary at different 
sites within the metabolizing cell. The fall 
in calculated mean brain capillary Po2 ob¬ 
served during hyperventilation in the present 
study represents the integrated mean effect 
of improved oxygenation in some regions 
and diminished oxygenation in others. Hence, 
it does not provide a useful quantitative 
index of change in cellular oxygenation. Cir¬ 
cumstances can be visualized in which there is 
no change in the calculated mean capillary Po2 
even though prominent physiologic changes 
have occurred, e.g., exaggerated increase in 
arterial Po2 with limited decrease in brain- 
blood flow. For this reason, most attention 
should be given to changes in oxygenation of 
the brain venous blood. These will be con¬ 
sidered representative of the maximal levels of 
intravascular Po2 available for supplying the 
oxygen tension gradient to certain brain cells 
(46, 47). Since it has been found that a lower¬ 
ing of internal jugular Po2 below 19 or 20 mm. 
Hg is associated with development of uncon¬ 
sciousness (46, 47), the actively hyperventilat¬ 
ing subjects of this study probably came close 
to losing consciousness. 

Administration of carbon dioxide with 
oxygen at altitude 

By none of the standards of measurement 
employed did the addition of 30 percent C02 
to the oxygen breathed at altitude reduce oxy¬ 
genation below that associated with inhalation 
of pure oxygen at the same ambient pressure. 
The rise in alveolar Pco2 was too small to re¬ 
duce arterial oxygen tension detectably, al¬ 
though a decrease probably was produced. The 
elevation of arterial Pco2, equivalent in degree 
to that produced by administration of 2 to 3 
percent C02 in 21 percent 02 in N2 at 1.0 atmos¬ 
phere, caused only the slight, and not distress¬ 
ful, respiratory stimulation which would be 
expected (31). Actually, the small increase in 
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respiration produced by administration of 30 
percent CO2 in O2 represents the major meas¬ 
ured difference between the state of the rest¬ 
ing subjects breathing C02 in 02 and that of 
those breathing 02 alone. Therefore, at the am¬ 
bient pressure studied, the greatest influence 
of added carbon dioxide can be considered to be 
the prevention of cerebral anoxia and alkalosis 
in subjects showing excessive alveolar ventila¬ 
tion rather than improvement in the oxygena¬ 
tion of the normally breathing subject. 

The role of increased inspired Pco2 in pre¬ 
venting central anoxia in hyperventilation ap¬ 
pears related entirely to the restoration of 
brain blood flow to an adequate level (table II; 
fig. 3). This effect, reflecting the well-known 
and powerful influence of carbon dioxide upon 
cerebral vessels (34, 35), is related more to 
changes in Pco2 than to changes in pH of the 
circulating blood (39, 48). This action of 
carbon dioxide may be an expression of the 
changes in pH produced within vascular smooth 
muscle cells as the Pco2 of blood is altered (39, 
48). Except during severe central nervous 
system stimulation (48), the action of carbon 
dioxide upon brain vessels has also been more 
clearly correlated to changes in the arterial 
blood (i.e., at the arteriolar location) than to 
changes in the venous blood or tissues (13, 17, 
36, 42). It is primarily on this basis that the 
background control of brain circulation has 
been considered, not an active process as often 
proposed, but a passive consequence of the 
influence of alveolar ventilation on arterial 
Pco2 (42). 

Carbon dioxide also affects the mechanisms 
of respiratory control in anoxia. The existence 
of a prominent respiratory stimulant effect of 
anoxemia in the absence of hypocapnia has 
been well documented (42, 49, 50, 51), although 
the mechanism of the effect is far from clear. 
Studies employing “C02 sensitivity” curves in¬ 
dicate a greater overall respiratory reactivity 
to CO2 at low alveolar Po2 than at high Po2 
(49, 50, 51). However, an induced change in 
the alveolar carbon dioxide tension does not 
necessarily cause the same magnitude of 
change in central Pco2 (31, 32), which is 
grossly altered by the anoxic dilatation of brain 

vessels (42). It is, therefore, not even certain 
whether the O2-CO2 interaction occurs at the 
peripheral chemoreceptors or in a central loca¬ 
tion. 

During inhalation of 30 percent C02 in 02, 
both the average arterial Po2 (56 mm. Hg) and 
the central venous Pco2 were the same as dur¬ 
ing oxygen breathing at rest. Thus, the higher 
ventilation when breathing 30 percent C02 in 
O2 would appear to be related to an effect of 
the restoration of arterial Pco2 from a slightly 
subnormal to a normal level. As an effect of 
change only in arterial Pco2, the resulting 
9-liter difference in ventilation indicates an 
action of CO2 upon the peripheral chemoreflex 
mechanism rather than upon cells of the cen¬ 
tral nervous system. 

Limitations 

At any altitude addition of small amounts 
of carbon dioxide to the oxygen breathed should 
prevent the alkalemia and central alkalosis 
which normally result from alveolar hyper¬ 
ventilation. This will be true regardless of 
whether the carbon dioxide is autogenous or 
is a constituent of a compressed gas supply. 
Added carbon dioxide will also somewhat exag¬ 
gerate the hyperventilation related to the 
chemoreflex stimulation of arterial anoxemia. 
However, it should not increase a hyperpnea 
based on the involuntary respiratory overdrive 
of excitement. 

While prevention of hypocapnia should sus¬ 
tain central oxygenation, the benefit derived 
will depend upon the degree of central anoxia 
actually produced by the cerebral vasoconstric¬ 
tion during oxygen breathing. This is depend¬ 
ent, in part, upon the arterial Po2, and, hence, 
upon the ambient pressure and altitude. When 
breathing oxygen at an altitude of 35,000 feet 
(179 mm. Hg ambient pressure), the approxi¬ 
mate alveolar gas composition can be indicated 
as: Ph20 -- 47 mm. Hg, Pco2 = 40 mm. Hg, 
and P02 = 92 mm. Hg. These values are close 
to the alveolar 02 and CO2 tensions normally 
associated with air breathing at sea level. 
Some degree of central anoxia can be expected 
to accompany severe hypocapnia although arte¬ 
rial PO2 is normal when breathing oxygen at 

13 



this altitude (12). However, it is at altitudes 
higher than 35,000 feet that the development of 
arterial anoxemia can be seriously compounded 
by the added complication of hypocapneic cere¬ 
bral vasoconstriction to produce an exaggerated 
central anoxia. Finally, at an altitude so high 
that central anoxia is present, even when the 

rate of brain blood flow is normal or excessive, 
the increase in carbon dioxide may so exagger¬ 
ate arterial anoxemia that central oxygenation 
will also be reduced by C02 administration. It 
may be estimated that this begins at altitudes 
slightly over 40,000 feet. 
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