

















TABLE 1

Atmospheric conditions

Carbon dioxide levels (mm. Hg)
0 8 16 21 80
l"lo2 (mm. Hg)
Rest 142 145 144 187 188
A Exercise 189 145 143 136 138
| 4 <.001 N.S. N.S. N.S. N.S.
PICO: (mm. Hg)
Rest 89 8.2 16.1 209 80.2
B Exercise L] 83 15.0 20.9 20.0
P <.001 N.S. N.S. N.S. N.S.

A—O, ten.ions were significantly ditferent at only the 0 mm. Hg Pico, level between the rest and

exercise state .

B—CO, tensions were significantly different at only the 0 mm. Hg Pico, level between rust and exercise.

N.B8.—P > .08.

tests in the study. There was a significant
difference in the chamber O, and CO, at-
mosphere only for the 0 mm. Hg Pico, studies.
This was due to the slow progressive rise in
CO; and fall in O, produced by the breathing
of five people in a closed environmental room.
Analysis was also done comparing the at-
mospheres for the different exercise levels
tested and revealed no significant difference.
The P1,, was reduced at the higher CO, levels
to prevent the full increas: in alveolar O, ten-
sion that t-uld be associa:ed with the hyper-
capnic hyperventilation. Room temperature
was held at 68° to 72°C. and the relative
humidity ranged between 65% and 85'%.

Experimental profile

Upon completion of the preliminary medical
evaluation studies, the subjects began a 14-day
exercise training program using a Collins
bicycle ergometer. The workload was progres-
sively increased each day during the training
period starting at 50 w. at 60 r.p.m. for 30 min-
utes twice daily. By the end of their training,
they were pedaling at 250 w., a workload which
exceeded that in all the steady-state studies.
Following completion of the training period,
each subject perform.ed maximum exertion
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teats on the ergometer. These tests consisted
of a stepwise increase in workload of 10 w.
every 3 minutes starting at 120 w. and mainte-
nance of a constant pedal speed of 60 r.p.m.
Heart rate, respiratory rate &nd expired air
collections were taken at various workloads
to, determine the maximum oxygen uptake
(Vey)., Watt load/Vo, curves were then con-
structed for each subject. To insure the at-
tainment of exhaustion and maximum Vo,
each man performed two or three tests and the
highest {’oz obtained was used. Once the curves
were established, workloads in watts were
selected for each man which would yield one-
half and two-thirds their maximum Vo0,. The
steady-state exercise experiments in CO, were
then performed at these empirical workloads.
The mean workloads for all 8 subjects for the
one-half and two-thirds levels? averaged 130 w.
(=~ 800 kgm./min.) and 180 w. (= 1,100
kgm./min.), respectively. The one-half work
level was associated with a mean heart rate
of 128 beats/minute while the two-thirds load
produced an average heart rate of 168 beats/
minute

*The terms one-half and two-thirds work levels or states used
throughout this text refer to that exercise in which one-haif and
two-thirds of meximum Vo, was obtained on the pre-experimental
maximum exertion test.






sample was obtained during the 26th and 27th
minute of exercise. Blood gas data were ob-
tained for the two-thirds maximum Vo, experi-
menis only. No significant differences were
observed for VE Vos, Vco,. and HR between
the 10th minute and $0th minute of exercise,
indicating that a steady state had been
achieved. Therefore, only the data collected
during the 27- to 30-minute period of steady-
suate exercise were tested. In all cases, non-
significance (N.S.) is indicated when P > .05.

Arterial oxygen tension (Pa0;) and carbon
dioxide tension (Paco,) were measured at
25.6° C. using Instrumentation Laboratories
ultra-microelectrodes (model 118), while pH
was measvred with the Radiometer AME-1.
All resulte were corrected to body temperature
using the revised correction factors of
Nunn (21) and Severinghaus (28). Bicarbon-
ates were calculated using the Henderson-
Hasselbalch equation assuming a pK of 6.10
and so:ubility coefficient of 0.08 for carbon
dioxide. The performance of one-half and two-
thirds exercise workloads at different inspired
Pco, levels was randomized for all subjects in
order to prevent adaptation and training
effects.

Maximum exercise tests

After completion of all phases of the
stendy-state exercise study, all 8 subjects also
participated in maximum exertion tests in
0 (air) and in 8 and 21 mm. Hg Pco,; to de-
terminre the effect of hypercapnia on maximum
work performance? The profile of these
marimum runs involved a stepwise increase
until exhaustion, of 16 w. each minute, starting
at 60 w. while maintaining a steady pedal
speed of 60 r.p.m. Heart rate, respiratory rate,
and expired air collections for volume, Vcoa
and VO,, were the only measurements obtained
during these studies. The preliminary proce-
dures for chamber entry and equipment-subject
integration were the saine as for the steady-
state axperiments. Expired air was measured
over a 45-second period after 15 seconds of

Maximum work performance was judged by total axhaustion
and in all cases was fated with pl Ing of the heart rate
greater than 190 beats per minute.
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adjustment to each step-up in watt load. Col-
lections occurred at rest, 95 w., 126 w., 166 w.,
and at workloads near maximum Vo,.

IIIl. RESULTS

General observations

The subjects completed all 30-minute
steady-state and maximum exercise runs at all
workloads and CO; levels tested. No difficulty
was noticed by the subjects exercising at any
of the work levels below 21 mm. Hg Pico,.
However, at the 21 mm. level and above, there
were noticeable subjective respiratory symp-
toms during exercise at two-thirds maximum
and maximum Vo,. and the subjects were well
aware of their increased ventilation (table III).

Intercostal muscle pain resulting from the
very large ventilations (approximately 140
liters/min.) occurred in 2 of 8 subjects during
the maximum exercise runs in 21 mm. Hg Plco,-
These subjects felt this chest pain to be the
limiting factor to continuing the exercise step-
up. Three other subjects felt that respiratory
exhaustion, rather than muscle fatigue, had
definitely limited their performance.

At 30 mm. Hg Plco , 6 of the 7 subjects
experienced mild to moderate frontal head-
aches. These varied considerably in onset and

TABLE III

General observations

Workloads
Fico, (mm. HE) % max. | 3/, max. | Max.
0 0 0 0
8 0 0 0
16 0 0 --
21 1 1 1,238
80 —_ 1,84 -
Legend: 0—No or sympt

1—Awareness of CO,.
2—Intercostal muscle pain.
8—"Alr Hunger.”
4—Headache.






TABLE 1V

Ventilation volumes

sabject | P05 VE (liters/min. BTPS) Vr (liters/min. BTPS) Respiratory rate
ubje —
(mm. Hg)| Rest | % max.|2/; max.| Rest | % max. |2/, max. | Rest | % max. |2/, max.

180 143 64.0 78.8 0.841 2,138 2.627 17 80 30
181 9.4 68.5 73.0 0.448 1773 1.738 21 33 42
182 121 69.1 80.0 0.864 1.772 2.061 14 39 39
133 0 10.6 69.7 86.2 0.750 2.488 2.394 14 24 36
134 8.1 476 66.2 0.5606 1.983 2.103 18 24 31
185 7.0 43.5 70.4 0.5638 2.071 2.933 18 21 24
136 7.0 — 76.0 0.368 —_ 2.206 19 —_ 34
X 9.9 67.1 76.5 0.618 2.037 2.203 16.6 27.6 387
130 11.0 69.7 89.6 0.679 1.990 2.716 19 30 33
181 12.7 — 70.3 0.636 — 2,130 20 — 838
132 10.0 57.1 79.0 0.588 1.370 2.194 17 33 86
138 8 11.2 80.6 83.8 0.589 2.020 2.149 19 80 39
184 13.6 62.3 6.5 0.800 1.697 1.938 1 39 39
186 10.0 66.4 62.3 0.714 2.062 2.696 14 27 24
186 11.2 — 90.0 0.560 —_ 1.876 20 —_ 48
X 11.4 59.6* 78.6 0.652 1.878* 2.228 18.0 31.8* 36.0
180 16.6 73.6 87.6 0.738 2.72% 2.6564 21 27 33
131 171 66.9 84.5 1.008 2.027 2.224 17 a3 38
182 13.9 60.3 843 0.772 1.646 2.479 18 39 34
188 15 118 78.0 "3.9 0.694 1.867 2.111 17 42 36
184 11.6 74.6 70.6 0.644 2.069 1.808 18 36 39
185 10.7 61.4 67.8 0.823 2.142 2.608 13 24 26
186 15.1 — 95.8 0.756 — 2.129 20 o 45
X 13.7 67.4 80.6 0.7176 2.081 2.288 17.7 33.6 36.7
130 124 34.6 89.1 0.590 2.563 3.003 21 33 33
181 16.6 78.0 75.3 0.776 2.600 2.282 20 30 33
182 12.6 72.7 86.1 0.694 2.203 2.028 18 33 42
133 21 12.6 86.7 92.6 0.781 2.381 2.672 16 36 36
134 12.5 87.0 92.2 1.250 2.233 2.364 10 30 39
136 14.0 46.0 83.1 1.077 1.917 8.613 13 24 23
136 10.0 —_— 80.7 0.476 —_ 1.793 21 —_ 46
X 12.8 72.3 86.9 0.806 2.318 2.522 17.0 31.8 36.9
130 21.6 — 80.5 0.896 —_ 2.614 24 — 36
181 24.1 — 85.5 1.418 —_ 2.376 17 -— 36
182 24.5 — 107.2 1114 — 2.749 22 - 39
188 80 23.4 — 109.6 1.300 —_ 2.808 18 - 39
184 26.0 — 100.8 1.389 —_ 2.400 18 — 42
186 243 — 104.3 1.620 — 3.477 15 —_ 30
186 6.4 —_ 126.1 1.066 — 2473 25 — 61
X 24.2 .~ | 1084 | 1258 — | 2685 | 199 | — 39.0
P <.001 <.026 <.001 <.001 N. 8. <.026 N.S. N.S N.S.

Number of

subjects ki (] 1 7 (] 7 7 8 i

*These means are based on statistical estimates for subject 131.
P—Significance of variation with Pico, (analysis of variance).

N.8.—P > .06
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TABLE VII

Mazximum exercise runs

Workload . . Metabolic
Subject | 110 | (kgm./ Ve R":f- P“};‘ Max. Vo, | Vco, R rate
(mm. Hg) | min,) ra e (keal./hr.)
130 2,258 143.9 48 192 8.627 3.604 99 1,088
181 1,957 90.3 45 192 2917 3.432 1.25 876
182 1,957 143.8 54 189 3.593 3.419 95 1,078
188 0 1,866 144.8 b1 198 3.374 3.811 1.18 1,012
184 2,141 1476 51 180 3.667 4241 1.19 1,070
186 2,416 163.0 51 201 4.395 4.688 1.07 1,319
136 2,019 162.6 65 195 3.486 8.76¢ 1.08 1,046
187 1,868 1109 33 195 3.368 3.175 112 1,007
X 2,067 137.1 49.7 192.7 3.540 8.841 1.09 1,062
180 2,141 169.8 48 192 8.422 8.675 1.07 1,027
181 2,14) 117.6 86 196 4.103 4.368 1.08 1,231
182 2,141 140.0 51 189 3.330 3.632 1.09 999
133 8 1,866 134.2 48 204 3.503 8.738 1.07 1,061
134 1,866 136.8 48 178 3.880 3.928 1.07 1,104
186 2,233 162.6 48 204 4.268 4.139 97 1,280
136 1,957 166.3 60 195 8.207 8.541 1.10 962
187 1,988 133.9 42 196 3.689 3.643 99 1,107
X 2,042 1413 47.6 193.8 8.650 8.834 1.0 1,095
180 2,049 169.1 a8 102 3.436 3.808 96 1,081
131 2,049 110.6 36 102 8.451 8,588 1.4 1,085
132 1,957 144.7 51 192 8.511 3.368 96 1,068
183 21 2,049 146.8 45 106 8.440 8.380 908 1,082
134 1,682 126.9 54 177 8.128 8.078 98 937
186 2,141 166.0 48 192 3.807 8.589 94 1,142
136 1,774 149.1 80 195 3.186 8.448 1.08 956
187 1,774 117.4 36 192 3.047 2.882 95 914
X 1,934 1411 472 190.9 8.376 3.329 99 1,013
P N.S. N.S. N.S. | N.8. N.S. |<.005 <.026
Number of|
subjects 8 8 8 8 8 8 8

P—Significance of variation with Pico, (analysis of variance).
NS.—P > .06

26, 82). Glatte (18) reported occurrence in
4 of 7 subjects exposed to 21 mm. Hg Pico,
for 5 days and in 6 out of 7 subjects exposed
to a 80 mm. Hg Pl., environment for the
same period. These occurred in the first
24 hours of exposure and disappeared by the
second day in CO,. The headaches were of a
throbbing nature, aggravated by the recumbent
position and the Valsalva maneuver and were
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probably due to cerebral vascular dilation.
Measurements of cerebral vascular dynamics
during hypercapnia by others support this con-
cept. Patterson et al. (23) found a significant
decrease in cerebral vascular resistance and a
10% increase in cerebral blood flow in subjects
bres.hing Plco, of 24.6 mm. Hg. In the
present study, the added factor of exercise and
sudden (rather than grdual) exposure to CO,






exercise period at the two-thirds workload in
30 mm. Hg Ploo While the VE level is only
50% of the subJecta' MVYV, it should be remem-
bered that the MVV test usually is performed
over only a 20-second period. Freedman (11)
has stated that, after 4 minutes of hyperventila-
tion, the maximum VE is only 61% of the
15-second MVV. In a recent study on MVV
during exercise, Shephard (29) reported that,
while working at 80% of aerobic work capacity
and simultaneously undergoing hypercapnic
hyperventilation of 2% CO, men attained,
on the average, only 80%, 74%, and 75% of
MVYV in the 6th, 10th, and 16th minute of
exercise, respectively. In addition, the mechan-
ics of breathing while exercising on a bicycle
have been found to be altered from the normal
gituation, even if the exercise is carried out
in an ambient environment (15). Normally,
abdominal muscle excursion (diaphragmatic
component) does contribute a small part at end
inspiration to increasing one's tidal volume;
the major contribution i3 made by rib-cage ex-
pansion. Grimby (15) found that, while ex-
ercising on a bicycle, abdominal component at
end-inspiration may actually decrease, thereby
placing added burden on rib-cage expansion to
account solely for the increased VT of exercise.
Dripps and Comroe (9) reported their subjects
attained, on the average, only 66% of their
MVV while performing strenuous muscular ex-
ercise on a stationary bicycle. How these find-
ings are affected by the added stress of
hypercapnia is not known, but it appears that
some limitation on further tidal volume in-
creases was present in our subjects during the
two-thirds exercise level in 30 mm. Hg Plco,.
This limitation may have led to the drop in
Vco, observed.

The fall in CO, respiratory exchange (\.’co.,)
with progressive rise in inspired CO, levels
caused a rise in CO, body stores. Since the
respiratory system is the chief organ of CO,
excretion, this buildup in stores does represent
a failure of fully adequate ventilation., 1t
should be understood that the drop in Vco.
in the face of rising Paco. is not a drop in
production by the tissues, but a decrease in
the amount which leaves the body. Fall in Vco.
with increasing Pl has also been observed
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by Finkelstein et al. (unpublished data) in ex-
posures of men in 0 and 16 mm. Hg Plg,.
Sinclair et al. (manuscript in preparation)
studied dogs exercising on a treadmill in 0, 15,
30, 42, and 56 mm. Hg Plco, and found a pro-
gressive decrease in VCO; from 40 to 29 cc./ kg.
bedy weight. The explanation of why a higher
level of ventilation (100 liters/min.) in 30 mm.
Hg Pico, would be inadequate to prevent body
CO; buildup while a lower ventilation (75 liters/
min.) in air would be fully adequate may be
found if the alveolar-inspired gradient for CQO,
is examined. In the ambient atmosphere of
0.03% CO,, the lungs operate under a 38 to
42 mm. Hg Pco, alveolar-inspired gradient.
PAC‘,,., is dependent upon .the CO, production
and alveolar ventilation (VA) as described by
Otis (22):

463 Vco,
PACO? - Va

+ le_ (1)

A constant Vco, of 250 ce./min. STPD and a
VA of 5.5 liters/min. BTPS will maintain the
Paco, at 40 mm. Eg. The mportance of the
alveolar-inspired CO, gradient is shown in the
relationship of Kao et al. (19).

(PAo, = Picy )VE = Vco,(V1/Va) 863 (2)

Assuming a constant for the tidal volume/
alveolar volume ratio (VT/VA),* the relation-
ship between the gradient and VE is desribed
by an isometabolic hyperbola (19). If a de-
crease in the gradient is not accompamed by an
appropriate inerease in VE, Vco, will decrease
proportionally. During hypercapnic breathing
at the 30 mm. Hg Pico, levels, the normal
alveolar-inspired gradient of 38 mm. Hg is
reduced to 16 mm. Hg during rest and to
26 mm. Hg during exercise (fig. 1). Therefore,
a liter of alveolar ventilation is not as effective
in removing CO, and body stores increase.
Bullard (6) asserted that during heavy ex-
ercise with VCO. of 3.5 liters/min.,, a VE of
88 liters/min. ie sufficient to keep Pco. at
40 mm. Hg in normocapnic atmospheres. Dis-
proportionately higher ventilations are needed

‘It has been found that Vr/Va will slightly decremse during
excrcise (1) and hypercapnic hyperventilation (28) since the rise
in dead apace in always proportionally smaller than the rise in
tidal velume (VT).
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