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COMPOSITION OF ALVEOLAR 1\IR AND RATE QF PULMORARY
VENTILATION DURING LONG ¥XPOSURE TO HIGH ALTITUDE

Richard L. Riley, M.D.?
end L
Charles S. Houston, M.D.

Pros

The School of Aviation Medicine and Research
U, S, Naval Air %*ation, Pensacols, Florida

The composition of alveolar sir during sxposwie to high altitude
is of iinterest because it indicates more accurately tho degree of
hypoxia which t+he subJject experiences than does the composition of
ths amblient or inspired air. For example; a subject breathing air at
& simulated altitude of 16,000 feet may show an a.rterlal oxygen sat-
uration as low as 59% or as high a.g 91%, depending upon the minute
volume of pulmonary ventilation (1 Likewiss, during exposure to a
low oxygen atmosphere, as in the anoxemia test for coronery insuf-
ficiency; the oxygen saturation of the srtsrial blood is dependent
to an Important degres upon the pulmonary ventilation. Pulmonary
ventilation exerts its effect upou the oxygenation of the arterial
blocd primarily by altering the partial pressure of oxygen in the al-
veolar air.

In this paper measuremsnts of alveclar oxygez and carbon dioxide
pressures and rates of pulmonary ventiletion are presentad. The val-
ues were obtainsd during the exposure of Tour healthy subjscts to grad-
ually incressing aimulated eltitudes in & low pressure chsaber during
a thirty-five day peiiod. The experiwental conditions andé detailed
analyses of arterial blood findings have bsen presanted slsewhere(2),

METHOD

s .

Samples of aulyveolar uir were cbtained by the Haldane-Priestley
tecimique from all four subjects every morning et 0630 befors they

Present address; Exeter Clinic, Exeter, K.E,

Present address: Chest Sexvice, Bellevue Hospital, K.Y.C.
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arose from bed, care being takem that the men were as relaxed as
possible. 1he samples were collected at the end of a rapid and
forceful expiration, starting from the normal inspiratory posi-
ticn. They were then tranasferred to mercury sampling tubes and
teken to sea level for analyais by the Haldane method. Above
22,000 feet,the samples were cbtained periodically during a grad-
ual ascent to 29,000 feet over an eight hour period. Though tus
subjects were not basal during this ascent, they were required to
lie dowvn and relax as completely as possible for ten minutes bs-
fore giving the samplas, which were then collected and handled
exactly like the others.

Pulmonary ventilatich was msasured on one of the four sub-
Jects eack day at 0830 ( one and a half hours after breakfast).
The resting subject inhaled from a larges water-sealed spiromvter,
and inspiratory volume was measured each minute for five to ten
minutes. The average of these readings was converted into expir-
atory minute volume by multivlying by the ratio of nitrogen con-
centrations in inspired and expired air. Pulmonary veatilation
was thus =xpressed as expirstory minute volume and was corrscted
both for body temperature, ambient pressure, and saturation with
water vapor (BTPS) and for standard temperature and pressure,
dry (SYPD).

Alveolar ventilation was calculated from the equations

(1) v, s CS020utput ; 00,
v 2
Since no alveolar sample was taken &t the time of the ventilatory
measurements but since arterial blood was drawvn and analyzed di-
ractly for ,CO, at this time (3), the alveclar .CC» was considered
squal to ageria.l pCOp (4), and alveolar % COp wes calculated from
the equation:

(2) Alv % c02 - Arterial PCOQ
Bar. Press. - 4T

Actually the arterial _CO, corresponded closely to the slweolar
pC0o obtaired ea.r...ier %he day from the Haldanu-Priestley sample.

Since ths Haldane-Priestley alveolar air determinations and
the ventilatory measur<aents were not performed simultaneously, the
respiratory quotients at the two times were compared to decide
vhether the ventilation at the two times was approxiamtely the same.
The alveolar respiratory quotient, cslculated from the equation:




(3) AlVo RoQo = Alv' Pcoa -~ mspo pCC2
i.D.SPo p02 had 81Vo POa

was ccmpared to the expired air respira oyy quotient, calculated
in the usual way. Ferguson and Dugal 5) found that when the
alveolar sample was given starting at the end of irspiration as
in the present study, the alveolar respiratory quotient was a
little higher than the expired air respiratory quotient. Our
findings, shown in table 3 and figure 3, were the opposite, pro-
bably because the subjects were less closc to a basal state at
the time of the collection of sxpired air. It is probables,
therefore, that the minute volumes of ventilation when measured,
are a little higher than they would have been if they. had been
measured at the time of ths alveolar sawpling.

RESULTS

The alwvsolar carbon dioxide and oxygen pressures are shown
in teble 1. The individual vslues at each altitude were averaged,
and these average ziveolar pressures ars pl?gyed in figure 1. The
smoothed curves obtained by Helaholz et al. on a large number
of subjects ( acclimatized to 1,000 feet) are shown in broken lines,
and the data reportsd by Sclmeider (7) are shown by single crosses.

In table 2 the rawves of pulmonary ventilation are recorded,
both under standard conditivns (STPD) and under ambient cenditions
(BTPS). Alwsclar ventilation, calculated for standard conditions,
is also shown. In figure 2 these relationships are plotted.

DISCUSSION

One of the principal mechanisms by which tissue O, is sus-
tained during the breathing of & low oxygen atmosphere™ is by the
closer approach of alveclar 02 to the O of the inspired air.

This is accomplished by an ihcFesse ir Ppfilmonary ventilation. At
the seme time alveolar ,COp, approaches more closely ihe pcoa of the
inspired air, i.e. it falls. If carbon dioxide production in the
tissues remains constent, the lowering of alveolar .CO, by increased
ventilation causes & negative COp balance until tissue ,,CO, lavels
off at a lower value. During this tramnsition periecd thes COo output




in the expired air exceeds tissue COp production, and the alveolar
respiratory quotient is higher than the true metabolic respiratory
quotient. When & steady state is re-established at the new level,
COo output in the sxpired air again equals COp production in the
tissues and tho alveolar respiratory auotient equals the metabolic
respiratory quotient.

The alveolar oxygen pressures found in our four subjects
correspond closely to those found by Helmholz et al. in largs num-
bers of subjects exposed to increasing altitude ard also to the less
numercug data of Schneider. Our data do not agree so closely with
the data collected by Fitzgerald in 1913 (8) from residents at high
altitudes { in the Rockius). The values for alveolar ,,CO, corre=
spond closaly with those reported by other investigators for alti-
tudes up to 18,00 feet. Above this altitude both alveolar p002
and alveolar pY2 values become increasingly lower in our men than
in Beimholz's, This finding is strikingly similar to that which
was found by the Mayo Clinic group in coilaboration with the Aero
Medicel Laboratory at Wright Field, when men already acclimatized
to 6,200 feet were taken to higher altitudes (10), The lower values
for both alveolar ,,CO, and alveolar ;0o for our subjecta at altitudes
sbove 18,000 feet were possible because the respiratory quotients were
lower. (These relationships can be deduced from equation 3). The
higher average respiratory quotient in the case of Helmholz's sub-
Jects i3 not surprising since the exposure of these men to high al-
titude was relatively brief and equilibrium conditions were not at-
tained, whereas, due to their longer exposure, our subjects hed at-
tained equilibrium as shown by & nearly basal R. Q.

From figure 2 it is apparent that pulmonary ventilstion (BTPS)
increassd steadily as altitude increased, though there were consid-
erable individual differences. When pulmonary ventilation is expres-
sed in liters per minute (STPD), however, there was little change
with altituds; a findivg in accord with the data of Schneider, and
of Helrholz, and also with those of Barcroft (9) recelculated to
standard conditions, Alveolar ventilation expressed in liters per
minute {STFD} remained almost constant as altitude increased, in-
dicating that approximately ths same numbar of moleculesg of air vere
flushed in and out of the alveoll at all altitudes studied.

The data presented in this report thus confirm earlier indi-
cations that the acclimatized subject has a lower respiratory quo-
tient than the uvnacclimatized., The amount by which ambient venti-
lation increasss at increasing altitudes is variable dbut ie of such
an amount as to maintain on the average a constant level of venti-
lation when reduced to standard ses level ccnditions.
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SUMMARY

(1) Alveolar gas pressures and resting pulmonary ventilation
were repeatedly measured s four subjects were continuously
exposed to increassing altitude in a low pressure chamber during
a thirty-five day pericd.

(2) Average alveolar carbon dioxide and oxygen pressures cor-
respond closely with the data of other observers up to 18,000
feet. Above this point the alveolar COp valuss of our subjects
were lower., Alveolar ,,0o values were also slightly lower than
those reported by Helmhiolz et al, The respiratory quotients of
our partially acclimatized subjects were lower than those of the
subjects of short term exposures. The values reported herein
are probably more representative of the equilibrium state at

any given altitude.

(3) 1In temms of ambient conditions, pulmonary ventilation was
found to increase with increasing altitude. In terms of standard
conditions, hovever, ventilation remained nearly constant at the
altitudes studied. This indicates that roughly the same number
of molecules of oxygen were taken into the lungs during inspira-
tion at altitude as et ses level.
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TABLE ONE

Altitude 3 Alveolar Gas Pressures mm. Hg s Alv.
in s McNutt . Morris : Hertel : Wilkins : Average

Thousand All Subds : R.Q.
Feet tPO2 sPCO2 :PO2 :¢PCO2 :POo 3sPCOp P02 :PCOp :POp :PCOp ¢

*® qo as e

87 42 99

3 98 33 9.5 36 .
84 43

2

4 - 31 95 3 885 36.5
8 586 kW T 3 3 71 32 67 3k

9 5k ho 65 32 33 70 30 63.5 34

3 Al
97
64
65
10 51 36 51 33 gg 31 62 30 55 34
55
50
52
50

1w

11 48 38 59 30 32 63 29 57 32 o
12 46 36 50 32 32 5 28 5.5 32
13 42 36 L4 31 32 61 26 50.5 31
1k 40 3 4 32 29 49 29 45,5 31
15 36 3 Lo 31 L

28 50 26 30

15,5 38 32 38 31 48 27 - - L1 30
16 36 32 - - 43 28 L7 26 42 29
16.5 33 32 39 28 4o 27 49 2k ko 26 .

17 35 30 37 28 W 24 Wy 26 ko 27
17.5 33 29 35 27 ko 25 43 25 38 26.5
18 32 29 35 26 36 26 b1 25 36 26.5
18 33 30 33 28 38 25 39 2k 36 27
18.5 32 - 28 38 25 42 22 46 21 37.5 24

BI3BRBFRIRBRAI 228

19 31 28 31 26 38 22 k2 22 35.5 24.5 .79
19 33 26 3k 25 39 22 .43 20 3T 24 81
19.5 31 28 31 27 36 23 43 22 35 2k .5 82
20 30 28 - - 34 23 38 22 3% 24 .83
20.5 29 26 33 24 3% 22 37T 23 33.5 24 84
21 28 25 31 24 3k 20 - - 31 23 .78
21.5 28 2k 3R 22 33 21 36 21 32 22 81
22 21 22 31 22 33 20 36 19 30 21 .76
20 32 25 3 24 36 22 43 19 36 22.5 .83
20 32 26 35 24 38 22 43 19 371 23 87
21 32 23 33 22 36 19 43 17 36 20 .82
23 30 21 30 20 3k 16 38 16 33 18 B4
2k 28 20 31 18 - - 35 16 31 18 82
25 26 19 30 17 30 15 32 16 29.5 17 .86
26,1 26 17 26 16 30 14 31 1 28 15 .79
2T.4 24 16 25 14 - - - - 2h.5 15 ST
28.15 23 15 24 13 - - - - 23.5 14 .76
29.03 23 13 21 i - - - - 22.5 13.5 .79

29.03 2k 13 22 14 - - - -

20 33 2 3% 2% 371 19 k2 18
s.L. 110 30 128 22 17 28 135 20
8/2 115 29 12k 2% 120 27 135 22

8/ 11k 29 - - - - - .
8/5 108 36 128 25 - - - -
8/T 109 34 - - - - -

68 1k 36 - -




Alv.

Vent.
8.T.P.D,

L/Min.

°
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°
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¢ B.T.P.S.

Min.
Yol. L/Min,

Resp.

¢ S.T.P.D,

TARLE TWO

¢ Resp. Rate :

: per

: Minute

Respiratory Rate and Volume at Increasing
Altitude, Measured Under Resting Conditions.

: SubjJect

¢ Altituds
¢t Thousand

¢ Feot
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TABLE THREE

Relaticnship of Alveolar Respiratory
Quotient (under basal conditions) to
Expired Air Respiratory Quotient (Un-
der resting conditioms).

Date :Altitude : BP-47 ¢ Alv : Aly : Alv ¢ Expir. ¢ Subject
s t 21 H P02 :I’CO2 : R.Q. ¢ R.Q. s

*
*

* 60 %

5 9 104 54 Lo .80 833 MC

6 10 100 51 33 .67 834 MO

T 11 96 58 32 .Bh 828 BE

8 12 92 59 28 .85 898 WI
10 14 84 4o 34 T TTh ). o
1 15 80 4o 31 .78 813 MO
12 15.5 79 48 27 .87 896 HE
13 16 1 g4 26 .87 804 WI
15 17 T3 35 30 .79 805 M
16 17.5 Ti 35 27 5 798 MO
17 18 70 36 26 7 831 HE
18 18 70 39 24 T 798 WI
19 18.5 68 32 28 .78 810 MC
21 19 67 31 26 T2 868 MO
22 16.5 65 36 23 .79 798 HE
23 20 63 38 22 .88 796 wI
25 21 61 28 25 .76 832 MC
26 21.5 59 32 22 .82 879 MO
27 22 58 33 20 .80 850 HE
28 20 63 k3 19 .95 856 wI
29 20 63 32 26 B4 881 MC
30 21 61 33 22 .79 827 MO
31 20 63 HE

i 20 63 42 18 .85 Wi
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