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OPERATIONAL APPLICATION

This work is part of a study todetermine oxygen consumption
and carbon dioxide excretion at different partial pressure of oxygen,
undertaken to better the understanding of oxygen toxicity, Results
provide an answer to the long~discussed question as to (1) whether
oxygen consumption is decreased at low partial pressures, and if so,
{2) whether the decrease is commensurate with the decrease of
partial pressure, There was found 2 transient initial decrease in
oxygen uptake correlated with the decreased partial pressure of
oxygen (altitude), following which there was observed either an in-
crease in oxygen consurmption, in the case of a group of sedentary
technicians, or development of a large oxygen debt among a2 group of
**skin divers'’, Data revealed two distinct patterns of response to
low oxygen: a high ventilation response in sedentary workers and a
low ventilation response in *‘skin divers'’, On the basis of observed
varying reactions to low oxygen, contrary reports in the literature
can be explained,

This study appears to provide afunctional test of instructors
at the Escape Training Tank, Four or five instructors at the Escape
Training Tank who volunteered as subjects in these experiments
belonged to the low ventilation group. A iMedical ResearchAssistant,
who was inexcellent physical condition, also showed a low ventilation
response, The high ventilation group consisted of five laboratory
personnel and one instructor at the Escape Training Tank, Since ex~
posure to low oxygen is one of the important stresses of extended
breathholding, as encountered by instructors at the Escape Training
Tank, the findings suggest that there might be a state of acclimatiza-
tion to the stress of skin diving or breathholding, The efficiency of
the instructors as skin divers was related to the ability to accept a
large oxygen debt and make better utilization of available oxygen with
a minimal increase of pulmonary ventilation,
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ABSTRACT

Eleven subjects were studied during 33 minute periods while
breathing air, 10.5% O, in N, and again breathing air, The average
response to 10,5% O, was an increase in respiratory volume due to
an increased tidal volume, a decrease in arterial oxygen saturztion
and an increase of the pulse rate of the same order of magnitude as
the increase in respiratory minute volume., The average oxygen
consumption showed a significant initial decrease and then returned
to essentially basal values followed by a marked increase in the
first part of the recovery period, The CO2 excretion was significant-
ly increased throughout the exposure period and significantly de-
creased after the 11th minute ofthe recovery period, The respiratory
quotient was increased throughout the exposure periodand decreased
throughout the recovery period,

A group of five subjects was differentiated by their low
2 and their ability to
mzke better utilization of available oxygen and to accept a large

respiratory minute volume response to 10.5% O
oxygen debt, An attempt was made to separate the decrease in O2

uptake due to decrease in hemoglobin oxygen saturation from the
oxygen debt,
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INTRODUCTION

The experiments described here were part of a study to
determine oxygen consumption and carbon dioxide excretion at dif-
ferent partial pressures of oxygen, The reported experimental find-
ings dealing with this subject are far from consistent, Gesell, et al
(1) found in the animal during acute hypoxia an increase in oxygen up-
take after a short transient decrease. For human subjects the data
in the literature show considerable variation, Benzinger (2), Ruehl
and Kuehn (3) observed increased oxygen uptake, whereas Opitz and
Tilmann (4) found reduced oxygen uptake, Jouck (5) confirmed, in
general, with a limited number of human subjects, the curve of oxy-
gen uptake during acute hypoxia which Gesell had established in
animal experiments, Cook (6) found 2 7 to 15% decrease in oxygen
consumption at 30,000 feet, Nims and Olmsted (7) in measurements
on ten subjects for 30 minutes, preflight, at 30,000 feet, and post-
flight, were unable to confirm the results of Cook, The inconsistency
of the resuits of these studies may be explained on the basis of dif-
ferent durations of the experimental periods and on the influence of
high room temperature and humidity in the experiments of Nims and
Olmeted, An initial decrease in oxygen uptake, which is most fre-
quently reported, is to be expected from the initial decrease of the
O, alveolar-poz venous gradient upon breathing a gas with a lower
partial pressure of oxygen and the reduction in oxygen uptake of the
blood due to the lower arterial oxygen saturation, We were interested
to determine the duration and extent of the diminished oxygen uptake
and the subsequent increased oxygen uptake, The experiments should
furnish us also more complete data concerning the average physio~
logical response to hypoxia under basal conditions and constant room
temperature in the range of 23.25°C,

MATERIALS AND METHODS

Our subjects comprised eleven naval and civil service per-
sonnel with ages ranging from 27 to 40, Subjects I through V were
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laboratory personnel, ages 35 to 40, engaged in sedentary activities,
Subjects VI through {, ages 27 to 37, were instructors at the Escape
Training Tank at the Submarine Base, New London, Conn, These
men engaged in ‘*skin'’ diving involving repeated breathholding and
exposures to submersion in water or to air pressures as high as 4
atm, abs, almost daily, five days a week, Subject XI was a hospital
corpsman, a Medical Research Assistant of the laboratory group, a
qualified first class deep sea diver in excellent physical condition
but who during this period was not engaged in diving work, Physical
data for the subjects are shown in Table 1.

Each subject reported in the morning under basal conditions
(14 hours without food)and rested on a bed for 45 minutes before the
experiment began, Comfort was assurec during the experimental
period. The subject was required to breathe, while in the supine
position, from an open spirometer system through a flanged mouth-
piece for (a) an initial period of 33 minutes on room air, followed by
(b) 33 minutes on a mixture of 10,5% oxygen in nitrogen, and finally
(c) & recovery period of 33 minutes on room air,

Two trials were conducted on each subject; the time interval
between trials was several months, As to the apparatus and gases
used, the gas mixtures were prepared in 1.6 cu, ft, gas bottles which
were connected for use to a 5-liter spirometer, From this spirometer
the gases were inhaled through a demand valve and the respiratory
rate recorded. Four Douglas bags were attached to a manifold lead-
ing from the respiratory valve and the expired gases were measured
during the following time periods: From 0'15''-5'15'*,5'30''-11'30"",
11'45''-17'45"", 18-23', and 23'15''-33'15"", The expiratory limb of
the system, including the valves of the Dowuglas bags, required 15
seconds to flush out the dead space between samples,

The respiratory valve was equipped with an automatic alveolar
gas sampling device (Rahn, et al (8)), Gas collected at the end of a
norrnal exhelationwas accumulated over a seriesof expirations dur-
ing the last three minutes of exposure to air or low oxygen and
analyzed with the Haldane apparatus, The expired gas collected in
Douglas bags was corrected for volume and content of the portion

80



removed by the automatic sampling device, Measurements on the
following physiological variables were obtained:
a2, Pulse count, radial, 2 minute intervals,

b, Ventilation volume by one minute interval reading
of the spirometer andfor 5,6 and 10 minute periods
by measuring the contents of.the Dguglas bags.,

c. Arterial oxygen saturation, oximeter (Millikan-
Coleman modification), 2 minute interval,

d. Respiratory rate, continuously recorded,

e. Respiratory tidal volume, computed from (b) and
(d) after correcting ventilation volume to B,T.F.S.
(Body Temperature and Pressure, Saturated),

f. Alveolar gas samples at the end of 33 minute
periods of room air, of 10.5% O, and again of
room air,

g. Inspired COZ and O, concentrations at the end of
30 minutes by sampaing from the mouthpiece,

h, Expired COz and O, concentrations from Douglas
bags at intérvals of 0'15''.5'15"", 5'30"*-11'30"",
11'45'*-17'45'", 18-23', 23°15'°=33"15"" (15 second
intervals for flushing manifold),

i, Blood pressure at 5 minute intervals during ex-
posure to low O, (in the second trial only).

The volume of the expired air in the Douglas bags was mea-
sured in a spirometer, Gae samples were taken from the Douglas
bags in glass tonometers over mercury, flushing the sample twice
after first rinsing the nitrometer tube connector of the bag. Gas
analyses induplicate were made with the Haldane apparatus, Inspired
air volume was corrected for differences in nitrogen concentrations
between explred and inspired air,

In the first five experiments of the first trial, the expired
gases were measured with a Tissot spirometer at minute intervals,
These data were converted to values which could be compared with
the values for the longer time periods used in the Douglas bag ex-
periments, Difficulty in adequately flushing the spirometer prevented
the collection of oxygen consumption data throughout the whole expo-
sure period for five subjects in the first trial series, The remaining
six subjects were tested in the first trial with the Douglas bag tech-
nic, The data were in every way comparable to that of the second
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trial. Consequently, the data for oxygen consumption are taken from

the second trial,

RESULTS

1. The Average Physiological Response to 10,5% Oxygen in Nitrogen
for 11 Subjects.
a, Respiration and Circulation (Tables 2 and 3),

Tables 2-A and 2-B show the average respiratory and
circulatory changes producedby breathing 10.5% oxygen for a period
of 33 minutes in two trials, An inspection of the data in section A of
these tables reveals in both trials a significant increase in respira-
tory minute volume, This is due to an increase in tidal volume (sec-
tion C), The respiratory rate shows no significant change (section
B). There was a significant increase in pulse rate and fall in oxygen
saturation in both trials, as will be seen in sections D and E of the
tables, In the second trial systolic blood pressure determinations
were added to the observations., A significant increase in systolic
blood pressure from 0-11 minutes and a significant decrease from
the 23d minute of the exposure over into the 0-5 minute portion of
the recovery period were noted, During the recovery period of the
first trial the respiratory minute volume, respiratory rate, oxygen
saturation and pulse rate showed a definite counter movement to that
change which occurred during the stress of hypoxia (see sections A,
B,D,E). Early in the recovery period the respiratory minute volume
and respiratory rate fell below the initial resting values, Later, the
pulse rate decreased below and oxygen saturation reached a level
above their respective initial values, During the second trial the
results showed the same trends but the values were spread over a
wider range, The average respiratory minute volume and average
pulse rate for both trials are presented in Table 3, expressed in
percentage of basic values for each time interval duringthe exposure
to 10.5% oxygen and the subsequent recovery period while breathing

air,
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Measures of test-retestreliability were obtainedby correlat-
ing the average respiratory minute volume for a specific time interval
of the first and second trials (r = ,763), Similarly, the reliability
coefficient for the average pulse rate was r = ,74, These are fairly
high for physiological data,

b, OxygenConsumption and CarbonDioxide Excretion (Table
4),

Average values of oxygen consumption are less by a sta-
tistically significant amount during the first two time periods, 0-5
and 5-11 minutes, of the exposure to 10,5% oxygen, However, during
the subsequent periods (11-33 minutes) there were no significant
deviations from bﬁsic values, In the recovery period, while breathing
air,there was a markedly greater oxygen uptake during the first five
minutes, The periods 5-33 minutes showed no statistically signifi-
cant rise over basic values, In order to make a comparison between
this and other reports, both the observed and the percentage values
are given in Table 4, Carbon dioxide excretion was greater by a
statistically significant amount in every time period during the ex-
posure to 10,5% oxygen (Table 4), During the recovery period the
absolute values of carbon dioxide excretion were less, On a per~-
centage basis the diminution was statistically significant during all
time periods other than the 5-11 minute interval in the recovery
phase.

c. Respiratory Quotient (Table 5),

The average respiratoryquotient of the expired air during
the basic state prior to exposure was ,84 which agrees well with
basic values in the literature (9), During each time interval of the
exposure to 10,5% oxygen the respiratory quotient was significantly
greater than ,84, During each time interval of the recovery phase
the respiratory quotient was significantly less than .84, Itis of
interest to ncte that in neither instance did the respiratory guotient
return to the bacic value within the 33 minute period,

d, Alveolar Carbon Dioxide and Oxygen Tensions (Table 6),

Values of alveolar gas tensions at the end of 33 minutes
exposure to air and low oxygen are given in Table 6, The alveolar
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air samples were collected over short time periods during the course
of the experiments, The resulting data probably furnish a gross ap-
proximation of what wouldbe obtainec had the collection periods been
longer, Considering the differences between the Haldane-Priestly
method and the automatic sampling method these data well fit the
comparable curves in the Handbook of Respiratory Data (10),
2, Differences in the Physiological Response to Low Oxygen,
a. Respiratory Minute Volume (Table 7).,

Inspection of the data for respiratory minute volume
during the exposure period for all subjects for both trials permitted
the differentiation of the subjects into a highand low ventilation group,
Each of the six subjects thus placed in Group A showed in each trial
in each time period a ventilatory response in the range of 140-184%
{basic values = 100%), Each of the five subjects in Group B showed
in each trial in each time period a ventilatory response in the range
of 118-135%, As shown in Table 7, the respiratory minute volume
during exposure to low oxygen is significantly different between the
two groups, from the 18th to 33d minute in the first trial and from
the 11th to the 33d minute in the second trial. Comparing the first
and second trials for each group separately, it can be seen that the
respiratory response to low oxygen is very consistent, The test-
retest reliability for Group A was r = ,75; for Group B, r = .81,
Although the respiratory minute volume showed a significant differ-
ence between the two groups, no such difference could be shown for
either the tidal volume or the respiratory rate because of the indi-
vidual variations,

b, OxygenRemoval andArterial OxygenSaturation (Table 8),

We should expect to find in the low ventilation group a
larger oxygen removal from the inspired air into the blood, and a
lower alveolar pO, and higher alveolar pCOZ. and a lower arterial
oxygen saturation, As shown in Table 8, the maximum value of oxy-
gen removal in any time period was larger in the low ventilation
group, while in three out of four cases* of this group the maximum

#* During the run with the 5th subject of this groupthe oximeter failed,
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drop in arterial oxygen saturation reachedlower levels than the high
ventilation group., The differences in the first trial were significant,
while the differences in the second were not significant, In the first
trialat the end of 33 minutes exposure to 10,5% O,,the mean arterial
oxygen saturation of the low ventilation group was 63,8 + 4,1 compared
with 74,7 + 2,4 of the high ventilation group(significantly different at
the ,01 level), In the second trial the values were 68,8 and 74,2 (not
significantly different),
c. Alveolar pCOZ and poz.

The alveolar air samples did not show a significant dif-
ference between the two groups as had been anticipated, a finding
which may have been obscured by our inability to employ continuous
recording of alveolar air content,

d, Oxygen Debt and Compernsatory Uptake Resulting from
Exposure to 10,5% O, inN, (Table 9).

The oxygen debt was calculated from determination of
the difference in oxygen uptake while breathing 21% and 10,5% 02’
The oxygen debt accepted during 33 minutes exposure to 10.5% oxy-
gen was significantly greater for the low ventilation group (Table 9).
The oxygen balance at the end of the exposure period was in deficit
by a significantly greater amount for Group B (low ventilation), The
final oxygen balance at the end of the recovery period was negative
in two cases of the low ventilation group, or showed relatively small
positive values compared with the high ventilation group. If subject
5 (case of pulmonary emphysema¥*) is excluded from the high venti-
lation group, the difference in final oxygen balance between the two
groups becomes significant,

e. Blood Data for Eleven Subjects (Table 10),

Red blood cell counts, hemoglobin and hematocrit values
of the eleven subjects are given in Table 10, In only one case an
exceptionally high red blood cell count and hemoglobin value was
found (6,180,000 and 16,0 gr, Hg.) which would explain the high value
of oxygenremoval andlarge drop inarterial oxygen saturation during

¥ During the test this subject revealed a defective respiratory gas
exchange, Clinical examination confirmed a pulmonary emphysema,
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the exposure to 10.5% O, in N, for this subject, Eetween the two
groups there was no significant difference,
f, Pulse Rate and Blood Pressure,

Pulse rate and blood pressure did not show definite dif-
ferences between the two groups, Test-retest reliability for Group
A was found to be r = ,65; for Group B, r = .85,

Figures 1 and 2 show in a typical way the course of the
oxygen consumption and respiratory minute volume for a represen-
tative subject from the low and high ventilation groups. These per-
mit visualization of the basis for differentiation of the two groups,
Those with the low respiratory minute volume response accumulate
the larger oxygen debt and vice versa.

DISCUSSION

The average increase in respiratory minute volume during
the first eleven minutes of exposure to 10.5% O, was 1.3 1./min,
for the first trial and 1,96 1,/min, for the second trial, These find-
ings are comparable to values of Dripps and Comroe (11) who found
an average increase of 1,3 1,/min, for 6-8 minutes exposure to 10%
02’ Reference to Table 3 shows that the respiratory minute volume
was increased by slightly over 30% (approximately 2 liters/min, in
the later time periods.) In both trials the respiration rate showed
no significant variation from basic values in any time period. The
significantincrease inrespiratory minute volume is therefore princi-
pally a functionof increasedtidal volurne (Tables 2-A and 2-B), This
is inaccord with the findings of Smith(12) and in contrast to Margaria
and Talenti (13) and Benzinger (14) who attribute the increase in
respiratory minute volume to a combination of increased rate and
increzsed tidal volume,

After having reached a stable level the average increase in
pulse rate was 32% increase inthe first trial and a 28% in the second
trial, These values may be fitted tc the curve of the effect of in-
halation of various low oxygen mixtures on pulse rate published by
Dripps and Comroe (Fig, 2, ref, (11)).
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The oximeter readings of arterial blood saturation became
stable at 24-25% below basic values from the 11lth minute on in the
first trial and at 23% below basic values during the period from the
16th minute on in the second trial, These are in close agreement
with the comparable observations of Cripps and Comroe (11),
During a recovery period equal in length to the exposure, the
expected counter movements of the observed respiratory and circu-
latory factors occurred at different time intervals, They were quite
clear in the first trial but not so obvious in the second, Presumably
those counter movements are due to the tonic activity of the chemo-
receptors, Dripps and Comroe emphasize that the response of the
circulatory system to low oxygen differed markedly from theres-
piratory response considering both their respective thresholds and
the magnitudes of response, Here, at 10,5% Oz in Nz the magnitude
of response expressed inpercent of basic valuesis of the same order
for both (approximately 30%, Table 3), These two functions show the
stimulating effect of the low oxygen throughout the exposure period,
Cn the other hand, the systolic blood pressure was first increased
and later fell below basic values, both changes being significant,
This depression of the systolic blooc¢ pressure in the later portion
of the exposure may be a manifestation of hypoxic effect on the
vasomotor centers,
‘ In our studies, the exposure time of 33 minutes was long

enough to approach a steady state, Stable levels in arterial oxygen
saturation, respiratory minute volume and pulse rate were reached
during this time, These values were reproducible, Average oxygen
uptake was reduced 30% during the first five minutes and 6% in the
time period from 5 to 11 minutes (Table 4), Converting this to ab-
solute values, we have:

Mean basic oxygen uptake = 230 m1,/min,

Then ,30 x 230 :2 5 = 345 m1,
06 x230x6 = 82,8 ml,
Total 227.8

Thus, during the first 11 minutes of the exposure period, the average
oxygenuptake for all subjects was 428 m1l,less than the basic resting
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oxygen uptake for the sarne period, Might this be attributed to
changes in the arterial oxygen saturation? To answer this question
Professor Rahn suggested the following calculation:

‘‘Let A 1 = Arterial O, content breathing air ml,/liter
A 2 = Arterial O, content breathing 10.5% Ozml./liter
Let V 1 = Venous O, content breathing air m1l,/liter

V 2 = Venous O, content breathing 10.5% O, ml,/liter
Let X = the arterial blood volume
Y = the venous blood volume
X+ Y = Total circulating blood volume
Then on going from air to 10,5% O, there would be a reduction in O,
consumption equal to:
Reduction in O, uptake = (A 1 -A 2)X+(V1-V2)Y (1)

If the A-V difference is unaltered onbreathing 10.5% O, (which is not
too likely, but it may not be altered much during rest) then the equa-
tion can be simplified as follows:

Reduction in O, uptake = (A1-A2)(X+Y) (2)

Substituting o values of 25% drop in Hboz('l'ables 2-A and 2-B)and
convertingto m1l./liter while breathing 10,5% Oz and assuming a total
circulatingblocd volume of 7liters, we thenhave (200-150) 7 = 350 cc.)
In addition there must be a reduction in physically dissolved oxygen
in tissue fluids, Using the mean capillery pOz as an index of mean
tissue pO, tensinn, this value would not change more than 20 or 30
mm, Hg, upon geing tc 10,5% 0, from air, Therefore, assuming a 30
mm, Hg, drop in this factor, with a solubility factor of 0,02 for o, in
all tissues, this would yield an additional 70 cc. of O, by which the
O, uptake would be reduced (calculated for 70 kg, man).'’

These at best are only approximations but they come close to
the average observed values (420 cc, calculated, 428 cc, observed),
What does that mean? The average oxygen debt observed during
exposure to 10,5% O, can be explained by the decreased O, uptake of
the blood occurring on going from air to 10,5% 0, (called blood fac=
tor hereafter). This oxygen debt, better called oxygen deficit, can
be met by the oxygen reserves of the organism, Using the normal
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values of O, contentfor arterial and venousblood reportedby Sunder-
man and Boerner (15), and assuming a total blood volume of 7 liters,
the O, content of the total blood would be 1137 cc. The myoglobin
content estimated as hemoglobin (500 mgr, myoglobin per 100 gm,
wet muscle cited by Sunderman and Boerner) would yield additional
188 cc, 0Z for an average muscle weight of 28 kg, Total oxygen
reserves would then be 1325 cc, This quantity of oxygen cannot
entirely be utilized by the organism, but is certainly sufficient to
meet the average oxygen deficit of 428 cc, This average oxygen
deficit accepted during exposure to 10,5% O, is different from the
classical ‘‘oxypgen debt'’' of A, V, Hill, There the energy requirement
cannot be met by the concurrent oxidation energy productoin, From
the 11th minute on, the respiratory and circulatory response to the
low oxygen reach a constant level, and the average oxygen consump-
tion does not show significant change, It is interesting to note that
a 25% drop of the arterial oxygen saturation, which expresses the
reduction of the oxygen uptake of the blood, is quantitatively compen~
sated by a2 30% increase in ventilation and a 28-30% increase in pulse
rate, Increased oxygen supply to the zlveoliand increased transpor-
tation of the blood are closely correlated to overcome the reduction
in the O, uptake of the blood imposedby the low oxygentension in the
inspired gas,

InTable 9, the oxygendebt accepted during the whole exposure
to 10,5% OZ is listed for each subject, Most of the valuesare of such
en order that it is possible to relate the oxygen debt to the reduction
in O2 uptake of the blood occurring on going from air to low oxygen
(blood factor), In four out of five subjects in the low ventilation
group the 0z debt is over 1000 cc. The low ventilation group shows
a greater oxygen removal from the inspired gas and in most cases a
lower arterial oxygen saturation., If we use a 30% decrease In
arterial oxygen saturation instead of 25%%* in the previous calculations
the calculated oxygen uptake would be 490 mli, rather than 420 ml,

¥ Average drop of HbO
second trial for the low
posure to low 02.

was 31% in the first trial and 27% in the

vaﬂlation group at the end of 33 min, ex-

89



The better utilization of available oxygen by the low ventilation group
still will not explain the large (over 1000 ml,) oxygen debts, The
oxygen stores of the organism (1325 cc,), which can only be utilized
to a certain degree, will not be sufficient to meet these larger oxy-
gen debts (in one case, 1562 ce¢,). Consequently, it seems reasonable
to assume that in four of the five subjects in this group a reduction
of tissue oxidation must have occurred, Under similar conditions,
exposure to 7,5% O, for a period of 40 minutes, Jouck (5) found oxy-
gen debts over 1000 cc, in the first minutes of the exposure to low
oxygen followed by a compensatory increase in O, uptake during the
later time intervals on low oxygen., Most of our subjects from the
low ventilation group accumulated their large oxygen deficits, over
1000 cc,, during more extended time periods of the exposure to 10,5%
0, (Subjects VIII and XI throughout the 33 minutes of exposure and
Subjects IX and X over 23 minutes). In the last time interval, 23-33
minutes, Subject IX reached the basic level (100,3% ), whereas Sub-
ject X had a slightly increased O, uptake of 110.4% compared with
baslc values.,

These four subjects reach o stable level of ventilatory and
circulatory response after the 11th minute but continue to accumulate
an oxygen debt as exposure to low oxygen proceeds, They do not
compensate for the reduced oxygen uptake by an adequate increase
in ventilation or pulse rate, f’rom the 11th minute of exposure the
subjects of the high ventilation group reach the basic level in O, up-
take or show a compensatory increase in Oz uptake, When the values
of oxygen uptake of the two groups from the 1lth minute on are com-
bined, the average does not demonstrate a difference from the basic
oxygen uptake. In one case (Subject VII) the oxygen debt was 1562
m1l, and at the end of the recovery period aftcr 33 minutes breathing
air was still over 1000 ml, (Table 9), This same subject showed
similar trends in a separate experiment breathing 15% OZ’ While
breathing 15% O, for 33 minutes he accepted an oxygen debt of 930
ml, and at the end of a 33 minute recovery period breathing air it
was still 430 m1, This indicates that the reduction of the oxidation
is still effective in the recovery period on air followingthe exposure
to low oxygen and that a shift to anaerobic energy yielding processes
might have occurred,
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We proceed to a clinical examination of each case listed in
Table §, Subjects I through III in the high ventilation group are all
laboratory personnel. They show comparatively low values in maxi-
mum oxygen removal from inspired air, and a drop in oxygen satu-
ration and oxygen debt, which is to be expected in association with a
high ventilation response, Subject IV (laboratory personnel) has the
lowest maximal ventilation in this group and a correspondingly large
oxygen removal from inspired air and low oxygen saturation, These
values place him at the borderline of the high and low ventilation
group, They are explained by an exceptionally high red blood cell
count and hemoglobin value (Table 10), The blood can therefore take

up more oxygen from a given amount in the inspired gas, With this
higher utilization of O, associated with a moderate increase in
ventilation, the need for oxygen is satisfied, He shows only a small
sized oxygen debt, which could be correlated with the blood factor
mentioned above, Subject V (laboratory personnel) shows two find-

ings which, at a glance, cannot be correlated: (1) a very high ven-
tilatory response, and (2) a large oxygen debt, On the other hand,
his oxygen removal is the lowest measured from all subjects, This
combination of findings would suggest a delay in the passage of OZ
through the alveolar wall, This explanation is supported by a long
time 1lag in the oximeter response in going from air tolow oxygen
and by a delay in nitrogen elimination while breathing 100% oxygen
over a period of 33 minutes. The relatively large oxygen debt in
this case must therefore be related to a delayed passage of oxygen
through the alveolar wall rather than to a restriction of oxidation
processes in the tissues, Subject VI has been an instructor at the
Escape Training Tank for eighteen months, With his high ventilation
response, he differs from the other four instructors belonging to the
low ventilation group. The additional data correspond to the high
ventilation, By observation of this man at work and by his own
comment, it is apparent that he finds the work as an instructor more
strenuous than the others. In skin diving, he cannot go deeper than
50 fect. Of the four instructors remaining, all in the low ventilation
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group, Subject VII shows data asexpected inthe low ventilation group.
He differs from the other three in his relatively small oxygen debt
and his limited ability in skin diving (maximum depth 50 feet), Sub=
jeets VIII through X are recognized as being the most proficient skin
divers being able to reach depths not attainable by other instructors
(100 feet). All show a low respiratory xesponse, a high oxygen
removal from inspired gas and oxygen debts over 1000 cc, The drop
in artexrial oxygen saturation was comparatively large in Subject X,
In the test with Subject IX the oximeter failed but the pretest had
shown a large drop (32%). Subject VIII has a small drop in oxygen
saturation (20%). In this case, where the highest oxygen debt was
found, two mechanisms might be interfering with each other: higher
utilization of available oxygen, and restriction of tissue oxidation,
Subject X{I,belonging to the laboratory personnel, was a qualified deep
sea diver,in excellent physical condition, He showed a physiological
response tolow oxygen similar tothose of the mostefficient instruc~
tors of the Tank,

The data reveal two patterns of response to low oxygen:

1, Ahigh ventilation response associated with comparatively
low utilization by the blood of the oxygen in the inspired gas and a
small oxygen debt (Subjects I, II, lIlI, V and VI)},

2, Alow ventilationresponse associated witha higher degree
of utilization by the blood of the oxygen in the inspired gas and 2
large oxygen debt (Subjects VIII, EX, ¥ and XI),

Between these two patterns of response to low oxygen we
should expect intermediate reactions¥a ssociated with a higher degree
of utilization of the oxygen in the inspired gas by the blood anda
small oxygen debt, The small oxygen debt typical for the high ven-
tilation response to low oxygen can be related to the reduced O, up-
teke of the blood (referred to as blood factor of the O, debt) on going
from air to low oxygen. The large oxygen debt associated with the
low ventilation response to low oxygen represents an oxygen debt in
the classical sense, Reduction of tissue oxidation is likely to occur

# Subject IV and VII, who respectively have a moderate and a low

ventilatory response,
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under these conditions. Opitz (16) found reductions in O_ uptake in
the latter part of exposures to low oxygen correlated with the onset

of critical circulatory disturbances such as vagal bradycardia and
increase in blood pressure, Opitz concluded that the circulatory
disturbance rather than the decrease in O2 tension caused the reduc~
tion in o, uptake, We did not observe circulatory symptoms of that
kind, The decrease iIn systolic blood pressure occurring from the
23d to 33d minute of exposure to 10.5% O, was shown by all subjects.
It does not appear that circulatory disturbances would explain the
larger Oz debt of our low ventilation group.

According to Loeschke (1?)..02 uptake during exposure to
low oxygen can be expected to increase more consistently at room
temperatires above 25°C, and humidity of 70%. He concludes from
these and other findings that the degree of peripheral vascularization
influences the O, uptake during exposure to low oxygen, In our ex-
periments the room temperature was kept at 23-25°C, and the
humidity around 40%, thereby eliminating variations in the degree of
peripheral vascularization produced by different roorntemperatures,

It cantherefore be assumed that the differences in respiratory
rinute volume, oxygen removal and O;3 uptake duringe::posureto low
oxygen represent real differences in the response of the subjects to
lowered oxygen tension,

On the basis of the variable reaction of the organism to low
oxygen as described, one can explain the contrary reports in the
literature of decreased as well as increased oxygen uptake during
exposure to low oxygen., For the first time an attempt was made to
separate (1) the decreased O, uptake related to decreased hemoglobin-
oxygen saturation from (2) the oxygen debt accepted during the ex-
posure to low oxygen. The reduced O, uptake of the blood due to the
diminished hemoglobin~-oxygen saturation is expressedin the average
initial decrease in O, consumption which lasted in our experiments
for 11 minutes, and in Jouck's similar experiments, in some cases,
for 16 minutes, This initial decreasz in O consumption should
parallel the drop in hemoglobin~oxygen sat&ration which in turn
parallels decrease in oxygen tension.
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The low ventilation response associated with a large oxygen
debt was shown for three instructors from the Tank and one subject
considered to be in a well trained and good physical condition., What
does the latter have in common with the other subjects? Physical
exercise and skin diving impose a similar stress, The stress in
exercise can be described as an exposure to metabolites, to low
oxygen and high COZ' Training is a state of acclimatization to these
factors, The stress in skin diving with extended periods of breath-
holding is exposure to low oxygen and high COZ' Schneider and
Karpovich (18) and Ranke (19) report that a trained athlete responds
to exercise with a lower respiratory minute volume, a higher degree
of utilization of O2 in the inspired air, and acceptance of a larger
oxygen debt than the untrained. Karpovich and LeMaistre (20) ex-~
press the opinion that the ability to accept an oxygen debt may be
increased by training, Lower respiratory minute volume, a higher
degree of utilization of Oz in the inspired gas and acceptance of a
larger oxygen debt also are the features of the response to low oxy-
gen of the most efficient skin divers and a trained subject. These
facts suggest that there might be a state of acclimatization to the
stress of skin diving (or breathholding) which is similar to the
trained state (acclimatization to exercise).

SUMMARY

1. Exposureto 10,5% O, in N, for 33 minutes under basal conditions
after a preliminary test period of 33 minutes breathing air in two
trials on eleven subjects gave the following results;

a, Approximately 30% increase in respiratory minute volume
associated with increased tidal volume,

b, No significant increase in respiration rate,

¢. A 23-25% drop in arterial oxygen saturation after the 11th
minute of the exposure,

d. An increase of the pulse rate which amounts to approximately
30% inthe firsttrial and approximately 28% in the second trial,
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4,

The average oxygen consumption of eleven subjects during ex-
posure to 10,5% 0z in NZ for 33 minutes decreased until the 11th
minute of exposure and then stabilized atessentially a basic level,
The following recovery period showed a significant increase of
average O, consumption only during the first five minutes,

The average COZ excretion was significantlyincreased during the
entire 33 minutes of exposure to 10,5% O,in N, In the following
recovery period on air the GOz excretion was significantly de-
creased from the 11th through the 33d minute,

The respiratory quotient did not return to basic values during a
33 minute period of exposure to 10,5% O, in Nz nor in the follow-
ing 33 minute recovery period breathing air.

A group of subjects with a high ventilation response to 10.5% o,
in N, was differentiated from a group with a low ventilation
response, The iocw ventilation group shows a larger oxygen removal
from the inspired gas and a larger oxygen debt, Most of the sub-
jects of this grovp had a lower arterial oxygen saturation, An
attempt was made to separate the decrease in O, uptake due to the
decrease in hemoglobin-oxygen saturation from the oxygen debt,
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10,

11,
12,

13,
14,
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17.
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TABLE 1
DESCRIPTION OF SUBJZCTS

ourtace
Area
Weight Height | Height | (square
Subject | Age | (1bs.) | (inches) ] (em.) meters)
GROUP A
I 36 190 3 185 2.10
1I 37| 181 70% 179 2.01
111 39 | 152 66 168 1.76
IV 35 | 186 67 170 1.95
v 40 | 150 70 178 1.84
VI 27 94 69 175 2.04
GROUP B
VII 37| 165 683 17 1.88
VIl 28| 185 72 183 2.05
X 29| 180 70% 179 2.00
X 35 205 72 183 2.15
X1 271 170 70 178 1.95
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TABLE 6

AVZRAGE ALVEOLAR pCOp AND pOp AFTER BREATHING AIR,
10.5% 0,, AND AIR OVR A RIOD OF 33 MINUTES
(SAMPLE TAKEN AT 33 MINUTZS ZXPRESSED IN mm.Hg.)

(11 SUBJECTS)
AIR AIR
(Basic | 10.5% O | Recovery
Values) | in N, Period
(FIRST TRIAL)
Alveolar pCO, !
M 37.50 31.83 35.60
Sigmal 2.52 3.22 2.99
Alveolar pO,
M 106.99 L3.47 107.55
Sigma L34 5.52 6.25
(SECOND TRIAL)
Alveolar pCOy
M 37.8 32.01 36.1
Sigma] 2.0 2.8 2.9
Alveolar pO,
M 108.7 L5.2 110.,0
Sigma| 2.8 4.3 4.53
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TABLE 9

OXYGEN DEBT AND COMPENSATORY UPTAKE
RESULTING FROM EXPOSURE TO 10.5% Op

Recovery Period|
10.5% 05 Ixposure Breathing Air
0p Balance at 02 Uptake Final
0, Debt §{End of ‘xposure| Above Basic Oz Balance
ml.) (ml.) Values (ml.) (:1.)
GROUP A -395 39 2216 2285
-397 473 619 1092
=204 ~184 755 572
=395 -103 1199 1096
~796 ~796 856 60%
-627 ~207 701 L9l
Mean ~469.00 ~129.67 1062.67 933.90
Sigma 162.40 375.34 560.33 703.05
P .01 01 .8 o1
GROUP B ~-503 -L95 k79 ~16
-1562 ~1562 L89 ~-1073
-1035 -782 1421 639
~1035 ~-1027 1085 58
~1146 -1146 1326 180
liean ~1056.20 -1002.40 960.00 =42.40
Sigma 337.88 357.38 403.81 563.32
P Ol 01 .8 1

# Exclusion of Subject 5 in Group A {case of pulmonary emphysema)
would make the final O balance in Group A significantly differ-
ent from Group B. (Group A: M = 1107; S.D. = 641.5; P = ,05)



TABLE 10

BLOOD DATA FOR 11 SUBJICTS

Hematocrit

Subject | R.B.C. |Hgb. (Grang 20t 2 30!
I 5440 15.5 '! L7 46
II 5.130 1L.5 L2 40
III 5.380 15.5 45 Ly
v 6.180 16.0 48 45
v 5.010 15.0 41 L0
VI 4.910 4.5 L3 41
VI 5.050 15.5 48 46
VIII | 5.230 1.5 L2 39
X 4.810 15.0 L7 L5
X 5.860 16.0 47 L5
XI 5.540 15.5 50 48
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