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ABSTRACT
This study is a part of the work which has been done in purpose of investi·
gating the effects of a long term exposure to a lowered barometric pressure in
the 1965-1966 Nagoya university scientific and mountaineering expedition to the
Andes. Changes in breath holding time, Po, and Poo, of the expired air at the
breaking point and alveolar Po, and Pco 2 , pulmonary ventilation and respiratory
frequency were measured in the 14 male subjects during the 22 days of sojourn
at an altitude of 4200 m. Breath holding time and Poo, of the expired air at the
breaking point and alveolar Pee, became increasingly lower during the two weeks
of sojourn. After the 2nd week the breath holding time, P co, level at the breaking point reached the minimum while the alveolar Pco, continued to fall. Pulmo·
nary ventilation and respiratory frequency as well as the alveolar Po, increased
and reached a ceiling during the third week of sojourn. Those rather quick
changes during the first two weeks would indicate an increased sensitivity of the
respiratory center to COz stimulus, but the discrepancy between the change in
breathh olding time and that in alveolar Pco, after the third week of sojourn
was difficult to be interpreted in this paper.

An augumented ventilatory response to COz in the inspired air is one of
the characteristics of acclimatization to high altitude1J 2 l, but the mechanism
for this augumentation in the subjects acclimatized to high altitude is not yet
fully understood. The hypotheses which have been advanced are in referring
to 1) the importance of the lowered blo~d buffer capacity3>, 2) an accentuation
of the centrogenic drive 4> and 3) the presence of an increased sensitivity of
the respiratory center to the chemical stimulus of C0z 1>5>6 >. In the 1965-1966
Nagoya university scientific and mountaineering expedition to the Andes , the
authors had an opportunity to measure the response of the respiratory system
:tK:!:Bt!%1;:1':' *~ ~' ?,t;T:fltll;:;t :Jl![5
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in the subjects at an altitude of 4200 m. With rather simple techniques of
measuring breath holding time and alveolar gas tension, the authors have been
provided to have a conclusion in verifying validity of the hypothesis that the
increased sensitivity of the center to C02 would be an important factor in increasing ventilation in the subjects at high altitude. The results of the ex·
periment and the outline of the expedition will be described in this paper.
METHODS

Fourteen male subjects aged 22-55 years were studied at the base camp
(4200 m above sea level) of Mt. Aconcagua, Argentina. All subjects were
Japanese, members of the Nagoya university scientific and mountaineering
expedition to the Andes. The expedition traveled by ship from Japan to
Valparaiso, Chile and then from Chile to Puente del Inca (2730 m above sea
level) of Argentina by train in one day. The starting point of the expedition
was actually Puente del Inca, where the members stayed for from 5 to 14 days
for preparation and then moved to the base camp by mules in one day. Collection of the data was started immediately after the arrival of the subjects
to the base camp.
In the first day at the base camp after the quick transition from Puente
del Inca, no one complained any symptom of mountain sickness, but all subjects experienced rather severe headache, nausea and weakness after the third
or fourth day of sojourn. Some had very unpleasant Cheyne Stokes type
breathing. This type of respiration was marked at night, and the symptoms
of mountain sickness were most noticeable in the morning. Since the physio·
logical functions as well as the mental activity fluctuated very much in a day,
the time of experiment was fairly strictly controlled to be at the same time
of the day. Some members climbed to further higher altitude, and stayed there
for 1 to several days (at altitudes of 4500 to 7000 m), but any measurement
was carried out at the base camp.
Breath was started to hold at the end of normal expiration and breath
holding time was measured by checking the point of breaking of the voluntary
apnea. When the subjects reached the point not to be able to hold the breath
any more, the air was expired and was collected into a 1 liter rubber bag and
Po, and Poo, of the expired air at the breaking point were measured by Riken
interferometers with an accuracy of ±0.5%. Normal alveolar air was collected
to the bag by expiring rapidly the air at the end of a normal expiration, and
alverlar Po, and P, ~o, were checked by the interferometers. Normally expired
gas was collected into a Douglas bag and pulmonary ventilation, respiratory
frequency, Po, and Poo, of the collected expired air were measured. All those
parameters were measured in the subjects sitting quietly in a tent.
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RESULTS

A characteristic decrease in breath holding time with the lapse of sojourn
was observed in all of the subjects in this expedition (Fig. 1). The mean
breath holding time was 14.0 ± 2.4 seconds at the first day of sojourn. It be·
came increasingly lower in the first two weeks of sojourn. The value, however, reached the minimum at the beginning of the third week of sojourn and
thereafter it was maintained at a constant level with 10.2 ± 1.7 seconds. Pco,
of the expired air at the breaking point (the end breath holding expiratory
air) became also increasingly lower in all of the subjects during the three
weeks of sojourn (Fig. 2). It was 27.0 ± 1.7 mmHg at the first day of sojourn
and 23.0 ± 0.9 mmHg at the end of the three weeks of sojourn, but the rate of
the decrement of the Pco, was much less in the third week than in the previous two weeks. Po, of the end breath holding expiratory air, on the contrary,
increased with the lapse of sojourn. It was 32 5 ± 0.6 mmHg at the first day
of sojourn and 34.5 ± 0.6 mmHg at the end of the three weeks of sojourn.
Alveolar 02 and COz tension changed also characteristically (Fig. 3 ). Alveolar
Po, increased linearly with the lapse of sojourn, and alveolar Poo, decreased
inversely proportionally with the change of the alveolar Po,. Therefore the
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FIG. 2. Changes in alveolar P co, and Po,
FIG. 1. Changes in breath holding time
during the three weeks of sojourn at an alti- at the breaking point during the three weeks
tude of 4200 m. -0 - for the mean value, of sojourn. -0- represents the mea n values.
-8- and -()~ for the values obtained from -e-, -()- and - ()- show the values obtained
Vertical lines from three different subjects. Vertical lines
two different individuals.
represent the standard deviations.
indicate the !!tandard deviations.
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FIG. 4. Changes of mean pulmonary
ventilation (V E) and respiratory frequen·
cy during the sojourn.

difference between the alveolar Poo, and Pco, of the end breath holding expiratory air was increasingly reduced in the first two weeks of sojourn and
then it increased slightly during the following one week (Fig. 3 ).
Respiratory minute volume increased also linearly with the increased
sojourn and this increased minute volume seemed to be caused by an increased
respiratory frequency (Fig. 4 ). At the first day of sojourn VE was 7.5 1/min
STPD and frequency was 18.8/min. Both of those parameters increased to
9.4 1/min STPD and 23.7 1/min respectively after the three weeks of sojourn.
They seemed to reach the maximum point at 14-16th day of sojourn. Analysis
of the gas expired normally agreed with the data obtained by an analysis of
the alveolar air and the end breath holding expiratory air. Pco, of the air
decreased with an increased lapse of sojourn.
DISCUSSION

The definite and obvious results in this experiment were shortening of
breath holding time, decreased Puo, of the end breath holding expiratory air
and of the alveolar air, increased respiratory minute volume and frequency in
the course of high altitude acclimatization. Those evidences are well known
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and the mechanism of the shortening of breath holding time and the increased
minute volume during the course of high altitude acclimatization can be preferably attributed to the reduced response threshold of the respiratory center to
C02 stimulus7l or the increased sensitivity to C0 2 of the center618191. Milledge 71
has suggested that there are two adaptive mechanisms to high altitude in
increasing vetilation. One is a rather rapid mechanism, taking 5-7 days in
completing itself, and the other is a slower one, taking 3-5 weeks in completing.
He claimed that the rapid mechanism is a reduction in response threshold to
C02 and the slower mechanism is due to an increase in C02 sensitivity. Most
of the subjects in this experiment did not experienced respiratory discomfort
in the first or second day of sojourn, but they complained very unpleasant
discomfort after 3 5 days' staying at high altitude. Respiratory readjustment
judged with the breath holding time and pulmonary ventilation seemed to be
accomplished within the 2 weeks of sojourn and the respiratory discomfort
was much improved by the time. The decrease of Pco, of the end breath
holding expiratory air was only remarkable in the first two weeks. On the
contrary alveolar Pco, in normal respiration continued to fall towards the end
of the third week of sojourn. During the course of the two weeks of high
altitude acclimatization, the difference between the alveolar Pco, and Pco, of
t]Je end breath holding expiratory air became increasingly lower (Fig. 3 ).
This suggests that sensitivity of the respiratory center to C02 stimulus was
increasingly elevated during this period. According to Takagi et a/. 131 , normal
alveolar C02 level and the basic tolerable C02 level must be theoretically the
same. The decreased rate of falling Pco, of the end breath holding expiratory
air with the continued fall of alveolar Poe, after the third week may be explained by the other unknown mechanisms. It is, however, difficult in this
paper to go further in discussing the mechanism through which ventilation can
be augumented at high altitude, mainly because of a lack of further necessary
parameters. Roles of the CSF Ph as well as the peripheral chemoreceptors
responding to hypoxia on the augumented ventilation were discussed by many
investigators10111112 1, but it is not the purpose of this paper to discuss them in
conjunction with the data obtained in this experiment.
It is difficult to consider the subjects of this experiment as a physiologically homogeneous group, because their age ranged from 22 to 55 years and
activity of the subjects varied throughout the sojourn. Some of them stayed
at the level of 4200-4400 meters altitude and some were at 7000 meters' summit
of Mt. Aconcagua. Rather scattered mean value of Pco, and Po, of the end
breath holding expiratory air and of the breath holding time may be inter·
preted by this difference of degree of high altitude acclimatization. It was
expressed by many subjects that even after being accustomed to a certain
hypoxic level they suffered from respiratory discomfort again when they climbed
to further higher altitude and it may be quite natural to suppose that during
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their staying at the level their adaptive process is much accelerated in some
form. Psychological tension and physical activity should also be the factors
to disturb the results, but the adaptive changes above mentioned seem to be
too definite for those unwellcomed factors to disturb the curves.
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