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Summaryf\)uring exposure to -altitudes greater -
than about 2200 m, maxithal oxygen uptake
(V(y’f ) is |mmed|ately diminished in proportion
to the reduction in the partial pressure of oxygen
in the inspired air. If the exposure lasts longer
than a couple of days an increase in arterial oxy-

gen content (6a02) due to a hemoconcentration
and an increase in arterial oxygen saturation, oc-
curs. However, there is also a reduction in maxi-
mal cardiac output (de at altitude which off-
sets the increase in CaO}land, therefore, V¢ .
does not improve. The purpose of this investiga-
tion was to study the contribution of the increase
in CaO; to the working muscles without the po-
tentially confounding problem of a reduced Q..
The approach used was to have seven male sub-
jects (aged 17 to 24 years) perform one- and two-
legged Vo,  tests on a cycle ergometer at sea
level (SL, BiO,=159 Torr), 4fter 1 h at 4300 m
simulated altitude (SA, PIO,=94 Torr) dnd dur-
ing two weeks of residence on the summit of Pikes
Peak, CO. (PP, 4300 m, P1O,=94 Torr). ‘Cardiac
output limits maximal performance during two-
legged cycling but does not limit performance
during one-legged cycling., During the study,
CaO0- changed from 1893 lmean +SE) at SL to
161+4 ml-L~!' during SA (SL vs. SA, p<0.01)
and to 200+ 6 mi-L~' at PP (SL vs. PP, p<0.05;

SA vs. PP, p<0.01). Two-legged V(, .. decreased
from 3.64+0.26 L-min~' at SL to 2.70+0.14
L-min ' during SA (p<0.01) to 2.86+0.16
L-min ' at PP (p<0.01). One-legged V. _ de-
creased from 2.95+0.22 at SL to 2.25+0.17
L-min ' during SA (SL vs. SA, p<0.01) but im-
proved to 2.66+0.18 L-min "' at PP (SA vs. PP,
p <0.05).~8ince only one-legged V(, - increased
as more oxygen was made available to the work-
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~%ing muscles, the altitude-induced reduction in
Ohnax, can be nmphcateg as being responsible for
the reduction in Vo., \durmg two-legged cy-

clmg
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Introduction

It is generally agreed that Vo .. is a valid index
of the work capacity of an individual because it
reflects both the ability of the cardiovascular sys-
tem to deliver oxygen to the working muscles and

~ the ability of the tissues to utilize oxygen (Astrand

and Rodahi 1986). During exposure to high alti-
tude, Vo, s diminished immediately in an in-
verse relationship to the elevation beginning at
approximately 2200 m (Buskirk 1969; Sutton and
Jones 1983). Since Q... does not decrease signifi-
cantly for the first couple of days of exposure to
high altitude (Stenberg et al. 1966), the reduction
in Vo, is closely related to the reduction in the
CaO, (Stenberg et al. 1966; Gleser 1973). During
exposures lasting longer than a couple of days
the cause of the sustained reduction in V(, is
not as firmly established (Alexander et al. 1967:
Reeves et al. 1987 Vogel et al. 1967: Wagner et al.
1986.

As the altitude exposure continues and alti-
tude acclimatization occurs, there is an increase in
Ca0, due to both a hemoconcentration (Jung et
al. 1971) and an increase in arterial oxygen safura-
tion (Grover et al. 1986). Maximal oxygen uptake,
however, does not rise above the levels measured
during the acute exposure in proportion to the in-

- V. o v

88 1031 109 —




762

crease in Ca0, suggesting that an improvement in
Vo,... is limited by a reduced Q... Although
Qmax is reduced at altitude (Vogel et al. 1974), di-
rect evidence that the reduction actually limits
maximal exercise performance is lacking.

If the reduction in Q... does limit Vo.,,, at
altitude, then increasing Qm.. should increase
Vo, .. However, augmenting Q... using methods
such as preventing the altitude-induced hemocon-
centration to maintain stroke volume (Grover et
al. 1976) or by increasing the maximal heart rate
with atropine (Hartley et al. 1974) have not been
successful in increasing Vo, . It may be that the
enhanced variable (e.g., stroke volume or heart
rate) was offset by a compensatory change in an-
other variable (e.g., Ca0.) making it difficult to
determine if restoration of Q.. can increase
Vo, —
To examine the contribution of an enhanced
CaO, without the potentially confounding prob-
lem of a reduced Qm“, we determined V,.  dur-
ing one- and two-legged cycling at sea level and
during two weeks of altitude exposure. Cardiac
output limits two-legged V(, .. at sea level and
possibly at altitude (Gleser "1973: Saltin et al.
1968; Vogel et al. 1967), but does not limit one-
legged cycling (Gleser 1973). We reasoned that if
both one- and two-legged V. __ do not increase
as Ca0. is increased during altitude acclimatiza-
tion, then other factors such as an impaired abil-
ity of the working muscles to fully utilize the
available oxygen may be responsible for the re-
duction in two-legged Vo, . If, however, only
one-legged V,,, _increases with altitude acclima-
tization, then the altitude-induced reduction in
Quma« can be implicated as being responsible for
the reduction in V. during two-legged cy-
cling.

Methods

Seven healthy male volunteers served as test subjects. Each
gave informed consent and all were highly motivated. Ages
ranged from 17 to 24 years (mean: 20.6), heights from 170.2 to
1829 ¢m (mean: 173.8) and weights from 63.5 to 80.0 kg
(mean: 72.6). The experiment was conducted in the hypobaric
environmental chamber at the United States Army Research
Institute of Environmental Medicine in Natick. Massachu-
setts, USA (S0 m, P10: = 159 Torr), and at the U.S. Army Pikes
Peak Laboratory on the summit of Pikes Peak, Colorado (4300
m, P10.=94 Torr). To become familiarized and habituated
with the tasks. equipment, and procedures, the subjects were
required to frequently practice pedailing on a ¢ycle ergometer
with one andor two legs during the first week of the study.
One- and two-legged V,  tests were performed during
two-day periods on five separate occasions: twice at sea level
during weeks two and three of the study. once at 4300 m simu-
lated altitude (1-h hypobaric exposure) during week four, and
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twice at Pikes Peuk at the end of weeks seven and eight (the
first and second week of the altitude sojourn) On four occa-
sions, during the first day of each two-day period. four sub-
Jects completed the two-legged Vo, test and the remaining
three subjects completed a one-legged ¥, test. On the fol-
lowing day, the type of ¥, _test taken by cach of the sub-

jects was reversed. On one occasion at sea level, the order of

days the subjects took either the one- or two-legged Vo, test
was reversed to determine if there was a test-to-test order ef-
fect. The subjects were allowed to continue only in their nor-
mal day-to-day activities (primarily sedentary) on the days
they were not being tested. Participation in intense phyvsical
activity or riding of bicycles was strictly forbidden.

One- and two-legged V,,  were determined using a con-
tinuous, incremental cycling protocol on an electrically-braked
ergometer (Collins, Inc). All subjects elected to perform the
one-legged V,, __test with their right leg. The left leg rested
on the middle crossmember of the bike. For all of the one- and
two-legged tests, the subjects started pedalling at 50 watts for
two minutes {ollowed by an incremental increase of 25 watts
every two minutes until they could not continue pedalling. For
cach of the tests, the subjects were required to pedal at a fre-
quency of 60 rev-min '. However, during the heaviest work-
loads of the one- Iegged Fo.. . tests, some of the subjects
found it necessary 1o increase the pedalling frequency to 65 70
rev-min ' to maintain the cycling motion. Because the resist-
ance was automatically and immediately reduced to offset the
increase in pedalling frequency, the exercise intensity was ex-
actly the same as with 60 rev-min '. The subjects’ feet were
secured to the pedals during all ¥, _testing.

A Sensormedics Metabolic Measurement Cart Horizon
System (MMC': Sensormedics Corp.) was used to collect respi-
ratory metabolic data. The MMC was calibrated with medical
grade calibration gases prior to each test. Expired air was
channeled from a low resistance valve and tubing into a mix-
ing chamber within the MMC. For cach minute. mixed ex-
pired gas was sampled from the mixing chamber for 45 sec-
onds alternated with 15 seconds of sampling end-tidal values
for oxygen and carbon dioxide directly from the mouthpiece.
Analog heart rate signals from a heart rate monitor (IBS, Inc.)
were continuously fed to the MMC. Values for heart rate, min-
ute ventilation. oxygen consumption, carbon dioxide produc-
tion, and respiratory quotient were calculated and printed ev-
ery 1§ seconds. A minute-to-minute summary report which av-
eraged the tour 15-second periods of each minute was printed
at the conclusion of cach test and was subsequently used to
provide the information for analysis of the respiratory data.

Hemoglobin and hematocrit were determined prior to
each Vi, test from samples obtained from an indwelling ca-
theter placed in an antecubital vein. Plasma volume reduction
was calculated using the cquation of Dill and Costill (1974).
An ear oximeter (Hewlett-Packard. Inc.) was employed peri-
odically throughout the study to determine resting oxvgen sa-
turation. Arterial oxygen content (ml-L ') was calculated as
the product of saturation ("+) X Hb (g-100 ml "} X 1L.36 ml
O.-gHb .

The data were analyzed using a two-way, repeated-meas-
ures analysis of variance (subject X trial). When a statistically
significant F-ratio was calculated. differences between the
means were tested for significance using Neuman-Keuls post-
hoc test. The level of significance was chosen as p <0.05.

Results

There were no significant differences in any of the
respiratory or haematological parameters mea-
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Table 1. Maximal physiological responses during one- and two-legged exercise at sea level and after | hour, | week and 2 weeks

exposure to 4300 m altitude

Parameter Sea level lh 1 Week 2 Weeks
Workload (watts)
1 leg 179 %13 150 +12** 157 x12% 171 £ [3%+**
# # # #
2 legs 268  *21 207 £ [2** 218 £ 13** 229 £ 13**
Vo.  (L-min~ ")
Heg 295+ 0.22 2.25% 0.17** 2,50+ 0.19** 266 0.18%**
# # #
2 legs 3.64x 0.26 270+ 0.14** 2,75+ 0.15%* 286t 0.16**
V(-(,Z."._‘ (L-min ")
| leg 341+ 0.23 3.02+ 0.23* 3.03+ 0.20* 321+ 0.17
#
2 legs 428+ 0.28 342+ 0.17** 3.23+ 0.16** 326 (0.22%*
R (Veo..o Vo "
| leg l.lex 0.00 1.34+ 0.03* 1.224 0.02*** 1212 0.02%**
# #
2 legs 1.18+ 0.02 [.28+ 0.02* 1,18+ 0.02%*+ .19+ 0.01***
Heart rate (beats-min ")
1 leg 173 x4 165 =+ 4 172 + 4 172 4 2
# # #
2 legs 188 + 2 77 + 2* i76 =+ 2* 176 <+ 2*
Ventilation (L-min~")
| leg 124 +1)13 132 %15 179 & |7 *** 207 L |S5%* xxx
# #
2 legs 149 =15 150 =15 [78 £ 14* *** 192+ 14* **+

Values are means +SE

# The 1-legged value is significantly different than the 2-legged value (p <0.01)

*  Significantly different from sea level (p <0.05)
**+  Significantly different from sea level (p<0.01)

*** Significantly different from the first hour of exposure (p <0.05)

sured during rest or during either exercise proto-
col for the two testing sessions at sea level. It was

also determined that the test-to-test sequence of
Vo. ... testing had no influence on any of the re-
sults obtained. Therefore, the values collected on
the latter test session at sea level were used as the
sea-level baseline values.

The maximal physiological responses to one-
and two-legged exercise are presented in Table 1.
Two-legged Vo,  was reduced 26% during the
first hour of exposure 25% during the first week,
and 22% during the second week at Pikes Peak.
Thus, regardless of the length of exposure, two-
legged Vo, was sngmﬁcantly reduced from sea-
level values as illustrated in Fig. 1. Conversely,
one-legged V0, ... was decreased 24% in the first
hour of exposure but gradually increased 18% by
the second week at Pikes Peak to a VO value
that was not significantly different from sea level.
At sea level and during the first hour of exposure,
the one-legged V,,  values were 81% and
83% of the two-leaged Vo, values, respectively.

At Pikes Peak, the one- to two-legged V,,  ra-
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tios were 91% during week one and 93% during
week two.
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Table 2. Hemoglobin, hematocrit, plasma volume reduction, and arterial blood saturation at sea level and after 1 h, 1 week, and 2

weeks of exposure to 4300 m altitude

Parameter Sea level lh 1 Week 2 Weeks
Hemoglobin (g-100 mi— ") 145+0.2 14.1£0.2 15.940.3%% *»*+ 16.6 +0.2%% »++*
Hematocrit (%) 42.1+04 41.6+0.6 46.0 £ 1.0%* *++ 48.1£0.7*% ***
Plasma Volume — 46+24 —12.74£3.2% #** ~21.242.2%% *xx
(% change from sea level)

0O, Saturation (%) 96 +1 84 +1* 87 1% ¥x¢ 88 £ |* ¥+
0, Content (ml-L~") 189 +3 161 +4** 186 +7**+* 200 6% **x

Values are means +SE
*  Significantly different from sea level (p <0.05)
*+  Significantly different from sea level (p<0.01)

*** Significantly different from the first hour of exposure (p<0.01)

Maximal heart rates during two-legged cycling
during the one-hour exposure and at Pikes Peak
were reduced from sea level by 11 beats-min~'
and 12 beats-min ', respectively (p <0.05). Max-
imal heart rates during one-legged cycling at alti-
tude were not statistically different from sea level.
At sea level and at altitude, the maximal heart
rates for one-legged cycling were always less than
the maximal heart rates for two-legged cycling.

Maximal minute ventilation increased for both
one- and two-legged cycling during the sojourn at
Pikes Peak. Ventilation was greater for two-legged
cycling than for one-legged cycling only at sea
level (p<0.05). During the one-hour exposure
and through the first week at Pikes Peak, ventila-
tions for one- and two-legged cycling were not
statistically different from each other. However,
during the second week at Pikes Peak, ventila-
tions during one-legged exercise were 8% higher
(p<0.01) than the ventilations during two-legged
cycling.

Table 2 presents the values for hemoglobin,
hematocrit, plasma volume, oxygen saturation,
and CaQO,. From sea level to the one-hour expo-
sure in the altitude chamber, hemoglobin, hema-
tocrit and plasma volume were not altered while
oxygen saturation and CaQO, were reduced 12.5%
and 14.8%, respectively. During the Pikes Peak so-
journ, however, hemoglobin and hematocrit were
increased significantly above sea level baseline
values (p<0.01). From these values, it was esti-
mated that plasma volume was reduced by 21.2%
in the second week. Also, in the second week of
the sojourn, oxygen saturation increased 5%
above the values obtained during the one-hour
exposure (84% to 88%). Because of the increases
in oxygen saturation and hemoglobin at Pikes
Peak, CaO; increased from 161 ml-L~' during
the one-hour exposure to 186 ml-L ™' (+ 15.5%)

during week one and to 200 mi-L~" (+24.2%)
during week two.

Discussion

This study was designed to eliminate as many ex-
traneous factors as possible so that a true compar-
ison could be made between the maximal re-
sponses of one- and two-legged cycling at sea
level and at altitude. To that end, the test subjects,
equipment, diet, times of testing, testing condi-
tions and cycling protocols were identical for the
one- and two-legged Vo,  tests. Also, a mini-
mum of one week separated consecutive testing
periods so that an exercise ‘“‘training effect”
would not occur. )

In this study, one-legged Vo,  was approxi-
mately 82% of the two-legged value at sea level
and during the first hour of altitude exposure.
This relationship is similar to values previously
reported at sea level (Gleser 1973; Neary and
Wenger 1986; Davies and Sargeant 1975) and
during acute hypoxia (Gleser 1973). The 25% re-
duction from sea level to the first hour of expo-
sure for one- and two-legged Vo, _ is also similar
to the findings of previous investigations using
similar altitudes or levels of hypoxia (Buskirk
1969: Gleser 1973). In contrast to some studies
(Gleser 1973: Vogel et al. 1974; Vogel and Gleser
1972) but not all (Ekblom et al. 1975), the reduc-
tions in one- and two-legged V5. from sea level
to the one-hour exposure tound in the present
study were not entirely due to the 14.8% reduction
in Ca0,. The reductions in the maximal heart rate
values chtained  during one-legged (-8
beats-min~'; ns) and two-legged (-11
beats-min~': p <0.05) cycling were also contribu-
tory.
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As the altitude exposure continued, two-leg-
ged Vo, . values did not increase significantly
above the values obtained during the first hour of
exposure and thus remained below sea-level val-
ues despite a 24.2% increase in Ca0, (161 ml- L'
to 200 mi-L~"). These observations have been re-
ported on numerous occasions (Buskirk 1969; Vo-
gel et al. 1967). What has not been reported pre-
viously is that Vo, ... during one-legged cycling
improved 11.1% and 18.2% from one hour of ex-
posure to the first and second weeks of altitude
exposure, respectively. Furthermore, the improve-
ment in one-legged Vo, ~ was so pronounced
that the value obtained during week two did not
differ from the sea level value.

It is well established from previous studies
that Q... is reduced after the first few days at al-
titudes greater than 3000 m (Alexander et al.
1967; Klausen 1966; Vogel et al. 1967). The 21.2%
reduction in plasma volume calculated in the
present study is consistent with a reduction in
Qmax- It has also been shown that Q... during
one-legged cycling is 75% to 87% of two-legged
cycling and is clearly not a limiting factor to one-
legged maximal performance at sea level (Gleser
1973; Davies and Sargeant 1974; Stamford et al.
1978) or during acute hypoxia (Gleser 1973).
Throughout the present study, maximal heart
rates during one-legged cycling were not as high
as the maximal heart rates during two-legged cy-
cling strongly suggesting that Q,,., does not limit
one-legged maximal exercise performance even
after two weeks of altitude exposure. One-legged

... appears to be limited by the ability of the
muscle vasculature to accept the high blood flow
(Gleser 1973; Stamford et al. 1978).

During normoxia, maximal two-legged cycling
causes a greater arterial desaturation than one-
legged cycling because of the limits imposed by
Qmax (Davies and Sargeant 1974; Stamford et al.
1978). Consequently, when air enriched with oxy-
gen is breathed, two-legged but not one-legged
Vo,.... is increased (Davies and Sargeant 1974). In
the present study, in a similar manner, there was
an increase in availability of oxygen to the work-
ing muscles due to an increase in CaO,. After the
first week of exposure, during two-legged maxi-
mal exercise, the increases in oxygen availability
and utilization were offset by the altitude-induced
reduction in Qm“ so that the V. . value re-
ma‘aed at a level similar to that measured during
the one-hour chamber exposure (Grover 1986).

During one-legged cycling, V(,, .. increased
as the altitude exposure lengthened. Why would
an increase in oxygen availability cause a rise in
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one-legged Vo, at altitude when it does not af-
fect maximal performance at sea level? It is not
likely that this increase was related to arterial de-
saturation because Q.. during one-legged cy-
cling was not as high as with two-legged cycling.
It is also not likely that there was a greater redis-
tribution of flow to the working muscles due to an
exercise “training effect” since the number of
Vo,,... testing sessions was limited to a maximum
of once a week with the subjects remaining rela-
tively sedentary on the days they were not being
tested. Furthermore, one-legged V., measured
during the first week at Pikes Peak was improved
even through the test subjects had not performed
any cycling (Vo, . testing or recreational) during
the three weeks prior to this Vo, test. One pos-
sible explanation for the lmprovement in one-leg-
ged Vo, ataltitude may be that structural and/
or metabolic adaptations in the working muscles
or an increase in diffusion capacity from the ca-
pillary to the tissue mitochondria occurred, favor-
ing a more complete extraction and utilization of
oxygen (Sutton et al. 1988). Direct evidence of
these changes occurring, however, was beyond the
scope of this study. )

In conclusion, two-legged Vo,  is reduced at
altitude. The component of systemic oxygen
transport responsible for the early reduction in
Vo,.... is the low Ca0O,, whereas decreased Q.. is
the reason for the persistence of the impairment
after several days at altitude.
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