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ABSTRACT 

 
Gruber, J.C. The physiological effects of hiking at sea level and altitude. MS in Clinical 
Exercise Physiology, December 2013, 42pp. (C. Foster) 
 
The significance of this project was to determine the physiological responses that occur 
in apparently healthy individuals when hiking for leisure at altitude.  This information 
was intended to allow for a greater understanding of cardiorespiratory responses in 
leisure hikers to be used as commonplace knowledge for the general public.  Subjects 
were required to hike two miles at a 10% grade on three separate occasions, one 
habituation trial, one hike while breathing sea level air, and one hike while inspiring a gas 
mixture of 16% O2.  Three separate VO2max tests, using the Balke protocol, were also 
completed by subjects, one habituation trial, one max test while breathing sea level air, 
and one max test while inspiring a gas mixture of 16% O2.  Significant decreases 
(p≤0.05) in oxygen saturation and exercise speed when compared to distance were 
observed during subject exercise while inspiring the 16% O2 gas mixture. Heart rate 
significantly increased (p≤0.05) during subject exercise while inspiring the 16% O2 gas 
mixture.  Exercising under hypoxic conditions simulating 8,000 feet above sea level was 
associated with statistically significant decreases in oxygen saturation and exercise speed, 
along with statistically significant increases in heart rate. 
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INTRODUCTION 
 

For thousands of years mankind has been fascinated by mountains.  Not only by 

their beauty but by the physical obstacle they presented as people tried to move around 

the Earth.  Accordingly, one of the earliest non-team sports was mountaineering, as 

climbers demonstrated that any mountain on the planet could be conquered.  Before 

1909, climbing to altitudes upwards of 21,000 feet was unimaginable.  In that year that 

the Duke of Abruzzi led an expedition team through the Karakorum mountain range to an 

altitude of 24,606 feet (7,500 meters) (West, 1997).  Since that expedition many more 

have followed in an attempt to push the human body to its absolute limit.  Within twenty 

years, Mount Everest became the ultimate obstacle and the object of many researchers’ 

attention.  Reaching the summit of Mount Everest became a personal goal for both 

mountaineers and researchers alike.  Many mountaineers tried, but failed to reach Mount 

Everest’s summit at what seemed an unattainable altitude.  In 1953, Sir Edmund Hillary 

and Tenzing Norgary became the first people to summit Mount Everest (West, 1997).  

These pioneers were aided by supplementary oxygen and only stayed at the summit for 

about fifteen minutes.  In 1978, Reinhold Messner and Peter Habeler completed the 

seemingly impossible task of climbing to Mount Everest’s summit without supplemental 

oxygen (West, 1997).  However, the amazing feats performed by these explorers did not 

come without constant physiological challenges (both energy supply and 

thermoregulation) throughout the upward climb.   
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Previous literature has suggested that humans at extreme altitude have lower 

arterial oxygen saturation, a decreased maximal O2 uptake, increased ventilation and 

heart rate; and may develop acute mountain sickness (AMS) (Sutton, J., Reeves, J., 

Wagner, P., Groves, B., Cymerman, A., Malconian, M., & Houston, C., 1988; 

Tannheimer, M., Thomas, A., & Gerngross, H., 2002).  All these symptoms associated 

with hypoxic conditions can be harmful to hikers if such physiological changes are 

experienced for long periods of time.  At high altitudes, atmospheric pressure is reduced 

which in turn lowers alveolar oxygen pressure and arterial oxygen saturation (SaO2) 

(Tannheimer, M., Thomas, A., & Gerngross, H., 2002).  An important study conducted 

by Tannheimer et al. (2002) discovered that lowered SaO2 resulted in lower maximal 

workloads, increased heart rate (HR), and decreased appetite.  They used pulse oximetry 

to determine oxygen saturation in the awake (without exercise) condition, awake (with 

exercise) condition, and during sleep.  Another significant outcome of this study was the 

considerable decrease in SaO2 with increasing altitude and increasing AMS symptoms.   

Quite possibly the most influential study of high-altitude physiology was 

conducted in a hypobaric chamber.  Operation Everest II (OE II) was led by Charlie 

Houston, John Sutton, and Allen Cymerman.  This study was unique in that it allowed the 

investigators continual access to the subjects simulating a climb of Mt. Everest and 

permitted invasive measurements to be taken quickly, efficiently, and safely.  However, 

the convenience of the hypobaric chambers may have skewed some dimensions of the 

physiological results compared to high-altitude field studies.  Without exposing the 

subjects to the physical elements of the mountains such as the extreme cold, stresses such 

as fear or anxiety, dehydration, possible nutrient deficiencies, and interrupted sleep; the 



3 
 

physiological changes that the subjects experience and their coping mechanisms may 

cause the results to seem more favorable than in field conditions.  Despite these 

limitations, OE II was a landmark study that resulted in high-altitude information that is 

still relevant.  During this study VO2max was seen to fall as altitude increased.  This 

decline was proposed as due to the “effect of hypoxia on oxygen transport” but also, by 

the end of the 40-day study, due to a decreased muscle mass (Wagner, 2010).  Another 

important conclusion from OE II was that cardiac function at high altitudes was mostly 

unaffected, unlike respiratory function.  All areas of the heart functioned at top capacity 

during the 40-day “ascent” while the lungs struggled to allow proper diffusion in order to 

circulate enough oxygen throughout the subjects’ bodies. 

While the physiological responses to extreme altitudes in trained individuals, 

usually above 20,000 feet are well-researched, those associated with altitudes between 

5,000 and 15,000 feet in apparently healthy adults are much less well known.  However, 

since day hiking by untrained and/or unacclimatized individuals has become a popular 

leisure activity in recent years, it is important to understand the physiological effects that 

hypoxia during exercise will have on inexperienced individuals. 

Accordingly, the purpose of this study was to determine the physiological 

responses to hiking at simulated altitude under hypoxic conditions in apparently healthy 

adults.  Close attention was given to SaO2, HR response, Rating of Perceived Exertion 

(RPE) and treadmill speed.  It was hypothesized under the hypoxic conditions of 

simulated altitude, SaO2 and treadmill speed would decrease.  However, under the 

hypoxic conditions of simulated altitude, HR and RPE would increase. 
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METHODS 
 

 The subjects for this study included 10 (male and female) apparently healthy, 

physically active, young adults.  Subject age ranged from 20 – 24 years and average 

VO2max was 47.2 ml/kg/min ± 6.4.  In order to participate in the study, the subjects met 

the ACSM physical activity recommendations (30 minutes/day, 5 days/week moderate 

intensity or 20 minutes/day, 3 days/week vigorous intensity). Written informed consent 

was provided by each of the subjects prior to the beginning of the study.  Approval from 

the Institutional Review Board for the Protection of Human Subjects at the University of 

Wisconsin-La Crosse was received before beginning the protocol. 

 The protocol involved six separate treadmill tests.  The first was an incremental 

test using the Balke protocol in room air to determine VO2 max and to obtain other 

descriptive data.  The second test was a habituation hike at a constant grade of 10% and 

speed self-regulated by the subject throughout the test.  Before each of the hiking trials, 

subjects were informed to exercise at a workload that could be maintained over the 

course of a four to six hour hike.  Two of the remaining four tests required the subjects to 

complete a two-mile “hike” at a 10% grade on the treadmill.  The subjects were allowed 

to self-regulate treadmill speed during each of the tests.  The final two experimental tests 

involved an incremental max test, using the Balke protocol.  Prior to each “hike” and 

incremental max test, subjects inspired a gas mixture containing 16% O2 from a mixing 

chamber or room air through the breathing valve for three minutes at rest in order to 

reach a stable SaO2.  The four experimental trials were performed in a randomized order, 
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two at room air and two with hypoxic air (16% O2 gas mixture) equivalent to 8,000 feet 

(2,500 m) above sea level.  Subjects were blinded to the gas mixture they were breathing.  

Arterial oxygen saturation was measured using pulse oximetry (Allegiance, McGaw Park, 

IL) and heart rate was monitored using radiotelemetry (Polar, Lake Success, NY).  RPE 

was measured using the Category Ratio RPE Scale (Borg, 1982).  Specialized head gear 

was worn by each subject with a mouthpiece to allow administration of inspired air and 

to analyze expired air.  Gas tanks containing the hypoxic mixtures were used to feed large 

bags that served as the reservoir of the inspired air for the subject. 

 Statistical data analysis was performed on outcome data using repeated measures 

ANOVA, for an altitude exposure x walk distance design.  The walk distance data were 

summated over 0.1 mile (1/20th hike distance). Statistical significance was accepted when 

p≤0.05.  Post-hoc comparisons were made when justified by ANOVA using the Tukey 

test. 
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RESULTS 

 Compared to the experimental hiking trials completed while inspiring sea level 

air, the experimental hiking trials completed while inspiring hypoxic air (16% O2) 

equivalent to 8,000 feet (2,500 m) above sea level, yielded a lower, statistically 

significant oxygen saturation during exercise (96.43% ± 1.21 vs. 88.06% ± 5.21)               

(p=0.00) and an altitude-distance interaction effect (Figure 1).  Heart rate during exercise 

was statistically different between sea level and hypoxic air in relation to altitude and 

distance.  Heart rate during sea level exercise was lower (134.49 bpm ± 16.30) compared 

to heart rate during hypoxic exercise (142.62 bpm ± 17.25) (p=0.00) (Figure 2).  There 

was a statistically significant difference in treadmill speed between the sea level (3.10 

mph ± 0.01) and hypoxic trials (3.03 mph ± 0.02).  However this difference was only 

significant in relation to distance (p=0.05) (Figure 3).  There was no significant 

difference in relation to distance was found in METs (metabolic equivalent) between sea 

level (6.51 METS ± 0.52) and hypoxic trials (6.48 METS ± 0.56) (p=0.09) (Figure 4).  

Mean percent maximal METs was increased during hypoxic exercise (55.90 % Max 

METs ± 0.03) when compared to sea level exercise (51.90 % Max METs ± 0.05) (Figure 

5).  A statistically significant difference in mean RPE between sea level (2.20 ± 1.28) and 

hypoxic trials (2.88 ± 1.44) in relation to altitude, distance, and altitude-distance 

interaction effect was found (p=0.00) (Figure 6). 
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Figure 1. Mean Oxygen Saturation vs. Distance hiked. Both trials required the subjects to 
complete a two-mile hike at 10% grade at a ‘day hike’ pace. Subjects were allowed to 
self-select their speed throughout the course of each trial. There were statistically 
significant differences noted between simulated altitude and sea level (p<0.01), across 
distance (p<0.01) and for the interaction of altitude condition and distance (p<0.01).   
 
  

80.0

82.0

84.0

86.0

88.0

90.0

92.0

94.0

96.0

98.0

100.0

0.0 0.5 1.0 1.5 2.0

O
2 

Sa
tu

ra
tio

n 
(%

) 

Distance (miles) 

Sea Level

Altitude



8 
 

 
 
Figure 2. Mean Heart Rate vs. Distance hiked. Both trials required the subjects to 
complete a two-mile hike at 10% grade at a ‘day hike’ pace. Subjects were allowed to 
self-select their speed throughout the course of each trial. Statistically significant 
differences were noted between altitude conditions (p<0.01), across distance (p<0.01) 
and for the interaction of altitude condition and distance (p<0.01). 
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Figure 3. Mean treadmill speed vs. Distance hiked. Both trials required the subjects to 
complete a two-mile hike at 10% grade at a ‘day hike’ pace. Subjects were allowed to 
self-select their speed throughout the course of each trial. Subjects maintained a constant 
average walking speed during the sea level trial (3.1 mph). Subjects decreased average 
walking speed from 3.1 mph to 3.03 mph during the simulated altitude trial. A 
statistically significant difference was noted between trials (p=0.05). 
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Figure 4. Mean METs vs. Distance hiked. Both trials required the subjects to complete a 
two-mile hike at 10% grade at a ‘day hike’ pace. Subjects were allowed to self-select 
their speed throughout the course of each trial. There was a trend (p=0.06) for METs to 
decrease in the altitude condition across distance. 
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Figure 5. Percent (%) maximal METs vs. Distance hiked. Both trials required the subjects 
to complete a two-mile hike at 10% grade at a ‘day hike’ pace. Subjects were allowed to 
self-select their speed throughout the course of each trial. Subjects worked at a 
significantly (p<0.05) higher percentage of their maximal MET value during the 
simulated altitude trial compared to the sea level trial. 
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Figure 6. Mean RPE vs. Distance hiked. Both trials required the subjects to complete a 
two-mile hike at 10% grade at a ‘day hike’ pace. Subjects were allowed to self-select 
their speed throughout the course of each trial. There was a significantly higher RPE 
during the simulated altitude trial (2.88 ± 1.44) in comparison to the sea level trial (2.20 ± 
1.28) (p<0.05), there was a significant (p<0.05) increase in RPE across distance, and 
there was a significant (p<0.05) interaction of distance with altitude condition.   
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DISCUSSION 

 The results of this study indicated that healthy, college-age adults experience 

significant differences in arterial oxygen desaturation during submaximal exercise in 

hypoxic conditions similar to those at 8,000 feet above sea level compared to sea level.  

During activity at sea level, mean oxygen saturation measured 96% ± 1.21%.  Activity 

completed under the hypoxic conditions resulted in a lower mean oxygen saturation of 

88% ± 5.21%.  The decrease in oxygen saturation in relation to increasing altitude was 

consistent with much greater oxygen desaturation measured during several studies 

including OE II and III.  In OE II, at a simulated hypoxia of 15,000 feet (4,572 m), 

average oxygen saturation was 79% ± 3% (Anholm, J., Powles, A., Downey, R., 

Houston, C., Sutton, J., Bonnet, M., & Cymerman, A., 1992).  An altitude chamber 

program measured arterial oxygen saturation through transcutaneous oximetry and 

observed a mean arterial oxygen saturation of 67.9% from arterialized capillary blood at 

26,000 feet (8,000 m) (Richalet, J., Robach, P., Jarrot, S., Schneider, J., Mason, N., 

Cauchy, E., & Gortan, C., 2010; Sutton, J., Reeves, J., Groves, B., Wagner, P., 

Alexander, J., Hultgren, H., & Houston, C., 1992).  A field study completed in 1993 

observed the depletion of arterial oxygen saturation through pulse oximetry in nine 

subjects.  Four of the subjects reached an altitude of 26,000 feet (8,000 m) at which their 

average arterial oxygen saturation was 70% (West, 2006).  The decrease in oxygen 
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saturation observed in our study agrees with our hypothesis that exercise at altitude 

would yield lower oxygen saturation when compared to exercise at sea level. 

Heart rate in all subjects increased at altitude in our study.  Average heart rate 

during exercise at sea level was 134 ± 16 bpm, while average heart rate during exercise at 

an altitude of 8,000 ft (2,500 m) was 143 ± 17 bpm.  These findings were comparable to a 

study completed by Boussuges, A., Molenat, F., Burnet, H., Cauchy, E., Gardette, B., 

Sainty, J., & Richalet, J. (2000).  In Operation Everest III, eight healthy male subjects 

aged between 23 and 37 years were decompressed in a hypobaric chamber to observe 

responses to altitude-induced hypoxia.  Average heart rate was observed as 41% higher at 

26,000 ft (8,000 m) when compared to average heart rate at sea level.  The increase in 

heart rate when exercising at altitude in comparison to sea level supports our initial 

hypothesis. 

MET levels and self-regulated treadmill speed were evaluated at the end of our 

study.  It was determined that at sea level subjects exercised at an average of 6.51 ± 0.52 

METs and had an average treadmill speed of 3.10 ± 0.01 miles per hour (mph).  At 

altitude subjects were observed to exercise at an average of 6.48 ± 0.56 METs and had an 

average treadmill speed of 3.03 ± 0.02 mph.  It was hypothesized that subjects would 

decrease workload substantially when exercising at altitude, however according to our 

results there was little change in self-regulated treadmill speed.  Percent maximal METs 

explains the physiological changes that took place in our subjects during exercise 

(increase in heart rate, increase in RPE) despite the small change in average MET levels 

during the hikes.  At sea level, subjects exercised at an average 52% maximal METs and 

an average 56% maximal METs under hypoxic conditions.  According to Karageorghis, 
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C., Mouzourides, D., Priest, D., Sasso, T., Morrish, D., and Walley, C. (2009), although 

our subjects were working at a higher percentage of their maximal MET capacity at sea 

level, the workload was too light to warrant a down-regulation in intensity. 

Rating of Perceived Exertion (RPE) was observed throughout the course of our 

study.  Average RPE during exercise at sea level was 2.2 ± 1.3.  Average RPE during 

exercise at altitude (8,000 ft) was 2.9 ± 1.4.  According to the BORG scale, an RPE rating 

of 2.0 is equivalent to light exertion and a rating of 3.0 is equivalent to moderate exertion 

(Borg, 1982).  Subjects perceived the intensity of the hiking workload as light to 

moderate at both sea level and altitude.  The difference in RPE was considered 

statistically significant, which supports our hypothesis that RPE would increase with 

exercise at altitude.   

Several limitations in regards to this study have been noted.  First, subjects 

selected were college-aged, physically active adults.  Because the subject pool was such a 

distinct group of people, the results of this study cannot be assumed across a wider 

population.  Age and physical fitness play a role in all physiological changes measured in 

this study and will result in differing tolerance to exercise in hypoxic conditions.  Second, 

it was difficult to blind subjects to the hypoxic conditions.  Although the Douglas bags 

were placed adjacent to the treadmill and out of sight of the subjects during all 

experimental trials, the subjects were most likely able to hear the hypoxic gas mixture 

filling the bags during their hypoxic trials.  Knowledge of exercising on the hypoxic gas 

mixture may have indirectly affected the subjects’ initial RPE and heart rate response due 

to an increased anxiety about the hypoxic trials.  Another limitation was the hypoxic gas 

mixtures.  The gas mixtures requested were supposed to contain 16% O2 however there 
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was some variation between O2 percentages from bottle to bottle.  This difference in O2 

percentage may have had an effect on the physiological responses during the hypoxic 

trials.  Finally, subjects were informed to avoid strenuous exercise 24 hours prior to the 

study trials; however activity levels were not directly controlled. 
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CONCLUSION 

 Our data provides evidence that healthy, college-aged individuals can function 

and exercise normally at a low intensity at a simulated altitude of 8,000 ft (2,500 m).  The 

subjects’ performances were not affected by the decrease in oxygen saturation and the 

increase in heart rate.  The subjects also did not perceive the activities to be much more 

difficult at altitude than at sea level.  Although these active, young individuals performed 

well, how would these same physiological changes affect a less fit, older individual?  

More information needs to be acquired regarding how; for example, a 10% decrease in 

oxygen saturation would affect an older population during rest and exercise.  Perhaps 

more research is needed on the effects of higher altitudes on active, young adults as well.  

Recreational hiking at and above 10,000 ft above sea level by untrained individuals is 

becoming increasingly popular.  This being said, it is important for those hikers to know 

what to expect from their bodies and how the hypoxic conditions will affect their 

performance.  
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Informed Consent for “The Physiological Responses to Hiking at Sea Level and Altitude” 
 

1) I have been informed that this project is intended to determine the physiological 
responses to hiking two miles at altitude.  Participation in the study will require 
me to exercise in the Human Performance Laboratory a total of six times.  The 
first test will be an incremental maximal exercise test on the treadmill while 
respiratory metabolism and heart rate are measured, designed to accustom me to 
the laboratory and develop descriptive data.  The second test will be a habituation 
trial intended to familiarize me with the experimental trial protocol and will 
require me to walk for two miles at a 10% grade while self-regulating my speed.  
Two experimental trials will require me to walk for two miles at a 10% grade 
while self-regulating my speed.  One trial will expose me to a sea level altitude air 
mixture and a second to an 8,000 foot altitude air mixture.  Two experimental 
trials will require me to complete an incremental maximal exercise test.  One trial 
will expose me to a sea level altitude air mixture and a second to an 8,000 foot 
altitude air mixture.  During each of the trials my breathing will be monitored 
through a scuba-type breathing valve and my heart rate by a chest strap.  During 
the habituation trial and the four experimental trials, oxygen saturation, heart rate, 
rate of perceived exertion and treadmill speed will be measured.  No invasive 
procedures are required. 

 
2) I have been informed that I may experience some discomfort while wearing a 

scuba-like breathing valve to measure respiration, but this equipment has not been 
known to present risk to the subject.  I have also been informed that I may 
become moderately fatigued during the study due to the level of exercise.  I have 
been informed that I may experience headache, nausea, and shortness of breath 
during the test all of which can be immediately alleviated with removal of the 
breathing valve mouthpiece. 

 
3) I have been informed that there are no primary benefits to myself other than 

knowledge about my oxygen saturation and heart rate while exercising at certain 
altitudes.  Based on the results, we will possibly gain insight on the physiological 
responses a layperson may have to a short day hike at altitude when 
unacclimatized to that altitude.  This information may therefore allow us to give 
recommendations to day hikers on how to know what their bodies can and cannot 
handle during a leisure hike and a more intense activity. 

 
4) I have been informed that there are no “disguised” procedures in this study.  All 

procedures can be taken for face value.  However, I have been informed that 
within each experimental trial I may be inspiring an air mixture meant to simulate 
an altitude of 8,000 feet above sea level. 

 
5) I have been informed that individual data will be kept in the files of the P.I. and 

data blinded to individual identity will be published or presented. 
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6) I have been informed that I am free to decline to participate or withdraw from the 
study at any time without penalty. 

 
7) I have been informed that there are no costs or compensation associated with 

participation in this study. 
 
8) I have been informed that this study involves only minimal risk. 
 
9) Concerns about any aspects of this study may be referred to Jill Gruber (320-290-

8751) or Dr. Carl Foster Ph.D. (608-785-8687) at Mitchell Hall 133.  Questions 
about the protection of human subjects may be addressed to the Chair of the UW-
L Institutional Review Board at irb@uwlax.edu. 

 
Investigator: ______________ 
 
Subject (Print Name): ________________   
 
Subject Signature: ________________ 
 
Date: _______________ 
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REVIEW OF THE LITERATURE 
 
 

The purpose of this paper is to review the literature concerning the physiological 

responses to hiking at altitude in apparently healthy adults; specifically SaO2, HR 

response, and RPE.  

For thousands of years mankind has been fascinated by mountains.  Not only by 

their beauty but by the physiological obstacle they present.  Before 1909, climbing to 

altitudes above 21,000 feet was unimaginable.  In that year that the Duke of Abruzzi led 

an expedition team through the Karakorum mountain range to an altitude of 7,500 meters 

(24,606 feet) (West, 1997).  Since that expedition many more have followed in an 

attempt to push the human body to its absolute limit.   

J.S. Haldane, C.G. Douglas, Y. Henderson, and E.C. Schneider participated in an 

early high altitude research expedition to Pikes Peak in 1911 (West, 2011).  The study 

assessed the participants’ reactions to sustained hypoxia in normal living conditions (i.e. 

warm living and sleeping space, ample food) in order to eliminate the added difficulties 

of field studies such as severe cold and malnutrition.  The four investigators first made 

physiological measurements at sea level in Oxford or New Haven; then traveled to 

Colorado Springs, CO (altitude ~6,003 ft) where they readied their research equipment.  

After a short stay in Colorado Springs, the investigators made an ascent up the mountain 

via the cog railway to their target altitude of ~14,107 ft.  Haldane, Douglas, Henderson, 

and Schneider conducted projects on alveolar gases during acclimatization, arterial PO2 in 
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comparison with alveolar values, respiratory gas exchange during rest and exercise, 

periodic breathing, and blood studies.    Over the five week stay at the target altitude, the 

investigators noticed a continual decrease in PCO2 and a continual increase in PO2.  They 

concluded that the lowered PCO2 at altitude was due to hyperventilation, but were unable 

to determine the mechanism of the decline at the time.  Arterial PO2 was measured above 

alveolar PO2 and led Haldane, Douglas, Henderson, and Schneider to attribute this finding 

to the secretion of oxygen by the lung (West, 2011).  This hypothesis was subsequently 

shown to be incorrect, but it correlated closely to the information available at the time of 

the study.  The experiments conducted and their results were primitive when compared to 

today’s standards, however at the time were quite remarkable. 

It was not long before the highest peak in the world, Mount Everest, became the 

ultimate obstacle and the object of many researchers’ interest.  Reaching the summit of 

Mount Everest became a personal goal for both mountaineers and researchers alike.  

Many mountaineers tried, but failed to reach Mount Everest’s summit at what seemed an 

unattainable altitude.  In 1953, Sir Edmund Hillary and Tenzing Norgary became the first 

people to summit Mount Everest (West, 1997).  These pioneers were aided by 

supplementary oxygen and only stayed at the summit for about fifteen minutes.  In 1978, 

Reinhold Messner and Peter Habeler completed the seemingly impossible task of 

climbing to Mount Everest’s summit without supplemental oxygen (West, 1997).  

However, the amazing feats performed by these explorers did not come without constant 

physiological challenges throughout the upward climb.   

One of the earliest recordings of acute mountain sickness (AMS) was documented 

in 1590 by Jose de Acosta (Frisancho, 1975).  Over the next couple centuries, many 
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theories developed as to the reasons of the harmful effects of high altitude.  One stated 

that because of the low barometric pressure at altitude caused weakening of the joint 

between the femur and pelvis and in turn caused fatigue.  Another hypothesized that 

blood vessel rupture occurred at high altitude because of a difference in pressure across 

the vessel walls (West, 2011).  Most of these hypotheses were refuted by Paul Bert in his 

publication La Pression Barometrique (1978).  The book reviewed both high and low 

barometric pressure and concluded that the harmful effects caused by high altitude were 

due to the low partial pressure of oxygen (West, 2011). 

Previous literature has suggested that humans at extreme altitude have lower 

arterial oxygen saturation, a decreased maximal O2 uptake, and increased ventilation and 

heart rate (Sutton et al., 1988; Tannheimer et al., 2002).  All these symptoms associated 

with hypoxic conditions can be harmful to hikers if such physiological changes are 

experienced for long periods of time.   

Hypoxia is a physiological condition in which the bodily tissues do not receive 

sufficient oxygen (Frisancho, 1975).  It can be caused by any interference with the body 

tissues’ oxygen supply through physiological, pathological, or environmental conditions.  

There are many different types of hypoxia (i.e. anemic hypoxia, ischemic hypoxia, etc.).  

This literature review will focus on high altitude hypoxia which is caused by the lowered 

partial pressure of the air at high altitudes.  For example, at sea level the partial pressure 

of oxygen (PO2) is 159 mm-Hg (760 mm Hg x 0.2093).  However at ~11,800 ft (3,500 m) 

the partial pressure of oxygen decreases to 103 mm-Hg, and at ~14,700 ft (4,500 m) it 

decreases to 91 mm-Hg.  This reduction in partial pressure of oxygen leads to a reduction 

of the partial pressure of oxygen to the alveoli thus contributing to insufficient oxygen to 
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body tissues at high altitudes (Frisancho, 1975).  Certain individuals appear to be more 

susceptible to hypoxia.  Symptoms of high altitude hypoxia include physical and mental 

fatigue, shortness of breath, rapid heart rate, respiratory distress, headaches (increasing in 

severity with activity), and interrupted sleep.   

In people with the ability to acclimatize, the symptoms to high altitude hypoxia 

are staved off through the workings of various adaptive mechanisms.  These include 

changes in pulmonary ventilation, RBC concentration and oxygen transportation through 

the blood, lung volume and pulmonary diffusing capacity, oxidative enzymes in cells, 

and diffusion of oxygen from blood to tissues (Banchero et al., 1966; Frisancho, 2011; 

Wagner, 2010; West, 2006).  Perhaps the most important factor in acclimatization is the 

increase in ventilation.  This is caused by the hypoxic stimulation of arterial 

chemoreceptors and can be considered both adaptive and non-adaptive.  Adaptive 

because PO2 in the alveoli and arteries increases with increased ventilation, thus 

increasing the blood-tissue diffusion gradient; and non-adaptive because the partial 

pressure of carbon dioxide (PCO2) decreases in the alveoli and may result in alkalosis with 

decreases in cerebral blood flow (Frisancho, 2011).   

Another, much slower mechanism of adaptation is polycythemia which aids in the 

transport of oxygen in the blood.  Caused by a release of erythropoietin due to low 

arterial PO2, the steady state of polycythemia is not usually reached for several weeks 

once at high altitude (West, 2006).  This condition allows the blood to have an increased 

oxygen carrying capacity, beneficial to the body tissues. 

A third adaptive mechanism to high altitude hypoxia is the changes in lung 

volume and pulmonary diffusing capacity.  Lung volume in lowlanders, those who 
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normally reside at or around sea level, has been shown to drastically decrease upon initial 

exposure to high altitudes.  However, after around “one month of residency at high 

altitudes” the individuals usually regain a lung volume similar to sea level values 

(Frisancho, 2011).  The diffusing capacity during exercise in lowlanders is extremely 

vulnerable at high altitude.  The diffusion equilibrium becomes impaired because of an 

imbalance in the raito of diffusive to perfusive conductance for oxygen (Wagner, 2010).  

This diffusion limitation impairs oxygen transport and reduces VO2max.  Highlanders, 

those who normally reside at high altitudes, are found to have larger total and residual 

lung volumes.  Their diffusing capacity is also better than that of lowlanders, perhaps due 

to a greater alveolar area and increased capillary volume (Frisancho, 2011).  Based on 

multiple studies, it is hypothesized that the pulmonary traits of highlanders are 

adaptations that occurred during childhood and adolescence to accommodate the low 

partial pressure of oxygen at the high altitudes of their residencies (Frisancho, 2011). 

A fourth beneficial adaptation to high altitude is the change in the diffusion of 

oxygen from blood to body tissues.  Oxygen is utilized in the mitochondria of the cell.  In 

order for the oxygen to reach the mitochondria, it must pass through the cell wall by 

physical diffusion; however, the rate of this diffusion is dependent on the PO2 (Frisancho, 

2011).  The lowered PO2 at high altitudes causes a shortening in travel distance of oxygen 

which is able to occur because of the vasodilation of both new and existing capillaries.  

The increased capillary bed allows greater blood perfusion, thus diffusing more oxygen 

into the body tissues at a faster rate (Frisancho, 2011). 

At high altitudes, atmospheric pressure is reduced which in turn lowers alveolar 

oxygen pressure and arterial oxygen saturation (SaO2) (Banchero et al., 1966; 
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Tannheimer et al., 2002; West et al., 1962).  SaO2 in normal healthy adults is usually 

recorded at rest to be 96 – 98% at sea level.  The saturation levels decrease slightly 

during exercise at sea level but normally measure in a range of 92 – 95%.  However, 

previous literature has shown SaO2 to decrease at altitude (at rest) and to further decrease 

during exercise at altitude (Banchero et al., 1966; Tannheimer et al., 2002; West et al., 

1962).   

A study conducted by Tannheimer et al. (2002) discovered that lowered SaO2 

resulted in lower maximal workloads, increased heart rate (HR), and decreased appetite.  

The subjects of this study had a high level of physical fitness due to a large oxygen 

affinity caused by intense physical training prior to entrance in the study.  Baseline 

measurements were taken around sea level prior to the experiment.  A base camp was 

established at an altitude of 4,850 m (~15,900 ft).  Higher altitude camps, necessary for 

experiments, were installed at 5,750 m (~18,860 ft), 6,400 m (~21,000 ft), and 7,100 m 

(~23,300 ft).  The principal investigators used pulse oximetry to determine oxygen 

saturation in the awake (without exercise) condition, awake (with exercise) condition, 

and sleeping condition.  Through this study, the investigators noticed a large decrease in 

SaO2 as altitude increased.  The lowest SaO2 values were consistently measured at 

maximal exercise (69 – 85%) and during sleep (73 – 88%).  As significant amounts of 

time were spent at any particular altitude however, SaO2 during sleep appeared to 

increase. 

Banchero et al. (1966) were some of the first to compile the results of separate 

high altitude exercise experiments at differing altitudes into a single publication.  They 

observed a decrease in SaO2 from 78.4 to 69.4% at a workload of 300 kg-m/min/m2 at an 
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altitude of 14,900 ft.  This finding was then compared to results from studies conducted 

by different investigators at lower altitudes, but the same workload.  Vogel et al. (1962) 

observed that at 10,150 ft, SaO2 decreased from 92 to 88.6% during exercise.  Again 

these same investigators found a smaller decrement of 95 to 93.5% from rest to exercise 

at an altitude of 5,280 ft.   

West et al. (1962) conducted a study on arterial oxygen saturation at an altitude of 

19,000 ft. (5,800 m).  The subjects used in this study had lived at the study altitude for 14 

weeks, thus becoming acclimatized.  Because of the acclimatization, the investigators 

were able to expose the subjects to higher workloads than had previously been studied.  

The subjects completed tests at two different workloads, 300 and 900 kg-m/min on a 

stationary bicycle.  Each test began with a five minute warm-up at 300 kg-m/min.  After 

the warm-up, oximeter readings were taken during exercise every 1 – 2 minutes.  The 

data showed a “progressive fall in SaO2 as the exercise level increased” (West et al., 

1962).  For example, the mean saturation for the subjects at rest was 67%.  The average 

SaO2 then fell to 63% at a workload of 300 kg-m/min and fell again to an average of 56% 

at a workload of 900 kg-m/min.  SaO2 recovery rates were rapid after the conclusion of 

exercise rising anywhere from 20 – 30% over the course of five minutes.  These 

extremely low measurements during exercise were interesting in that because the subjects 

were acclimatized to the altitude, they were able to perform well even with very low 

SaO2 values.  Unlike these subjects, an unacclimatized individual in acute hypoxia would 

almost certainly become unconscious if SaO2 values fell below 60% (West et al., 1962).   

Cardiac output and circulation (pulmonary and systemic) have been studied to 

determine how each reacts to high altitude.  Cardiac output is often found to be mostly 
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unaffected by high altitude.  Heart rate generally increases rapidly during initial exposure 

to hypoxia; however, with acclimatization resting heart rate declines but remains above 

sea level values (Banchero et al., 1966; Frisancho, 1975).  Banchero et al. (1966) found 

cardiac output to increase during exercise, but almost exclusively as a result from 

increased heart rate.  People born and raised at high altitudes have shown an increased 

muscularization of the pulmonary arteries and arterioles which likely contributes to 

increased pulmonary vascular resistance (Frisancho, 1975).  This adaptation is 

hypothesized to allow more effective arterial blood oxygenation due to an increased lung 

perfusion and increased vascularization which would improve the lung’s oxygen 

diffusing capacity; thus improving pulmonary function at high altitudes.  Improvements 

in systemic circulation at high altitudes have yet to be fully understood.  Highlanders 

have been known to have lower systemic blood pressures than lowlanders and a lower 

incidence of hypertension and ischemia; however more research is needed to determine 

the etiology of this information (Frisancho, 1975). 

Another physiological hurdle when conducting exercise tests at high altitude is 

the progressive reduction of VO2max with increasing altitude.  Frisancho (1975) 

references studies demonstrating reduced aerobic capacities at high altitude.  When 

experiencing high altitude hypoxia prior to acclimatization, subjects showed aerobic 

capacities reduced by 13 – 22%.  These values were also noticed to decline by 3.2% 

every 1,000 ft (300 m) ascended after reaching 5,000 ft (1500 m) (Frisancho, 1975).   

This VO2max reduction is more prevalent under exercise conditions that involve large 

muscle masses compared to small muscle masses.  This is to say that an exercise such as 

a single leg knee extension would evoke a smaller difference in VO2max at altitude in 
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comparison to running or cycling.  Wagner (2010) points out that VO2max, although 

reduced at altitude, is almost immediately reversible when reentered into normoxia.  This 

observation leads to the hypothesis that a reduction in muscle mitochondrial oxygen 

availability is the root of a reduced VO2max at altitude.  By examining the oxygen 

transport chain, including ventilation, diffusion of O2 from the alveoli into pulmonary 

capillary blood, perfusion, and diffusion of O2 from muscle microvessels to mitochondria 

(all of which have been previously discussed in this review) Wagner (2010) was able to 

determine that diffusion (both pulmonary and muscle) contributed significantly to the 

reduction of VO2max at altitude. 

Quite possibly the most influential study of high-altitude research conducted in a 

hypobaric chamber was Operation Everest II which was led by Charles Houston, John 

Sutton, and Allen Cymerman.  This study was unique in that it allowed the investigators 

continual access to the subjects participating and permitted invasive measurements to be 

taken quickly, efficiently, and safely.  However, the convenience of the hypobaric 

chambers may have skewed some dimensions of the physiological results when 

compared to high-altitude field studies.  Without exposing the subjects to the physical 

elements of the mountains such as the extreme cold, and stresses such as fear or anxiety, 

dehydration and possible nutrient deficiencies, and interrupted sleep; the physiological 

changes that the subjects experience and their coping mechanisms may cause the results 

to seem more favorable than in field conditions.  Operation Everest II was a landmark 

study that resulted in high-altitude information useful to the research that is still relevant.   

Cardiovascular, respiratory, metabolic, muscle, hematological, immunological, 

and neural responses (awake and asleep) in eight healthy males, aged 21 – 31 years, were 
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studied by investigators in Operation Everest II.  Pulmonary gas exchange was one 

physiological aspect studied during Operation Everest II.  It was observed that gas 

exchange was affected by ventilation-perfusion inequality.  The measurement used for 

this inequality is called LOG SDQ.  In normal resting adults at sea level LOG SDQ 

averages 0.35 – 0.45.  However, Operation Everest II subjects at rest at the “summit” had 

LOG SDQ averages of 1.0 which are associated with patients suffering moderate lung 

disease.  Furthermore, when the subjects exercised at high altitude the LOG SDQ average 

increased to 2.0 (usually only seen in respiratory distress and failure patients in ICU) 

(Wagner, 2010).  It was also observed that altitude caused alveolar-capillary diffusion 

limitation that resulted in 15% decrease in SaO2 when arterial PO2 measured 28 mmHg 

and alveolar measured 34 mmHg (just a 6 mmHg difference). 

During Operation Everest II, VO2max was seen to fall as altitude increased.  This 

study examined subjects during steady-state exercise at sea level and varied inspired O2 

pressures (PIO2).  The subjects had cardiac catheters inserted to sample arterial blood and 

measure systemic arterial pressure, infuse dissolved inert gases, enable sampling of 

mixed venous blood, and measure venous blood temperature and pulmonary 

hemodynamics (Sutton et al., 1988).  Exercise tests were performed on a cycle ergometer 

after catheter insertion.  These tests were performed at sea level and all altitudes with 

workloads of 30, 60 90, 120, 150 Watts (W) or 60, 120, 180, 240, 300, 340 W depending 

on previously measured performance.  As PIO2 decreased maximal O2 uptake also 

decreased.  VO2max and arterial oxygen pressure were also seen to decline progressively 

with decreasing barometric pressure (Sutton et al., 1988).  The decline in VO2max was 
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proposed as due to the “effect of hypoxia on oxygen transport” but also, by the end of the 

40-day study, due to decreased muscle mass (Wagner, 2010).   

Although the physiological effects of exercise at extreme altitude are heavily 

research, what is unknown is the severity of these physiological effects on apparently 

healthy people at moderate altitude.  The purpose of this study is to determine the 

physiological responses to hiking at altitude in apparently healthy adults.  How low will 

SaO2 drop?  What physical signs and symptoms, if any, will occur when hiking two miles 

at an altitude of 8,000 ft.?  In hypoxic conditions will people become aware of their 

lowered SaO2 levels?  As the experiments are being conducted, close attention will be 

given to SaO2, HR response, RPE and treadmill speed recordings.  It is hypothesized that 

as altitude increases, SaO2 and treadmill speed will decrease.  However as altitude 

increases, HR and RPE will increase. 
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