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Background: Amongst the millions of travelers to high altitude worldwide are many with chronic obstructive pulmonary disease 
(COPD), but data regarding the effects of acute exposure to altitude on exercise performance are limited. The current study 
investigated how acute exposure to moderate altitude influences exercise performance in COPD patients, providing novel insights 
to the underlying physiological mechanisms.
Methods: Twenty-nine COPD patients, GOLD grade 2–3, median (quartile) forced expiratory volume in 1 second (FEV1) of 60% 
predicted (46; 69) performed cycling incremental ramp exercise test (IET) at 490 m and after acute exposure of 2–6 hours to 2048 m or 
vice versa, according to a randomized cross-over design. Exercise performance and breath-by-breath analyses of the last 30 seconds of 
each IET were compared between locations.
Results: At 2048 m compared to 490 m, the maximum power output (Wmax) was 77 watts (62;104) vs 88 watts (75;112), median 
reduction 5 watts (95% CI, 2 to 8, P<0.05), corresponding to a median reduction of 6% (95% CI, 2 to 11, P<0.05) compared to 
490 m. The peak oxygen uptake (V’O2peak) was 70% predicted (56;86) at 2048 m vs 79% predicted (63;90) at 490 m, median 
reduction of 6% (95% CI, 3 to 9, P<0.05). The oxygen saturation by pulse oximetry (SpO2) at 2048 m was reduced by 8% (95% CI, 4 
to 9, P<0.05) compared to 490 m. The minute ventilation (V’E) increased by 2.8L/min (95% CI, 0.9 to 4.2, P<0.05) at 2048 m. The 
maximum heart rate and the subjective sense of dyspnea and leg fatigue did not change.
Conclusion: Lowlanders with moderate-to-severe COPD acutely exposed to 2048 m reveal small but significant reduction in cycling 
IET along with a reduced V’O2peak. As dyspnea perception and maximal heart rate were unchanged, the lower blood oxygenation and 
exaggerated ventilatory response were culprit factors for the reduced performance.
Keywords: COPD, exercise, high altitude, hypoxia, hypoxemia, cardiopulmonary exercise testing

Introduction
Chronic obstructive pulmonary disease (COPD) is a highly prevalent disease and characterized by dyspnea, chronic 
productive cough and progressive exercise intolerance.1 Many studies have investigated exercise performance and 
limiting factors in patients with COPD near sea level and showed multifactorial physiological limitations in gas exchange 
and ventilation,2 dynamic hyperinflation,3 deteriorated hemodynamics,3 weakness of the peripheral muscles4 and other 
factors.1,5 However, taking into consideration improved accessibility of mountain regions and the high COPD prevalence, 
then a considerable number of COPD patients travel for professional or touristic reasons to moderate altitude.

In the hypobaric hypoxic environment at high altitude, alveolar oxygen partial pressure is decreased, leading to 
hypoxemia and tissue hypoxia. In healthy individuals, hypoxemia leads to an increase in resting heart rate, ventilation 
and catecholamine excretion both at rest and during exercise. Despite these compensatory mechanisms, peak oxygen 
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uptake (V’O2peak) remains lower compared to sea level,6 causing an altitude-related reduction of the maximum power 
output.

The effects of moderate altitude on exercise performance in COPD patients have not yet been conclusively 
investigated. At high altitude, the reduced partial pressure of oxygen may impair exercise tolerance due to induced 
hypoxemia, worse ventilatory equivalents and cerebral hypoxia.7,8 These exercise limitations were exclusively observed 
on the second day at high altitude.7–9 However, on the second day at altitude, some patients may have already suffered 
from acute mountain sickness (AMS) or have withdrawn from the study due to altitude-related adverse health effects.10,11 

To our knowledge, no trial has yet investigated the exercise performance on the day of arrival at moderate altitude in 
COPD patients.

Therefore, the aim of this study was to test the hypothesis that exercise performance is reduced in patients with COPD 
on the day of arrival at moderate altitude. Furthermore, the aim was to quantify the decrease in exercise performance; to 
study the underlying physiological mechanisms and to explore predictors that could predict the altitude-related exercise 
intolerance in COPD.

Materials and Methods
Study Design
The current study was performed as part of a randomized cross-over study with the primary objective to investigate the 
effect of nocturnal oxygen therapy (NOT) on next-day 6-minute walking test (6-MWT) performance in COPD patients 
staying overnight at moderate altitude.11 In the main study, patients were examined once in Zurich (490 m) and twice in 
St. Moritz (2048 m), Switzerland. In order to minimize the carry-over and learning effect between the two ascents to 
2048 m, a two-week washout period at low altitude (<800 m) was interposed. In the current analysis, we compared the 
exercise performance during a cycling incremental ramp exercise test (IET) from the first ascent to 2048 m, performed 2– 
6 hours after arrival, with those performed at 490 m. Data from the second ascent to 2048 m were only included for two 
patients, who had missing IET data during the first sojourn. All IET-related findings have not been published previously. 
The ascent to 2048 m was performed by train and car and lasted less than three hours. The below described assessments 
were performed at both study locations (490 m and 2048 m).

The protocol was approved by the cantonal ethics committee Zurich, Switzerland (EK-Nr. 2013–0088) and all patients 
provided written informed consent. The trial complied with the Declaration of Helsinki. The abstract of this paper was 
presented as a poster at the European Respiratory Society (ERS) International Congress in Paris in 2018. The poster’s abstract 
has been published in European Respiratory Journal (https://erj.ersjournals.com/content/52/suppl_62/PA2455). The main 
study was registered at www.ClinicalTrials.gov (NCT02143609).11 Further findings of secondary outcomes were published 
from this COPD study.12–14

Patients
We recruited men and women, aged 18–75 years old, with moderate-to-severe COPD, according to GOLD 
classification15 (GOLD 2–3, FEV1 from ≥30% to <80% predicted), both sexes, who lived at low altitude (<800 m). 
Exclusion criteria were hypoxemia of SpO2 <92% at 490 m, home oxygen or CPAP therapy, recent COPD exacerbation 
or pulmonary rehabilitation 3 months prior to the study, unstable COPD (defined as an acute change in dyspnea, cough or 
sputum production compared to the individual normal state), changes in their medication during the last 30 days and 
patients with a previous high-altitude intolerance (<2500 m) or a recent ascent to high altitude (>1500 m) in the past four 
weeks before the study. Furthermore, patients with severe unstable cardiovascular (eg, angina pectoris, recent myocardial 
infarction, obstructive sleep apnea), known neurological and psychiatric diseases, smoking more than 20 cigarettes 
per day, intake of medication that affects the respiratory tract (eg opioids, sedatives, etc.) and women being pregnant or 
breastfeeding were also excluded.11

Patients were recruited at the clinic of pulmonology of the University Hospital Zurich. Patients with an interest to 
participate in our study were invited for screening before the beginning of the study. A detailed medical history was taken 
and an insight of the patient’s medical records was completed. Moreover, a clinical examination, a lung function test, an 
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arterial blood gas analysis, a resting electrocardiogram (ECG) and, by suspicion of obstructive sleep apnoea, an 
ambulatory overnight pulse oximetry11 were performed. Accordingly, in five patients in whom clinical evaluation raised 
the suspicion of undiagnosed sleep apnea were evaluated and were excluded if their oxygen desaturation index exceeded 
15 events/h. No patients were excluded. Finally, an IET was performed.

Randomization
The sequence of altitude exposure and nocturnal treatment (placebo or NOT) was randomized. However, due to the here 
investigated performance of exercise testing on the day of arrival and before the first night at altitude, treatment 
allocation randomization does not play a role. Patients were randomized in balanced blocks of 4 and were assigned to 
sequences of altitude exposure and treatment (1–4) by letting them draw a sealed envelope with 1 of the following 
allocations: (1) assessment at 490 m first, allocated to receive placebo on first trip to 2048 m, then NOT on second trip; 
(2) assessment at 490 m first, allocated to receive NOT on first trip to 2048 m, then placebo on second trip; (3) allocated 
to receive placebo on first trip to 2048 m, then NOT on second trip, with assessment at 490 m last; and (4) allocated to 
receive NOT on first trip to 2048 m, then placebo on second trip, with assessment at 490 m last.11. The two ascents to 
2048 m took place one after the other, so that each patient had examinations at 490 m, followed by 2048 m or vice versa, 
according to a randomized cross-over design.11

Study Outcomes
The primary outcome was the change of maximal power output (Wmax) at 2048 m compared to 490 m. Secondary 
outcomes were changes of physiological measures including SpO2 and heart rate at peak exercise and other clinical and 
subjective outcomes assessed by spirometry and questionnaires.

IET
IET was performed in Zurich and 2–6 hours after the arrival at 2048 m according to randomization. The patients 
performed a cycling IET to exhaustion using an individually established ramp protocol. In order to define the optimal 
individual ramp protocol, each patient performed a maximal IET at the pre-evaluation visit, before randomization. At 
490 m, an exercise duration time of 8 to 12 minutes was aimed because of the known efficiency and best diagnostic use 
of this exercise duration, which has been established in clinical practice.16 At 2048 m, the same ramp protocol as at 
490 m was used.

During the IET, ventilation and gas exchange were measured breath by breath. The Wmax, the oxygen saturation by 
finger-tip pulse oximetry (SpO2), the minute ventilation (V’E), the oxygen uptake (V’O2), a 12-lead ECG, the heart rate 
and other variables were measured continuously. For each test, identical ergometer, flowmeter and spirometry devices 
(Ergostik, Geratherm Respiratory GmbH) were used. The exercise test was performed according to the guidelines of the 
American Thoracic Society (ATS).16 Healthy reference values published by Koch et al were applied to calculate 
the percent predicted.17 Furthermore, dyspnea and leg fatigue were assessed directly before and after the exercise test 
by a Borg CR10 scale.18 The mean value of the work rate at the last 30 seconds of exercise was defined as maximal 
power output and all other variables were determined similarly.

After the installation of the face mask, ECG cables and pulse oximeter, the patients remained quietly seated on the 
ergometer for a minimum of three minutes. At the beginning of the IET, the patient started to peddle with a rate of 60 
revolutions per minute (rpm). The exercise test was terminated when the peddling rate decreased to <40 rpm.

Lung Function Testing and Estimation of Maximal Voluntary Ventilation
Before each IET, lung function testing including spirometry and diffusing capacity of carbon monoxide was performed 
according to international guidelines.19 Furthermore, the maximal voluntary ventilation (MVV) was assessed through an 
appropriate maneuver. The patients had to breathe through the mouthpiece of the spirometer as deeply and quickly as 
possible for 10 seconds. The MVV-maneuver was performed according to the ATS and ERS guidelines.19
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Statistics
We performed a per-protocol-analysis, in which the first IET of all patients with an IET at 490 m and 2048 m was 
included. All variables are presented as medians with inter quartile range (IQR) unless otherwise stated. The altitude 
effect between 490 m and 2048 m was examined using Hodges–Lehmann–Schaetzer median difference and are presented 
as median difference and 95% confidence interval (command cendif in STATA).20 This approach compares the individual 
altitude effect and calculates the median differences instead of comparing medians between 2048 and 490 m. A mixed 
linear regression analysis was performed to identify possible predictors for Wmax. A two-sided p-value <0.05 was 
considered to be statistically significant. The statistics were performed in STATA 15.1.

Results
Patient Characteristics
We screened 42 patients for eligibility, of which 32 were recruited for the current study. Three patients, who performed 
only one IET (either at 490 m or 2048 m) were excluded from the final analysis. Therefore, 29 patients were included in 
the per-protocol analysis (Figure 1). Patient characteristics are presented in Table 1.

IET Results
Results from IET are presented in Table 2. We observed a statistically significant reduction in Wmax at 2048 m compared to 
490 m. The median reduction in Wmax with altitude was 5 watts (95% CI, 2 to 8, P<0.05), which corresponded to 
a decrease of 6% (95% CI, 2 to 11, P<0.05) compared to 490 m (Figure 2). Both V’O2peak and SpO2 were also reduced, 
despite an increase of V’E at 2048 m of 2.8 L/min (95% CI, 0.9 to 4.2, P<0.05) (Figure 3). The increase in V’E was 
associated with a trending increase in MVV (95% confidence interval of 0 to 5) and unchanged ventilatory breathing 
reserve (MVV – maximal V’E). Furthermore, the increased V’E and lower V’O2 and V’CO2 at a lower Wmax at 2048 m 
resulted in an increase in ventilatory equivalents for oxygen uptake (V’E/V’O2) and for carbon dioxide output (V’E/V’CO2). 

Figure 1 Study flow chart. Cardiopulmonary exercise tests were performed at 490 m and within 2–6 hours after arriving at 2048 m. *Cardiopulmonary exercise test from 
1st sojourn included in the per-protocol analysis. 
Abbreviations: CVD, cardiovascular disease; COPD, chronic obstructive pulmonary disease.
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We did not observe any differences in ventilatory and heart rate reserve (220 – age – maximal heart rate) between low and 
moderate altitude.

Dyspnea and leg fatigue at end-exercise were similar at both altitudes. The respiratory exchange ratio (RER) at end- 
exercise slightly increased at 2048 m compared to 490 m.

Results from univariate linear regression analyses are presented in Table 3. The mixed linear regression analysis confirmed 
an altitude-induced reduction in Wmax of 4% predicted in COPD GOLD 2 and a 7% predicted reduction in COPD GOLD 
grade 3 when ascending to altitude (P<0.05 between 2048 m vs 490 m; P=0.128 between GOLD grade 3 vs 2).

Discussion
The current randomized crossover study in lowlanders with moderate-to-severe COPD revealed that acute ascent to 
2048 m of altitude was associated with a slightly but significantly reduced maximal power output in cycling IET. The 
reduced performance was associated with a lower SpO2 and V’O2 along with a higher V’E at peak exercise at 2048 m but 
unchanged peak heart rate and dyspnea perception. We observed that the increase in V’E and trending increase in MVV 
resulted in unchanged ventilatory reserve (MVV – V’E) at 2048 m. These observations were probably explained by the 

Table 1 Patients’ Characteristics (per-Protocol-Analysis)

Demographics
n, (Men/Women) 29 (14/15)
Age, y 65 (62; 69)

Height, m 1.68 (1.65; 1.73)

Weight, kg 70 (62; 83)
Body mass index, kg/m2 26.2 (22.5; 28.7)

Current smokers, n (%) 7 (24)

Current smoking, pack-years 23 (3; 25)
Smoking, pack-years 40 (30; 53)

GOLD grade 2, n (%) 19 (66)

GOLD grade 3, n (%) 10 (34)
Medication
Inhaled β-adrenergics, n (%) 24 (83)

Inhaled anticholinergics, n (%) 22 (76)
Inhaled glucocorticosteroids, n (%) 14 (48)

Lung function
FVC, Liters 2.93 (2.54; 3.78)
FVC, % predicted 87 (79; 95)

FEV1, Liters 1.57 (1.22; 2.05)

FEV1, % predicted 60 (46; 69)
FEV1 / FVC 0.52 (0.43; 0.60)

Arterial blood gases
pH 7.44 (7.43; 7.46)
PaO2, kPa 8.7 (8.3; 9.6)

PaCO2, kPa 5.0 (4.6; 5.2)

SaO2, % 94.4 (92.4; 95.3)
Hemoglobin concentration, g/dL 14.2 (13.8; 15.2)

Comorbidities
Coronary artery disease, n (%) 1 (3)
Peripheral artery disease, n (%) 4 (14)

Diabetes mellitus, n (%) 4 (14)

Note: Values presented in median (interquartile range) or numbers and 
proportions. 
Abbreviations: FVC, forced vital capacity; FEV1, forced expiratory volume in 
the first second of expiration; PaO2, partial pressure of arterial oxygen; PaCO2, 
partial pressure of arterial carbon dioxide; SaO2, oxygen saturation by arterial 
blood gas analysis.
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lower barometric pressure and the lower airway resistance observed at high altitude as previously reported in COPD 
patients at higher altitude.7 The unchanged peak heart rate and dyspnea perception in both locations indicate same effort 
during the IET at both low and moderate altitudes. These results clarify that the reduced exercise performance at 

Table 2 Results at Peak Exercise

490 m 2048 m Median Difference (95% CI)a

Time, min:sec 10:22 (9:37; 10:45) 9:40 (8:27; 10:05) −0:36 (−1:05 to −0:14)*
Work rate, Watt 88 (75; 112) 77 (62; 104) −5 (−8 to −2)*

% predicted 70 (60; 78) 68 (49; 75) −4 (−7 to −1)*

% 490 m 100 94 (88; 100) −6 (−11 to −2)*
SpO2, % 93 (90; 98) 86 (83; 90) −8 (−9 to −4)*

V’O2, L/min 1.18 (1.04;1.61) 1.09 (0.89; 1.32) −0.07 (−0.16 to −0.05)*

% predicted 79 (63; 90) 70 (56; 86) −6 (−9 to −3)*
V’O2, mL/min/kg 17.85 (13.39; 19.98) 15.79 (12.02; 18.61) −1.30 (−1.98 to −0.63)*

V’CO2, L/min 1.18 (1.04; 1.61) 1.09 (0.89; 1.32) −0.07 (−0.10 to −0.05)*
% predicted 53 (41; 61) 48 (37; 55) −3 (−6 to −2)*

VE/V’O2 37.6 (34.7; 41.5) 44.6 (36.2; 48.3) 4.8 (4.2 to 6.1)*

VE/V’CO2 37.8 (33.5; 41.3) 41.9 (36.9; 44.5) 4.4 (3.9 to 5.4)*
RER 1.00 (0.93; 1.04) 0.99 (0.97; 1.07) 0.02 (0.01 to 0.05)*

Tidal volumes, L 1.55 (1.18; 1.77) 1.54 (1.27; 1.82) 0.03 (−0.06 to 0.07)

Breathing frequency, 1/min 33 (28; 37) 32 (29; 38) 1 (−1 to 2)
VE, L/min 48.4 (34.7; 60.9) 48.6 (39.4; 61.8) 2.8 (0.9 to 4.2)*

MVV, L/min 62 (41; 82) 65 (45; 78) 2 (0 to 5)

Breathing reserve, L/min 11 (5; 16) 12 (7; 18) 1 (−2 to 3)
Breathing reserve, %MVV 15 (8; 30) 21 (11; 25) −1 (−3 to 3)

Heart rate, 1/min 127 (119; 136) 127 (118; 140) 3 (−3 to 6)

HRR, 1/min 29 (19; 39) 25 (17; 36) −3 (−6 to 3)
Borg CR10 Dyspnea 5 (4; 6) 5 (4; 5) 0 (0 to 1)

Borg CR10 
Leg fatigue

3 (3; 5) 3 (3; 5) 0 (0 to 0)

Notes: Median (interquartile range) and median difference (95% confidence interval). aMedian differences were calculated by the approach from 
Hodges–Lehman median difference in the individuals, and does not represent the difference in medians between both altitudes. SpO2, oxygen 
saturation by pulse oximetry; V’O2, oxygen uptake; V’CO2, output of carbon dioxide; V’E, minute ventilation; RER, respiratory exchange ratio (V’CO2 

/V’O2); MVV, maximal voluntary ventilation; Breathing reserve, MVV – V’E; HRR, heart rate reserve (220-age-heart rate). *P <0.05 vs 490 m.

Figure 2 Relative change of maximum power output in Watts from 490 to 2048 m. Lines represent individual patients.
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2048 m compared to 490 m was mostly related to the hypoxemia which presumably induced myocardial hypoxia and 
inefficient ventilation as reflected by the increased V’E/V’O2 and V’E/V’CO2. FEV1 and DLCO measured at low altitude 
were identified as predictors with a negative correlation to the percentage-reduction of the exercise performance, which 
indicates that the altitude-related reduction of exercise performance is pronounced in patients with more severe limitation 
in ventilation and pulmonary gas exchange.

The exercise performance of healthy individuals, expressed in V’O2 has been suggested to linearly decrease by 1% 
per 100 m ascent from 1500 to 6300 m.6 The reduction in exercise performance observed in our study is close to these 
data from healthy individuals, despite the lower baseline exercise performance in patients with COPD.

Data from previous studies, which addressed the exercise performance of COPD patients at high altitude are scant. 
Eight COPD patients (FEV1 25–78% predicted) were exposed to 1920 m in 1978 by Graham and Houston)21 and showed 
a decrease in partial pressure of arterial oxygen (PaO2) from 8.8 to 6.8 kPa at 1920 m; the PaO2 increased to 7.4 kPa after 
a four-day acclimatization. Except for one patient, a light exertion on treadmill at high altitude was well tolerated by all 
others, but the change of the exercise performance was not quantified. However, the reduced PaO2 and spirometry 

Figure 3 Relative changes of physiological variables at peak exercise at 2048 m compared to 490 m. The bars represent the differences of the median values and the 
whiskers the 95% confidence interval. 
Abbreviations: Wmax, maximal Watt; SpO2, oxygen saturation by pulse oximetry; V’O2, oxygen uptake; V’E, minute ventilation.

Table 3 Mixed Linear Regression Analysis for the Work Rate Reduction, % Predicted

Coef ± SE 95% CI p-value

Wmax in COPD GOLD grade 2 at 490 m, % predicted 80 ± 4 72 to 88 <0.001

Difference in Wmax between GOLD 3 vs GOLD 2 at 490 m, % predicted −28 ± 7 −41 to −14 <0.001
Altitude-induced change in Wmax in GOLD 2, % predicted −4 ± 1 −7 to −2 0.002

Difference in altitude-induced change in Wmax between GOLD 3 vs GOLD 2 −3 ± 2 −8 to 1 0.128

Notes: N = 58 assessments. Wmax, maximal work capacity in percent predicted. Mixed linear regression analysis with work rate % 
predicted as dependent variable. COPD GOLD grade 2 represent patients with a forced expiratory volume in the first second of expiration 
(FEV1) between ≥50 to <80% predicted; GOLD grade 2 represent patients with a FEV1 between ≥30 to <50% predicted. Based on the 
regression model, the equation to calculate the Wmax can be outlined as follows: Wmax[%predicted]=80-28 x GOLD[0=GOLD 
2;1=GOLD 3]-4 x Altitude[0=490 m; 1=2048 m]-3 x Altitude x GOLD. As an example, Wmax in % predicted in a COPD GOLD 3 patient 
at 2048 m would be: Wmax[% predicted]=80-28-4-3=45% predicted.
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suggest that being exposed to high altitude is connected to exercise limitations, a hypothesis that was confirmed by our 
study.

In a prior randomized study performed by our group,8 the exercise performance of 31 COPD patients (GOLD grade 
2–3, mean FEV1 59% predicted) was evaluated after the first night at 1650 m by a cycling IET to exhaustion. In this 
study, the exercise performance was decreased by 7% at 1650 m compared to 490 m. V’E was increased and breathing 
reserve was reduced at peak exercise. Furthermore, maximal heart rate remained unchanged and V’O2peak was reduced. 
In another randomized, controlled, double-blinded trial,22 which investigated the effects of preventive treatment with 
acetazolamide on exercise performance in 103 patients with moderate-to-severe COPD on the day of arrival to 3100 m, 
a 10% reduction in Wmax was observed compared to 760 m.

Regardless of the study designs and in accordance with findings in healthy individuals, exercise was reduced with 
increasing altitude in COPD. Furian et al8 described a reduction in respiratory reserve at 1650 m, assuming that an 
additional mechanical limitation of ventilation during exercise at high altitude contributed to the decrease in maximal 
exercise performance, which was observed. However, in the current study, there was no significant reduction of 
respiratory reserve at high altitude. An etiology could be that in the current study, the MMV was measured using 
a breathing maneuver, although MVV is often calculated through FEV1 (MVV = 40 × FEV1). However, the measurement 
of MVV in COPD patients is technically difficult, depending on the daytime and the examiner performing it. In the study 
of Furian et al, half of the patients performed the exercise test after a 2-day period of acclimatization at 2590 m; this 
could also have had an influence on the ventilatory mechanism resulting in the ability to reduce respiratory reserve with 
maximal exercise. As previously shown, we confirmed the finding that maximal heart rate at altitude did not increase, 
despite exaggerated hypoxemia. This is in accordance with unchanged or even decreased maximal heart rate in healthy 
subjects exercising at altitude. The assumed underlying mechanisms are the protection against exaggerated myocardial 
hypoxia.23

In the study of Kelly et al,9 18 COPD patients (mean FEV1 42% predicted) were driven by car to a mountain Hutt at 
2086 m, where they performed a 6-MWT after arrival. A decrease of 52% in 6-minute walking distance (6-MWD) 
compared to baseline measurements at 245 m was observed. Furthermore, 13 of the 18 patients were not able to perform 
the full 6-MWT and had to quit sooner. Although this study is not directly comparable to our trial, it shows a reduction of 
exercise performance shortly after arriving at high altitude. The discrepancy between the amount of the decrease in the 
exercise performance compared to our data can be explained by differences in COPD severity, assessment of exercise 
performance and the study design.

In summary, the observed exercise intolerance in COPD at 2048 m were mainly caused by pronounced hypoxemia 
and increased ventilatory equivalents without compensatory mechanisms. Compensatory mechanisms to increase the 
oxygen carrying capacity to the muscles such as increase in heart rate or further increase in minute ventilation by either 
increasing the breathing frequency or tidal volume were not observed. Whether the absence of ventilatory compensatory 
mechanisms was due to COPD-related airflow obstruction, interstitial lung fluid accumulation due to elevated pulmonary 
artery pressure13 or hypoxic pulmonary vasoconstriction, or due to elevated dynamic hyperinflation remains to be 
elucidated. Moreover, a study performed in the same COPD cohort indicated that hypoxemia-related cerebral hypoxia 
might be an exercise-limiting factor at this altitude.12

Strengths and Weaknesses
This is the first COPD study presenting results of cycling IET on the arrival day at moderate altitude. The cross-over 
study design and the randomization are a strength of this study. A limitation of our study is that we did not analyze the 
anaerobic threshold and did not perform an arterial blood gas analysis at peak exercise and therefore we do not have data 
about the changes in PaO2 or peak exercise lactate concentration. However, patients reached similar subjective and 
objective outcomes for maximal exercise exhaustion, which reassures that patients were actually maximally exhausted at 
both locations. Patients with very severe COPD were excluded from our study because of the high risk for medical 
complications at altitude. Therefore, the current data do not represent the whole population of COPD patients and are 
applicable only to patients with moderate-to-severe COPD.
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Conclusion
This study showed that exercise performance of patients with moderate-to-severe COPD is slightly decreased on the day 
of arrival at 2048 m, an altitude which corresponds to the altitude of many tourist destinations. As dyspnea perception 
and maximal heart rate were unchanged, the lower blood oxygenation and exaggerated ventilatory response were culprit 
factors for the reduced performance. The observed reduction in exercise performance on the day of arrival is similar to 
what has been observed in healthy individuals at this altitude. Although, COPD patients have generally lower exercise 
capacity, they tolerated the arrival at moderate altitude well and no further medical considerations or interventions in 
these patients during a short-trip to moderate altitude, without staying overnight, are required. In case, patients are 
planning an overnight stay at moderate altitude, preventive measures such as nocturnal oxygen therapy or acetazolamide 
should be considered.10,11

Abbreviation
6-MWD, 6-minute walking distance; 6-MWT, 6-minute walking test; AMS, Acute mountain sickness; ATS, American 
Thorax Society, thoracic.org; BMI, Body mass index; CO2, Carbon dioxide; COPD, Chronic obstructive pulmonary 
disease; CVD, Cardiovascular disease; DLCO, Diffusion capacity of carbon monoxide; ECG, Electrocardiogram; ERS, 
European Respiratory Society; FEV1, Forced expiratory volume in the first second of expiration; FVC, Forced vital 
capacity; GOLD, Global Initiative for Chronic Obstructive Lung Disease; HRR, Heart rate reserve; IET, IQR; 
Incremental ramp exercise test, Inter quartile range; MVV, Maximal voluntary ventilation; NOT, Nocturnal oxygen 
therapy; O2, Oxygen; PaO2, Partial pressure of arterial O2; RER, Respiratory exchange ratio; rpm, Revolutions 
per minute; SpO2, Oxygen saturation by pulse oximetry; V’CO2, Output of carbon dioxide; V’E, Minute ventilation; 
V’E/V’CO2, Ventilatory equivalent for carbon dioxide output; V’E/V’O2, Ventilatory equivalent for oxygen uptake; V’O2, 
Oxygen uptake; V’O2peak, Peak oxygen uptake; Wmax, Maximal power output.
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Anonymized data underlying this study can be requested directly from corresponding author Dr. sc. Michael Furian by 
qualified researchers providing an approved proposal.
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