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Faoro V, Huez S, Giltaire S, Pavelescu A, van Osta A, Moraine
J-J, Guenard H, Martinot J-B, Naeije R. Effects of acetazolamide
on aerobic exercise capacity and pulmonary hemodynamics at high
altitudes. J Appl Physiol 103: 1161-1165, 2007. First published July
5,2007; doi:10.1152/japplphysiol.00180.2007.—Aerobic exercise ca-
pacity is decreased at altitude because of combined decreases in
arterial oxygenation and in cardiac output. Hypoxic pulmonary vaso-
constriction could limit cardiac output in hypoxia. We tested the
hypothesis that acetazolamide could improve exercise capacity at
altitude by an increased arterial oxygenation and an inhibition of
hypoxic pulmonary vasoconstriction. Resting and exercise pulmonary
artery pressure (Ppa) and flow (Q) (Doppler echocardiography) and
exercise capacity (cardiopulmonary exercise test) were determined at
sea level, 10 days after arrival on the Bolivian altiplano, at Huayna
Potosi (4,700 m), and again after the intake of 250 mg acetazolamide
vs. a placebo three times a day for 24 h. Acetazolamide and placebo
were administered double-blind and in a random sequence. Altitude
shifted Ppa/Q plots to higher pressures and decreased maximum O,
consumption (VOamax). Acetazolamide had no effect on Ppa/Q plots
but increased arterial O, saturation at rest from 84 = 5 to 90 * 3%
(P < 0.05) and at exercise from 79 = 6 to 83 = 4% (P < 0.05), and
O, consumption at the anaerobic threshold (V-slope method) from
21 =5t025 * 5 ml'min~'-kg~! (P < 0.01). However, acetazol-
amide did not affect VOamax (from 31 = 6 t029 = 7 ml-kg~'*min— 1),
and the maximum respiratory exchange ratio decreased from 1.2 =
0.06 to 1.05 = 0.03 (P < 0.001). We conclude that acetazolamide
does not affect maximum exercise capacity or pulmonary hemody-
namics at high altitudes. Associated changes in the respiratory ex-
change ratio may be due to altered CO, production kinetics.

echocardiography; cardiopulmonary exercise test; hypoxic pulmonary
vasoconstriction; pulmonary vascular resistance

HIGH-ALTITUDE EXPOSURE has long been known to decrease
aerobic exercise capacity. This is explained by a decrease in O,
delivery to the tissues due to decreases in both arterial oxy-
genation and in maximum cardiac output (6, 11). The mecha-
nisms of altitude-related decrease in maximum cardiac output
are unclear. Previously proposed explanations have been a
decreased peripheral demand due to altered matching of
diffusional and convectional O, delivery processes (37), a
decrease in venous return together with a decreased chro-
notropic reserve (27), or a decreased central nervous system
output to the heart (20).

Most recently, Ghofrani et al. (14) reported the increase in
exercise capacity in healthy subjects at high altitude after the
intake of sildenafil, a PDE-5 inhibitor used for erectile dys-
function (7) and shown to be efficatious in the treatment of
pulmonary arterial hypertension (12). This observation raised
the possibility that the limitation of cardiac output at altitude
could be related to an increase in pulmonary vascular resis-
tance (PVR) and associated with right ventricular flow output
limitation (14). However, sildenafil intake was also associated
with higher exercise oxygen saturations (So) so that no de-
finitive conclusions could be drawn as to whether the observed
improvements in exercise capacity could be accounted for by
improved cardiac output, arterial O, content, or both (29).

We therefore got interested in revisiting the cardiovascular
and exercise effects of acetazolamide, a carbonic anhydrase
inhibitor of established efficacy in the treatment of acute
mountain sickness (1). Acetazolamide decreases the renal re-
absorption of bicarbonate and thereby induces a metabolic
acidosis with increased ventilation and improved oxygenation
(34). Interestingly, acetazolamide has been reported to inhibit
hypoxic pulmonary vasoconstriction (HPV) in experimental
animal preparations (2, 8, 17, 18) and, most recently, in
humans (36). In the present study, we investigated the respec-
tive contributions of pulmonary vascular and gas exchange
changes induced by acetazolamide intake on exercise capacity
in normal volunteers at high altitude.

METHODS

Subjects. Fifteen lowlanders, 8§ women and 7 men, aged from 16 to
61 years, mean 35 years, with a height of 169 = 7 cm (mean = SD)
and a weight of 63 = 12 kg, gave a written informed consent to the
study, which was approved by the Ethical Committee of the Erasme
University Hospital. For the 16-yr-old volunteer, informed written
consent was also obtained from his parents. All the subjects were
healthy and active, with an unremarkable previous history, and normal
clinical examination, chest X-ray, and electrocardiogram.

Experimental design. Each subject underwent an echocardio-
graphic examination in a semirecumbent position, at rest, and at a
moderated level of exercise (pedaling without load) to increase car-
diac output (Q), and an incremental maximum cycle ergometer car-
diopulmonary exercise test (CPET), at sea level in Brussels, and 10
days after arrival on the Bolivian altiplano (3,700—4,700 m), before
and after 24 h treatment with acetazolamide or a placebo on Huayna
Potosi, at 4,700 m. Acetazolamide and placebo were administered
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Table 1. Effects of high altitude on hemodynamics and
echocardiographics variables in normal subjects

Variables Normoxia High Altitude
S02, % 98+1 8557
HR, beats/min 59+8 71117
Psa, mmHg 91+9 96*+10
Q, /min 4.6*+0.9 5.2+0.8*
AT, ms 145+5 115=10F
TR, m/s 2.1+0.2 2.7£0.3F

Values are means * SD. S0,, O, saturation; HR, heart rate; Psa, mean
systemic arterial pressure; Q, cardiac output; AT, pulmonary artery flow
acceleration time; TR, maximum velocity of tricuspid regurgitation. *P <
0.05, TP < 0.001, high altitude compared with normoxia.

double-blind and in a random sequence. The dose of acetazolamide
was 250 mg three times per day for 24 h. This dose had been decided
on the basis of the upper range of doses recommended for the
treatment of acute mountain sickness (AMS) (1). The subjects were
requested to drink 1.5 liters of water within the hour preceding the
echocardiographic examination to optimize the Doppler signals.

Clinical measurements. Systemic arterial pressure (Psa) was mea-
sured by sphygmomanometry, with mean pressure calculated as dia-
stolic pressure + one-third pulse pressure. A three-lead ECG was used
to measure heart rate (HR). So, was measured by pulse oximetry
(Konica Minolta Pulsox-3i; Konica Minolta Sensing, Osaka, Japan),
which was tested and calibrated following the manufacturer’s recom-
mendations. Particular attention was paid to quality of the signal,
especially during exercise, as it is known that accuracy and precision
of pulse oximetry at exercise may be decreased by local perfusion
(40). The presence of AMS was assessed by use of the Lake Louise
consensus scoring system (28), which was obtained just before echo-
cardiographic examination.

Echocardiography. Echocardiography was performed using a por-
table ultrasound system equipped with a 2.5-MHz probe (Cypress,
Acuson/Siemens, Erlangen, Germany). Recordings were stored on
optical disks and analyzed by two independent cardiologists experi-
enced in echocardiography and blinded to the study. Q was estimated
from left ventricular outflow tract cross-sectional area and continuous
Doppler velocity-time integral measurements. Mean pulmonary artery
pressure (Ppa) was calculated from the pulsed Doppler pulmonary
artery flow acceleration time (AT) (21). Systolic Ppa was estimated
from the maximum velocity of continuous Doppler tricuspid regurgi-
tation (TR) (41). The intraobserver and interobserver variabilities for
these measurements remained below 6%, with repeatability coeffi-
cients (39) of 14.4 ms for AT, 0.14 m/s for TR, and 0.25 1/min for Q.
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Fig. 1. Mean pulmonary artery pressure (Ppa) vs. cardiac index (Q) plots in
normoxia (N), at high altitude at baseline without medication (HA bl) and after
intake of a placebo (HA pl). Vertical and horizontal bars represent SE. Values
of P are related to changes in mean Ppa (NS indicates no differences). High
altitude shifted Ppa/Q plots to higher pressures, and the intake of a placebo had
no effect.

ACETAZOLAMIDE AND ALTITUDE EXERCISE CAPACITY

251
. HAB ] PNS
JE: 20 HA acz P<0.001
% 15} )_-Xi—{
(1]
o
o g0}
c
3
= 5T
ol i ; . i ,
25 3.0 35 4.0 45 5.0
. 2
Q, L/min/m

Fig. 2. Mean Ppa vs. Q plots in normoxia, in high altitude baseline without
medication (HA bl) and after intake of acetazolamide (HA acz). Vertical and
horizontal bars represent SE. Values of P are related to changes in mean Ppa.
High altitude shifted Ppa/Q plots to higher pressures, and the intake of
acetazolamide had no effect.

CPET. The CPET was performed in an erect position on an
electronically braked cycle ergometer (Monark, Ergomedic 818 E,
Vansbro, Sweden) with breath-by-breath measurements, through a
tightly fitted facial mask, of ventilation (VE), O, uptake (V0,), and
CO, output (Vco,) using a Cardiopulmonary Exercise System (Oxy-
con Mobile, Jaeger, Hoechberg, Germany). After 3-min warmup at 0
W, the work rate was increased by 15-30 W according to previous
CPET and predicted decrease by ~35% at high altitude so that the test
would last for 10—12 min (38). Maximum V0, (VO2max) Was defined
as the Vo, measured during the last 20 s of peak exercise. The
respiratory exchange ratio (RER) was calculated as Vc0,/V0s, and O»
pulse as Vo/HR. The ventilatory equivalents for CO, (VE/VC02)
were calculated by dividing VE by Vco,. The anaerobic threshold was
estimated by the V-slope method (38).

Statistics. Results are presented as means * SE. The statistical
analysis consisted in a two-way ANOVA. When the F-ratio of the
ANOVA reached a P < 0.05 critical value, paired or unpaired
modified Student’s t-tests were applied as indicated to compare
specific situations (39). Correlations were calculated by linear regres-
sion analysis.

RESULTS

Altitude exposure was well tolerated by the participants of
the study, with minimal and transient increases in Lake Louise
scores in La Paz. The day after arrival at the Potosi (4,700 m),
the Lake Louise scores were increased to 4.5 + 3, to decrease
again 24 h later to 2.1 = 2 in the placebo-treated subjects and
to 3.0 £ 3 in the acetazolamide-treated group.

Table 2. Effects of high altitude on cardiopulmonary
exercise variables in normal subjects

Variables Normoxia High Altitude
Wmax, W 244+81 177+29%
VO2max, ml-kg™'-min~! 41*+10 31£5%
VE max, 1/min 108+33 120+38
RER max 1.26%0.07 1.17%£0.06*
HR max, beats/min 1799 162+ 18*
O pulse, ml/beat 167 12+4%*
Vo> at VT, ml-kg ' -min~' 29+10 214
Exercise S0z, % 97+2 80*=5%

Values are means = SD. Wmax, maximum workload; Vo,, O uptake;
VOomax, maximum O- uptake; VE max, maximum ventilation; RER max,
maximum respiratory exchange ratio; HR max, maximum HR; VT, anaerobic
threshold. *P < 0.05, P < 0.01, P < 0.001, high altitude compared with
normoxia.
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Table 3. Effects of acetazolamide or placebo on
hemodynamics and echocardiographics variables in normal
subjects at the altitude of 4,700 m

Placebo Acetazolamide
Variables Baseline Placebo Baseline Acetazolamide
LL score 5+4 2+2% 4+2 3+3
S0z, % 88+*3 85*4 84=*5 90£3+
VE, /min 122 122 13%3 16 2%
HR, beats/min 7013 63+11 72+11 6711
Q, I/min 5.1*1 49+1 54=*1 5*+1
AT, ms 111+13 1137 1197 122+8
TR, m/s 2.7%0.2 2.8+0.3 2.7%0.2 2.6+0.2

Values are means = SD. LL score, Lake Louise score. *P < 0.05, placebo
compared with baseline. 1P < 0.05, acetazolamide compared with baseline.

Effects of altitude. Altitude exposure was associated with
increases in HR, Q, and TR, while AT and So, decreased, and
Psa remained unchanged (Table 1). The mean Ppa/Q plots
were shifted to higher pressures (Figs. 1 and 2). Altitude
decreased VOomax, maximum workload, HR, O, pulse, and
RER. At the anaerobic threshold, Vo, was decreased (Table 2)
and VE/Vco, increased.

Effects of acetazolamide. In the placebo group, an additional
day at 4,700 m was associated with unchanged resting So,, VE,
HR, Q, AT, and TR (Table 3) and maximum workload, Voo,
VE, RER, HR, O, pulse, So,, VE/Vco,, or anaerobic threshold
workload, Vo,, and HR (Table 4). Placebo had no effect on
mean Ppa/Q relationships with mean Ppa calculated from AT
(Fig. 2). There was no effect either on systolic Ppa/Q relation-
ships with systolic Ppa calculated from TR (not shown).

In the acetazolamide group, an additional day at 4,700 m
was associated with an increase in resting So, and VE but
otherwise unchanged HR, Q, AT, and TR (Table 3). Acetazol-
amide increased workload, Vo,, HR, and VE at the anaerobic
threshold but had no effect on VOamax or maximum workload,
HR, and O, pulse, and increased maximum exercise So, and
VE/Vco, (Table 4). Acetazolamide had no effect on Ppa/Q
plots with mean Ppa calculated from AT (Fig. 2). There was no
effect either on systolic Ppa/Q relationships with systolic Ppa
calculated from TR (not shown).
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Fig. 3. Changes in oxygen consumption at the anaerobic threshold induced by
the intake of acetazolamide or a placebo (AVo» at VT) vs. changes in arterial
oxygen saturation at rest induced by the intake of acetazolamide or a placebo
(AS0») plots in high altitude. Individual values are presented. White squares
represent the subjects with a placebo. Black squares represent subjects with
acetazolamide. Changes in V0 at the anaerobic threshold were correlated to
the changes in resting S02. Subjects under acetazolamide increased their So, at
rest and Vo> at anaerobic threshold compared with placebo.

Changes in workload and Vo, at the anaerobic threshold
were correlated to the changes in resting So, induced by a
placebo or acetazolamide (Fig. 3).

DISCUSSION

The present results suggest that the intake of acetazolamide
at the upper limit of doses used for the treatment of AMS does
not affect maximum aerobic exercise capacity or pulmonary
hemodynamics at high altitudes.

Acetazolamide has been shown to be efficient in the preven-
tion and the treatment of AMS (1). The drug inhibits carbonic
anhydrase, an enzyme widely distributed in the body and
concentrated in the proximal renal tube and erythrocytes. This
causes metabolic acidosis and increases ventilation and arterial
Po, (34). The doses of acetazolamide effective in the treatment
of AMS are thought to be below 5 mg-kg~'-day ™!, but doses
up to 10 mg-kg '-day”! are often used with satisfactory
clinical results (1). Higher doses have more pronounced inhi-
bition of red blood cell and tissue carbonic anhydrase, which
leads to respiratory acidosis at the tissue level and further
increases ventilation (34). The dose of acetazolamide used in
the present study corresponded to an average of 11.5 mg/kg,

Table 4. Effects of acetazolamide and placebo on cardiopulmonary exercise variables in normal subjects at the altitude

of 4,700 m
Placebo Acetazolamide
Variables Baseline Placebo Baseline Acetazolamide

Wmax, W 17720 16619 176+37 167£39
VOomax, ml-kg™!-min~! 31*4 20+3 31*6 29+7
VE max, 1/min 10422 10015 134*45 13244
RER max 1.14%0.06 1.10£0.07 1.20%0.06 1.05+0.03%
HR max, beats/min 15722 16218 159=10 16412
O pulse, ml/beat 12*4 11£3 13*4 12+4
Exercise S0z, % 80=*3 81*+4 79*+6 83+4%*
VE/V o5 at end exercise 50+8 54+10 53+6 63+77
Wmax at VT, W 10523 113£36 10138 13142+
Vo, at VT, ml-kg~'-min ! 22*3 23*5 21=£5 25*5%
HR at VT, ml/beat 13724 148£20 134=13 154*11%

Values are means = SD. VT, anaerobic threshold measure by V-slope method; Vco,, CO» output. *P < 0.05, TP < 0.01, £P < 0.001, acetazolamide compared

with baseline.
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most likely optimal to increase arterial oxygenation through
enhanced metabolic acidosis-increased chemosensitivity (1).

In the present study, acetazolamide intake was associated
with no changes in the Lake Louise AMS score. However, this
effect was observed on average below the threshold score of 7
considered to be diagnostic of severe AMS (28). The absence
of improvement of the AMS score after acetazolamide intake
may be related to nonspecific side effects of the drug, which
include dizziness, somnolence, asthenia, dyspnea, headache,
nausea, vomiting, loss of appetite, and gastrointestinal discom-
fort (1).

Acetazolamide has been reported to inhibit HPV in experi-
mental animal models (2, 8, 17, 18) and, more recently, in
humans (36). The inhibition of HPV by acetazolamide has
been shown to be independent of the inhibition of carbonic
anhydrase or changes in intracellular pH or membrane poten-
tial but entirely explained by a specific inhibition of hypoxia-
induced calcium responses (32). The inhibition of human HPV
by acetazolamide was reported after the intake of 250 mg of the
drug three times per day during 3 days and estimated by
changes in TR in normal subjects exposed to 4 h of hypoxic
breathing (36). In the present study, the same dose of acetazol-
amide taken during 24 h did not reverse hypoxic pulmonary
hypertension in subjects who had been acclimatized for 10
days at altitudes ~4,000 m before climbing to 4,700 m. A
false-negative result appears unlikely, as pulmonary artery
pressure was estimated using two independent Doppler mea-
surements, respectively: the acceleration time of pulsed Dopp-
ler pulmonary flow waves (21) and the maximum velocity of
continuous Doppler tricuspid regurgitation (41). Both methods
have been shown to allow for satisfactory estimates of pulmo-
nary artery pressures (26), with the advantage of a higher
recovery rate of good quality signals for pulmonary flow waves
in case of no or only mild pulmonary hypertension, as seen at
high altitudes (22, 26). In addition, the measurements were
repeated at exercise to refine the measurement of pulmonary
vascular resistance by measurements of pressures at two dif-
ferent flows (25).

A possible explanation for the discrepancy between the
present results and those reported by Teppema et al. (36) may
be in the time course of hypoxia-induced pulmonary hyperten-
sion. Previous studies in normal subjects indicate that the
reversibility of hypoxia-induced pulmonary hypertension with
oxygen administration decreases rapidly over time, with no
return to baseline already after a few hours, and marked loss of
reversibility after only a few days at high altitudes (9, 15, 23).
These observations are suggestive of early progression from
hypoxic constriction to remodeling and explain the loss or
decreased efficacy of acute vasodilating interventions. How-
ever, it would be interesting to see if higher doses of acetazol-
amide would be able to reverse established hypoxic pulmonary
hypertension.

Acetazolamide in normoxic conditions has been reported
either to decrease (10, 31) or to leave unchanged (33, 35)
aerobic exercise capacity. Acetazolamide-induced decrease in
exercise capacity has been explained by relative dehydration
(3, 5) and muscle acidosis due to impaired buffer capacity (19).
The effects of acetazolamide on hypoxic exercise capacity has
been reported variably, with decreased (4, 13, 16), increased
(24, 31), or unchanged V0omax and maximal workload (10, 33).
These discrepant results are related to variable experimental

ACETAZOLAMIDE AND ALTITUDE EXERCISE CAPACITY

conditions, dose regimens, altitude acclimatization, exercise
mode, and degree of AMS during exercise testing. In better
standardized exhaustive constant-work rate, one-leg knee-ex-
tension exercise compared with placebo, acetazolamide im-
paired endurance performance at sea level but not at altitude,
which the authors explained by offsetting secondary effects of
acidosis and increased arterial oxygenation (10).

In the present study, we tried to limit acetazolamide-induced
dehydration by liberal and unlimited intake of fluid and food.
HR and Q were unchanged compared with placebo-treated
controls. However, we cannot exclude that isosmotic hypo-
volemia previously reported after intake of acetazolamide (4)
could have affected our results. On the other hand, the finding
of absence of effect of acetazolamide on maximum workload
and VOomax 1S in keeping with previous work (10, 33). The
maximum RER was decreased, which has also been previously
reported (31). This could be explained by altered Vco, kinet-
ics, which could also have delayed the anaerobic threshold as
measured by the V-slope method, even though there are data
suggesting that the intake of the drug does not delay the
appearance of lactic acid in the blood (30). We found a
significant correlation between increased So, and anaerobic
threshold Voo, but this is of uncertain causality.

In summary, acetazolamide at the upper doses recommended
for the treatment of AMS does not affect pulmonary vascular
resistance or maximum aerobic exercise capacity in subjects
acclimatized to high altitude. Associated decrease in the RER
may be due to altered Vco, kinetics.

ACKNOWLEDGMENTS

The technical assistance of Stéphane Demol (Erasme Hospital, Brussels,
Belgium) and Stéphane Denison (St. Elisabeth Hospital, Namur, Belgium) was
greatly appreciated.

We also thank M. Martinot from Medisoft (Dinant, Belgium) for help.

Dr. M. Ajata from the Dept. of Pneumology, Santa Cruz de la Sierra,
Bolivia, provided administrative and technical assistance in the preparation of
the experiments.

We thank Siemens, Erlangen, Germany, for the loan of the portable Acuson
echocardiographic device.

REFERENCES

1. Basnyat B, Murdoch DR. High-altitude illness. Lancet 361: 1967-74,
2003.

2. Berg JT, Ramanatha S, Swenson ER. Inhibitors of hypoxic pulmonary
vasoconstriction prevent high-altitude pulmonary edema in rats. Wild
Environ Med 15: 32—1537, 2004.

3. Bradwell AR, Dykes PW, Coote JH, Forster PJ, Miller JJ, Chesner I,
Richardson NV. Effect of acetazolamide on exercise performance and
muscle mass at high altitude. Lancet 1: 1001-1005, 1986.

4. Brechue WF, Stager JM, Lukaski HC. Body water and electrolyte
responses to acetazolamide in humans. J Appl Physiol 69: 1397-1401,
1990.

5. Brechue WF, Stager JM. Acetazolamide alters temperature regulation
during submaximal exercise. J Appl Physiol 69: 1402—1407, 1990.

6. Calbet JA, Boushel R, Radegran G, Sondergaard H, Wagner PD,
Saltin B. Determinants of maximal oxygen uptake in severe acute hyp-
oxia. Am J Physiol Regul Integr Comp Physiol 284: R291-R303, 2003.

7. Carson 3rd CC. Sildenafil: a 4-year update in the treatment of 20 million
erectile dysfunction patients. Curr Urol Rep 4: 488—496, 2003.

8. Deem S, Hedges RG, Kerr ME, Swenson ER. Acetazolamide reduces
hypoxic pulmonary vasoconstriction in isolated perfused rabbit lungs.
Respir Physiol 123: 109-119, 2000.

9. Dorrington KL, Clar C, Young JD, Jonas M, Tansley JG, Robbins
PA. Time course of the human pulmonary vascular response to 8 hours of
isocapnic hypoxia. Am J Physiol Heart Circ Physiol 273: H1126-H1134,
1997.

J Appl Physiol « VOL 103 « OCTOBER 2007 + WWW.jap.org

Downloaded from journals.physiology.org/journal/jappl a Univ Catholique Louvain Bruxe (193.190.089.254) on January 15, 2024.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

ACETAZOLAMIDE AND ALTITUDE EXERCISE CAPACITY

Fulco CS, Muza SR, Ditzler D, Lammi E, Lewis SF, Cymerman A.
Effect ofacetazolamide on leg endurance exercise at sea level and simu-
lated altitude. Clin Sci (Lond) 110: 683-692, 2006.

Fulco CS, Rock PB, Cymerman A. Maximal and submaximal exercise
performance at altitude. Aviar Space Environ Med 69: 793—-801, 1998.
Galie N, Ghofrani HA, Torbicki A, Barst RJ, Rubin LJ, Badesch D,
Fleming T, Parpia T, Burgess G, Branzi A, Grimminger F, Kurzyna
M, Simonneau G. Sildenafil citrate therapy for pulmonary arterial hyper-
tension. N Engl J Med 353: 21482157, 2005.

Garske LA, Brown MG, Morrison SC. Acetazolamide reduces exercise
capacity and increases leg fatigue under hypoxic conditions. J Appl
Physiol 94: 991-996, 2003.

Ghofrani HA, Reichenberger F, Kohstall MG, Mrosek EH, Seeger T,
Olschewski H, Seeger W, Grimminger F. Sildenafil increased exercise
capacity during hypoxia at low altitudes and at Mount Everest Base Camp.
Ann Intern Med 141: 169-177, 2004.

Groves BM, Reeves JT, Sutton JR, Wagner PD, Cymerman A,
Malconian MK, Rock PB, Young PM, Houston CS. Operation Everest
II: elevated high-altitude pulmonary resistance unresponsive to oxygen.
J Appl Physiol 63: 521-30, 1987.

Hackett PH, Schoene RB, Winslow RM, Peters RM Jr, West JB.
Acetazolamide and exercise in sojourners to 6,300 meters—a preliminary
study. Med Sci Sports Exerc 17: 593-597, 1985.

Hoehne C, Krebs MO, Seiferheld M, Boemke W, Kaczmarczyk G,
Swenson ER. Acetazolamide prevents hypoxic pulmonary vasoconstric-
tion in conscious dogs. J Appl Physiol 97: 515-521, 2004.

Hoehne C, Pickerodt PA, Francis RC, Boemke W, Swenson ER.
Pulmonary vasodilation by acetazolamide during acute hypoxia is not
related to carbonic anhydrase inhibition. Am J Physiol Lung Cell Mol
Physiol 292: L178-L184, 2007.

Jones NL, Sutton JR, Taylor RR, Toews CJ. Effect of pH on cardio-
respiratory and metabolic responses to exercise. J Appl Physiol 43,
959-964, 1977.

Kayser B. Exercise begins and ends in the brain. Eur J Appl Physiol 90:
411-419, 2003.

Kitabatake A, Inoue M, Asao M, Masuyama T, Tanouchi J, Morita T,
Mishima M, Uematsu M, Shimazu T, Hori M, Abe H. Noninvasive
evaluation of pulmonary hypertension by a pulsed Doppler technique.
Circulation 68: 302-309, 1983.

Kojonazarov BK, Imanov BZ, Amatov TA, Mirrakhimov MM, Naeije
R, Wilkins MR, Aldashev AA. Noninvasive and invasive evaluation of
pulmonary artery pressure in highlanders. Eur Respir J 29: 352-356, 2006.
Maggiorini M, Melot C, Pierre S, Pfeiffer F, Greve I, Sartori C,
Lepori M, Hauser M, Scherrer U, Naeije R. High-altitude pulmonary
edema is initially caused by an increase in capillary pressure. Circulation
103: 20782083, 2001.

McLellan T, Jacobs I, Lewis W. Acute altitude exposure and altered
acid-base states. II. Effects on exercise performance and muscle and blood
lactate. Eur J Appl Physiol 57: 445-451, 1988.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

1165

Naeije R. Pulmonary vascular resistance: a meaningless variable? Inten-
sive Care Med 29: 526-529, 2003.

Naeije R, Torbicki A. More on the noninvasive diagnosis pulmonary
hypertension. Doppler echocardiography revisited. Eur Respir J 8: 1445—
1449, 1995.

Reeves JT, Groves BM, Sutton JR, Wagner PD, Cymerman A,
Malconian MK, Rock PB, Young PM, Houston CS. Operation Everest
II: preservation of cardiac function at extreme altitude. J Appl Physiol 63:
531-539, 1987.

Roach RC, Birtsch P, Hackett PH, Oelz O. The Lake Louise acute
mountain sickness scoring system. In: Hypoxia and Mountain Medicine,
edited by Sutton JR, Houston CS, and Coates G. Burlington, VT: Queen
City, 1993, p. 327-330.

Rubin LJ, Naeije R. Sildenafil for enhanced performance at high altitude?
Ann Intern Med 141: 233-235, 2004.

Scheuerman BW, Kowalchuk JM, Paterson DH, Cunningham DA.
Carbonic anhydrase inhibition delays plasma lactate appearance with no
effect on ventilatory threshold. J Appl Physiol 88: 713-722, 2000.
Schoene RB, Bates PW, Larson EB, Pierson DJ. Effect of acetazol-
amide on normoxic and hypoxic exercise in humans at sea level. J Appl
Physiol 55: 1772-1776, 1983.

Shimoda LA, Luke T, Sylvester JT, Shih HW, Jain A, Swenson ER.
Inhibition of hypoxia-induced calcium responses in pulmonary artery
smooth muscle by acetazolamide is independent of carbonic anhydrase
inhibition. Am J Physiol Lung Cell Mol Physiol 292: 1.1002-L1012, 2007.
Stager JM, Tucker A, Cordain L, Engebretsen BJ, Brechue WF,
Matulich CC. Normoxic and acute hypoxic exercise tolerance in man
following acetazolamide. Med Sci Sports Exerc 22: 178184, 1990.
Swenson ER. Carbonic anhydrase inhibitors and ventilation. Eur Respir J
12: 1242-1247, 1998.

Swenson ER, Maren TH. A quantitative analysis of CO, transport at rest
and during maximal exercise. Respir Physiol 35: 129-159, 1978.
Teppema LJ, Balanos GM, Steinback CD, Brown AD, Foster GE,
Duff HJ, Leigh R, Poulin MJ. Effects of acetazolamide on ventilatory,
cerebrovascular, and pulmonary vascular responses to hypoxia. Am J
Respir Crit Care Med 175: 277-281, 2007.

Wagner PD. Reduced maximal cardiac output at altitude—mechanisms
and significance. Respir Physiol 120: 1-11, 2000.

Wasserman K, Hansen JE, Sue DY, Whipp BJ. Principles of Exercise
Testing and Interpretation (3rd ed.). Baltimore, MD: Lippincott Williams
and Wilkins, 1999, p. 143-164.

Winer BJ, Brown DR, Brown DR, Michels KM. Statistical Principles in
Experimental Design (3rd ed.). New York: McGraw-Hill, 1991,
p. 220-283.

Yamaya Y, Boogard HJ, Wagner PD, Niizerki K, Hopkins SR. Valid-
ity of pulse oximetry during maximal exercise in normoxia, hypoxia, and
hyperoxia. J Appl Physiol 92: 162-168, 2002.

Yock PG, Popp RL. Noninvasive estimation of right ventricular systolic
pressure by Doppler ultrasound in patients with tricuspid regurgitation.
Circulation 70: 657-662, 1984.

J Appl Physiol « VOL 103 « OCTOBER 2007 « WWW.jap.org

Downloaded from journals.physiology.org/journal/jappl a Univ Catholique Louvain Bruxe (193.190.089.254) on January 15, 2024.



