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Abstract

Acute mountain sickness (AMS) can occur due to rapid altitude ascents and/or insufficient
acclimatization. Acetazolamide (AZ) is commonly prescribed for AMS prophylaxis but appears to
inhibit exercise performance. Methazolamide (MZ) has similar prophylactic benefits but does not
have a similar decrement in isolated small muscle mass exercise in normoxia. We compared whole-
body exercise performance in acute hypoxia (FiO, = 0.15) between AZ and MZ and hypothesized that
time trial duration will be the shortest in MZ compared with AZ and placebo (PLA). Fifteen young
healthy participants completed 5 testing visits: day 1 maximal exercise test, day 2 a familiarization
visit, and Day 3-5 were the experimental visits. Each experimental visit involved a 5-km hypoxic
cycling time trial performed after a 2-day dosing protocol of either AZ (250mg t.i.d.), MZ (100mg
b.i.d.) or PL (t.i.d.); the order was randomized and double-blinded. Before and after each
experimental time trial, capillary blood samples were taken, and maximal voluntary contractions of
the quadriceps were performed. AZ and MZ resulted in a partially compensated metabolic acidosis at
rest (capillary H" 47+3, 43£2, 39+2 nmol for AZ, MZ and PLA respectively, p<0.01). Time to
complete 5-km on PLA (562+32s, p<0.01) was significantly faster than AZ and MZ (577+38 vs.
581+37s respectively), with no differences between AZ and MZ (p=0.96). The 5-km average
ventilatory efficiency (Ve/VCO,) listed from greatest to least was MZ, AZ and PLA (466, 434,
37+3 respectively) and were all significantly different (p<<0.05). There were no differences in the
average ventilation (124+27, 127424, 12719 L/min respectively) and oxyhemoglobin saturation
(87+2, 88+2, 88+3 respectively) between PLA, AZ and MZ (p>0.05). Peak quadricep torque before
exercise was found to be significantly lower in AZ compared to PLA and MZ (543+ 77, 574+ 76,

552+ 67 N respectively, p<0.05). In conclusion, both AZ and MZ impaired whole-body exercise
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performance in acute hypoxia and this finding might be important to consider for high altitude

occupations.
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1.0 LITERATURE REVIEW

As mountain tourism grows, the incidence of acute mountain sickness (AMS) will increase,
due to rapid ascents and inadequate acclimatization to altitude (1, 2). The physiological challenge of
an altitude ascent is physical exertion in a low oxygen (hypoxia) environment. The hypoxic stimuli
itself challenges the cardiorespiratory system and limits one’s ability to perform physical activity. The
presence of AMS symptoms and insufficient acclimatization to altitude can further exacerbate the
decline in exercise performance in such environments. Among humans, acetazolamide (AZ) is
commonly prescribed for AMS prophylaxis and accelerating acclimatization to hypoxia. While these
benefits can theoretically help with exercise performance in hypoxia by reducing AMS symptoms,
AZ has been shown to provide inconclusive results, likely due to fatigue-inducing effects independent
of the prophylactic pathway. Methazolamide (MZ) is a more potent analog of AZ. Unlike AZ, MZ is
theorized to improve performance in hypoxia as it does not induce muscle fatigue. Thus far, a direct
comparison of AZ and MZ on whole-body exercise performance in hypoxia have not been made,
which will provide insight on factors impacting exercise performance and help determine whether

MZ is a practical alternative for individuals rapidly ascending to altitude.
1.1 Resting Physiological Responses to Hypoxia

1.1.1 Respiratory Responses to Hypoxia

Hypoxia is defined as a reduction in the inspired partial pressure of oxygen (PO,), which
results in a decrease in arterial PO,. The drop in arterial PO», termed arterial hypoxemia, is sensed by
peripheral chemoreceptors found in the carotid and aortic bodies, which relays afferent feedback to
the respiratory centers to increase ventilatory drive (3). The increased ventilation (V) that occurs
within seconds of hypoxic exposure is known as the hypoxic ventilatory response (HVR).

The increased Ve improves arterial PO, and oxyhemoglobin saturation (S,02), but lowers

arterial carbon dioxide tension (PCQO,). Carbon dioxide plays an important role in blood pH regulation
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through the reversible reaction, rapidly catalyzed by carbonic anhydrase (CA), that converts water

and CO; to bicarbonate (HCO5") and hydrogen ions (H") (Equation 1 below).

Equation 1 C0,+ H,0 @ H,CO3 & H* + HCO3

As a consequence of decreased arterial PCO», blood pH increases and blunts the initially
higher hypoxic ventilatory drive, secondary to reduced stimulation of central chemoreceptors in the
brainstem (4, 5). The decrease in Vg, termed hypoxic ventilatory decline (HVD), occurs after 5-20
minutes of hypoxia and attenuates the initial rise in arterial PO, from HVR (6). The decline in Vg is
also present with isocapnic hypoxia, which indicates a mechanism that is independent of changes in
arterial PCO,, potentially due to desensitization of carotid chemoreceptor stimulation (7). With
continued exposure, HVD can persist up to 8 weeks in humans, but Vi will slowly increase over the
course of 14 days due to acclimatization (6). With acclimatization, respiratory alkalosis and its
suppression of Vk is partially corrected by renal HCO; excretion. Increased excretion of HCO3”
results in greater H* concentrations in the blood and tissues, which promotes stimulation of central
chemoreceptors, thus improving arterial PO, and arterial oxygen content (C,0,). The time-dependent
increase in Vg response with acclimatization can also be attributed to increased O sensitivity of the
carotid chemoreceptors (8) and CO; sensitivity of central chemoreceptors (9).

The ventilatory response is also altitude dependent due to changes in PO,. When inspired PO»
drops below 100 mmHg or when arterial PO, falls below 50 mmHg, which is approximately 3000m
in elevation, HVR will be stimulated (10). Above this altitude is where the greatest difference in
alveolar gases between acclimatized and unacclimatized individuals was observed (11). According to
the alveolar gas equation (Equation 2), increased Vi would cause a subsequent fall in alveolar PCO,

for a given level of VCO,.

. Paco
Equation 2 V,=—7=2
vCo,



The drop in alveolar PCO» will then translate to a decrease in arterial PCO,. Upon exceeding
5400m, arterial PCO, will start to decrease linearly due to further increases in Vg; as a result,
complete acclimatization is not possible beyond this point (11).

1.1.2 Cardiovascular Responses to Hypoxia

Upon immediate exposure to hypoxia, heart rate (HR) will increase (12); the extent of
increase is proportional to the decrease in arterial PO, (13). Such rise in HR can be attributed to
changes in the autonomic nervous system, specifically both an increase in sympathetic activity and
parasympathetic withdrawal (14, 15). Stimulation of carotid chemoreceptors increases sympathetic
outflow through the release of catecholamines (16, 17); which influences cardiac function and
peripheral vasculature. In the heart, increased HR and inotropy (18) leads to an increase in cardiac
output (Q). Within the periphery, increased muscle sympathetic nerve activity with hypoxic exposure
promotes systemic vasoconstriction (16). However, hypoxia causes dilation at the local tissue level,
which counteracts the increase in global sympathetic activity to maintain perfusion and oxygen
delivery of peripheral tissues (19).

The second mechanism to increase HR is through parasympathetic withdrawal.
Parasympathetic blockade via atropine promotes increases in HR (14, 15), restoring maximal exercise
HR in hypoxia (20). Unlike the systemic sympathetic response, parasympathetic outflow is limited to
influencing the activity of pacemaker cells in the heart, thus affecting HR and not peripheral
vasculature. In acclimatized individuals, the sustained rise in HR is attributed more to
parasympathetic withdrawal than increased sympathetic outflow in comparison to activity done at sea
level (21).

In attempt to maintain C,0, and O, transport during decreased ambient PO, Q will increase
with hypoxic exposure (22). When alveolar PO is roughly around 70 mmHg, pulmonary blood flow

and vascular resistance will begin to change (23). An increase in both pulmonary vascular resistance
3



and Q will lead to an increase in pulmonary artery pressure (PAP), which is an indicator of hypoxic
pulmonary vasoconstriction (HPV). Right ventricular afterload can increase with HPV, thus
impairment of stroke volume (SV) can be expected. However, SV was found to be unaffected
following improvements in HPV (24, 25). With SV remains unchanged during acute hypoxia, the
increase in Q is primarily due to changes in HR (26). As myocardial blood flow is dependent on the
diastolic phase of cardiac cycle, the hypoxia-induced increase in HR reduces filling time and
perfusion of the myocardium. However, at the level of the heart, hypoxia promotes vasodilation of the
coronary arteries, which is beneficial in maintaining myocardial O, delivery during reduced ambient
PO, (27, 28).

The acclimatization process to altitude consists of multiple physiological adjustments (11).
Upon initial exposure, hypoxia-inducible factors will be released at the level of the cells, which
stimulates synthesis of erythropoietin (EPO), and subsequently increase erythrocyte production. Since
synthesis of cells takes time after increased EPO levels, hematocrit (Hct) only rises after a few days
of continued hypoxia until it plateaus around 14 days. The second adjustment is diuresis, which
allows excretion of HCOj to adjust blood pH as mentioned previously. Diuresis can lead to a decrease
in plasma volume (PV), resulting in SV decreases due to lower filling pressure. While PV expansion
can restore SV, declines in SV cannot be reversed at elevations above 5000 m (29). Around 7 days,
changes in PV and circulating catecholamine levels will stabilize, leading to the peak increase in Q.
Cardiac output will then fall afterwards due to hematological adjustments that maintain O, delivery,
namely increased O; carrying capacity from EPO stimulation. As both renal excretion of HCO3 and
RBC synthesis are not immediate responses to hypoxia, a normal healthy individual requires
considerable time to sufficiently acclimatize to hypoxia, generally days to weeks depending on

altitude.



1.2 Exercise in Acute Hypoxia

1.2.1 Increases in Ventilation and Associated Cardiovascular Effects

For a given level of exercise intensity or VO,, hypoxia will lead to significantly greater Vg
compared to normoxic conditions, as an attempt to meet oxygen demands of exercise when ambient
PO; is reduced. However, the adjustment in Vg does not completely compensate as arterial PO, and
S,0: are still lower than normoxia. In addition, the increase in Ve may not be solely due to decreased
PO,. With administration of 100% O, at 5800m, Vi was still significantly greater than at sea level
(36); which points to a possible Oz-independent mechanism for the increase in Vg during hypoxia. In
hyperoxia, Ve would be driven by acidosis at the level of central chemoreceptors.

Despite lower gas density at high altitudes, the work of breathing is greater for a given
workload (37-39). Consequently, increased work of breathing induces the respiratory metaboreflex,
where more blood flow are distributed to the respiratory muscles, and less to the peripheral exercising
muscles (40). The effects of the respiratory metaboreflex are most prominent at intensities where Q is
limited; specific to hypoxia, this will be altitude dependent due to the relationship between ambient
PO, and HVR as detailed previously. During whole-body hypoxic exercise, muscle blood flow can
decrease by 20-30% due to the metaboreflex and the consequential increase in peripheral vascular
resistance (41).

1.2.2 Gas Exchange Impairments

Gas exchange plays an important role in exercise performance as it directly affects O, uptake
at the level of the lungs and peripheral tissues. Pulmonary gas exchange is indicated by the alveolar-
arterial O, difference (AaDQ,), and has subsequent influence on arterial PO, and S,0»; both of which
are found to decrease with hypoxic exercise (42). The factors contributing to AaDO include

ventilation-perfusion (Va/Q) mismatch and diffusion capacity. The difference between alveolar-



arterial PO, widens with exercise intensity and increasing altitude, thus hypoxic exercise can lead to
significant gas exchange impairments. As such, AaDO; corresponds with the decline of VOamax in
acute exposures to severe altitude (43).

The contribution of VA/Q inequality and diffusion capacity to gas exchange impairments
varies by altitude and exercise intensity (42, 44). At rest, altitudes above 3000m show improved gas
exchange compared to sea level and lower altitudes (42); such improvements can be attributed to
better equilibration of Va/Q. When exposed to these altitudes, reduced arterial PCO, and respiratory
alkalosis via hyperventilation results in a leftward shift of the oxyhemoglobin dissociation curve,
increasing O, affinity for a given arterial PO, (44). With exercise at sea level, AaDO; progressively
worsens with increasing workload (45), and the greatest AaDQO, are observed in highly trained
athletes that are capable of higher exercise intensities (34, 44). During normoxic exercise,
impairments in gas exchange are mostly attributed to VA/Q inequality and less to diffusion limitation
until (near) maximal exercise intensities.

As one ascends to higher altitudes, AaDO, widens at lower exercise intensities. In terms of
diffusion limitations, the specific combination of altitude and exercise intensity that brings significant
changes to C,0; largely depends on where arterial PO is situated on the O, dissociation curve. When
arterial PO, falls below 60 mmHg, it is situated on the steep portion of the curve, which is where
diffusion limitation are more likely to arise due to impaired O. transport (44). Conversely, if arterial
PO, falls on the flat portion of the curve, diffusion limitations can be present without changes in C,O,
(42).

Additionally, the rate of altitude ascent has a profound effect on V4/Q inequality (42).
Immediately after a rapid ascent, resting Va/Q mismatch was significantly greater compared to sea
level, while V4/Q mismatch after spending days at a given altitude was like that of sea level.

Furthermore, chronic hypoxia was found to alter the pattern of VA/Q inequality, where more
6



unventilated (i.e., shunts) and poorly ventilated regions develop in the lungs. As a result, VA/Q
mismatch observed at a given altitude cannot be reversed with administration of 100% O, (42);
pulmonary interstitial edema was postulated to be the cause of irreversible V4/Q inequality with
chronic hypoxia.

The reduction of inspired PO, and widening of AaDO, with exercise translates to a reduced
pressure gradient, thus affecting driving pressure for O, diffusion at level of the tissue. While the
leftward shift of oxyhemoglobin dissociation curve benefits pulmonary gas exchange, the increased
O, affinity further impacts peripheral O, uptake. As O, molecules are more tightly bound to
hemoglobin, O unloading is impaired. Furthermore, decreases in O; affinity with administration of
methylproprionic acid was associated with increases in VOamax (46). Overall, exercise intensity and
altitude independently worsen gas exchange through changes in VA/Q inequality and diffusion
limitations. Thus, decrements in exercise performance with hypoxia can be attributed to impaired gas
exchange in the lungs and peripheral tissues.

1.2.3 Potential Factors Influencing Exercise Performance

For a given increase in workload, the rate of HR increase is significantly slower during
hypoxia than normoxia (32). With exercise at sea level, HR normally increases primarily through
parasympathetic withdrawal at low workloads (47), and a combination of parasympathetic withdrawal
and sympathetic stimulation at higher workloads (48). As mentioned, HR increases with acute
hypoxia due to increased sympathetic outflow. Although HR is significantly greater at a given
workload of exercise, changes in Q in hypoxic exercise closely follow that of sea levels (49),
implying a decrease in SV. However, VOamax and exercise capacity in hypoxia are unaffected by SV
changes via PV expansion (29).

Hemoglobin concentration is a major determinant of oxygen carrying capacity, which is a

component of VO,. Increased hemoglobin concentration is expected to increase exercise capacity;
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however, it was reported to not prevent the hypoxic decline in VOamay. Despite improving arterial
oxygenation, hemoglobin injections did not affect VOamax (12, 50, 51). Similar results can also be
observed with hemodilution studies, where normalizing red blood cell volume to sea levels did not
increase VOamay to sea level values (52).

Hypoxic pulmonary vasoconstriction can influence cardiac function by increasing PAP and
thus right ventricular afterload. Normally, HPV helps with maintaining gas exchange efficiency by
reducing blood flow to poorly ventilated areas in the lungs. With systemic hypoxia, HPV leads to
extensive vasoconstriction in the pulmonary vasculature (53), thus increasing PAP for a given work
load at altitude (54). Increased PAP is expected to impair exercise capacity due to its influence on
right and left ventricle performance (55), but the results are not inconclusive (56, 57). As mentioned
previously, SV is unaffected by changes in HPV, and increases in SV do not lead to improved
exercise capacity in hypoxia (29). While decreasing pulmonary vascular resistance was found to
increase maximum workload and Q (58) and restore VOamax (59), exercise performance was
unaffected by changes in PAP (60). Furthermore, administration of vasodilators did not restore
maximal power output to that of sea level values (61).

Fatigue is known to be increased with hypoxic exposure (62, 63), thus potentially affecting
exercise performance (37), however the exact mechanism is unclear. Peripheral fatigue is defined as
reduced excitability of the muscle upon stimulation, and central fatigue as a decrease in voluntary
activation (63). Despite no differences in end-exercise peripheral fatigue between normoxic and
hypoxic time to exhaustion protocols, performance was significantly reduced with hypoxia (63).
Central fatigue was hypothesized to be a significant contributor to the performance decline, as
decreases in cerebral O, delivery correlated with reductions in cortical voluntary activation (64, 65).
Despite improved cerebral blood flow and oxygenation with supplemental O, peak work rate was

still significantly lower compared to normoxia (66).
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Substrate utilization can play a role in exercise performance as it can determine whether the
exercise intensity is sustainable or not. Specifically, one of the primarily fuels used in oxidative
phosphorylation for ATP production is lipids, whereas carbohydrates is primarily utilized in
glycolysis and produces fatigue-inducing metabolites. Hypoxia has been found to influence the
contribution of substrates being used during exercise, in that more carbohydrates are utilized for a
given relative exercise intensity (50% peak VO,) compared to normoxia (67). The shift to
carbohydrate-dominant usage is evidenced by increased respiratory exchange ratio (RER) and plasma
catecholamines and reduced free fatty acids. These findings suggest an explanation for the decline in
performance, as certain glycolytic byproducts are associated with fatigue. However, the change in
substrate utilization with hypoxia was confounded by nutritional status and exercise intensity. When
participants avoided breakfast prior to testing, the hypoxic condition demonstrated significantly lower
contribution of carbohydrate oxidation compared to normoxia for a given relative exercise intensity

(68). On the contrary, these differences are not seen after breakfast consumption. (69)
1.3 Effects of Carbonic Anhydrase Inhibition

The most common method of AMS prophylaxis is the administration of carbonic anhydrase
inhibitors. Carbonic anhydrase (CA) is an enzyme that catalyzes the reversible conversion of CO, and
water to hydrogen and bicarbonate ions (equation 1), which is important for blood pH homeostasis. In
the peripheral circulation, bicarbonate ions act as a buffer to maintain blood pH (70) and transport of
CO,. In the pulmonary circulation, bicarbonate is dehydrated into water and CO, by CA, and CO,
consequently is expired through ventilation (71). In the renal circulation, bicarbonate is also
converted to CO, and water by CA to allow diffusion into renal tubular cells, and then reabsorbed

back into the renal venous blood (72).



At sea level, blood pH homeostasis is maintained in a healthy individual by complete
reabsorption and retainment of bicarbonate in the circulation (70). As one ascends to high altitudes,
the respiratory alkalosis due to HVR will be compensated by renal excretion of bicarbonate. Intake of
a CA inhibitor expedites this pH adjustment by inducing bicarbonate excretion and inhibiting its
reabsorption. The subsequent metabolic acidosis offsets the respiratory alkalosis from HVR (70, 73),
which restores blood pH to stimulate chemoreceptors, thus increasing alveolar and arterial
oxygenation via hyperventilation (74, 75). The improvement in arterial PO, and S,0; is hypothesized

to be the primary mechanism of AMS prophylaxis by CA inhibition (75, 76) (Figure 1).
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Figure 1: Time course of normal ventilatory response to hypoxia (solid line) and the associated
effects of carbonic anhydrase inhibition (dashed line).

1.3.1 Differences in Dosing of Carbonic Anhydrase Inhibitors

The dose of CA inhibitors elicits varying physiological effects. At a low dose of AZ (>5
mg/kg), CA in the renal tissues will be inhibited (77); the mild metabolic acidosis is sufficient to
counteract respiratory alkalosis without undesirable effects. At a higher dose (7-12 mg/kg), AZ can
inhibit CA in erythrocytes and cross the blood-brain barrier, thus affecting the central nervous system.
The higher level of CA inhibition can impede CO, transport and cause CO; retention, which can
negatively impact exercise performance. Numerous studies have reported a significantly lower VCO,

with CA inhibition, but CO, retention in the tissues was not quantified nor measured (78—82).
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1.4 Effects of Acetazolamide on Hypoxic Exercise Performance

While AZ negatively affects exercise performance in normoxia, the results are inconclusive
with hypoxic exercise (83). Exercise performance is multifaceted (Figure 2) and can be influenced by
physiological as well as psychological factors. In particular, perceived exertion during hypoxic
exercise can be negatively influenced by the presence of AMS symptoms, such as headache,
dizziness, and overall fatigue (1). Acetazolamide could potentially improve performance in hypoxia
due to attenuation of AMS symptoms, rather than through physiological or biochemical alterations of
performance per se. However, at a given exercise intensity in hypoxia, perceived leg discomfort
increases with AZ compared to placebo (84). Thus, while AMS symptoms may be lessened, other
exercise-limiting symptoms may be exacerbated with AZ.

Hypoxic exposure alone increases Vi in the attempt to raise CaO,, but AZ causes a further
10-20% increase in Vi compared to placebo, which can further increase S,0, (84-89). Likewise, in
instances of no Vg increases with AZ intake, there were also no changes in S,0, (82). While the
relationship between Ve and S,0; are consistent across most studies on AZ, their impact on

performance outcomes is more variable (Figure 3).
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Figure 2: Pathways which carbonic anhydrase inhibitors can impact exercise performance. Panel A:
acetazolamide (AZ). Panel B: methazolamide (MZ). The solid arrows represent direct relationships,
while dashed arrows represent indirect relationships. The opaqueness of the textbox indicates the
strength of the finding (i.e., black = observed in majority of studies; white = observed in few studies).
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Figure 3: Summary of studies assessing the effect of acetazolamide on maximal oxygen uptake
(VOamax) and performance outcomes (i.e. Time to exhaustion, exercise duration, maximal power
output). Panel A: The y-axis represents the change in VOamax. Panel B: The y-axis represents the
change in performance in a binary fashion (i.e. increased or decreased). AZ, acetazolamide; PiO,
partial pressure of inspired oxygen; VO,, oxygen uptake. (83)

1.4.1 Influences on Ventilation and Oxygen Uptake in Hypoxic Exercise

It is hypothesized that CA inhibitors are beneficial to exercise performance in hypoxia due to

increased Vg, improved pulmonary gas exchange and arterial oxygenation (88). While increased Vi

can increase VO, by raising S,0, and C.O,, this is not a direct relationship (Figure 3a). Despite higher

peak Vg and S,0 during maximal exercise, the AZ group can show no significant differences in

VOamax (85, 87, 88, 90), an increase in VOamax (7.5%) (89), or a decrease (8.7%) (84). The

improvement in VO could be attributed to greater increases in C,O, for a given VE increase, due to

the shape and steeper slope of the oxyhemoglobin dissociation curve. For instance, at an inspired PO»
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of 84 mmHg, resting S,0; is around 66% (89), while it is 79% at an inspired PO, of 94 mmHg (85).
At a S;0, of 66%, arterial PO, falls on the steeper portion of the oxyhemoglobin dissociation curve.
Due to greater oxyhemoglobin affinity, relatively minor increases in arterial PO, will have greater
increases in C,0,, thus improving VOamax (89). In contrast, at a S,02 of 79%, oxyhemoglobin affinity
is closer to the flat portion of the curve, thus a similar change in arterial PO, brings about smaller
improvements in C,0,, which may result in no difference in VOamax (85). As mentioned, higher
altitudes will lead to a lower arterial PCO, and higher pH from hyperventilation, causing a relative
left-shift on the oxyhemoglobin dissociation curve. Thus, increases in Vi with AZ may lead to a
further leftward shift and increase binding affinity of O, to hemoglobin, which is to the benefit of O,
loading in the lungs, but at the cost of O, unloading in the tissues.

At submaximal intensities, many studies observe an increase in Vg and S,0; at any given
work rate with AZ intake. It was expected that VO, will increase consequently due to greater O,
loading, but submaximal VO, did not differ from placebo (81, 84, 86, 88). In part, this may be
attributed to partial red blood cell CA inhibition, which yields lesser O, unloading during capillary
transit (91). Similarly, at the level of the active muscles, there are no differences in leg VO, despite a
10% increase in Vg for a given submaximal workload (88). These results further suggest that
increases in Vg arising from CA inhibition do not translate to increases in VO,. Another potential
explanation is that the magnitude of S,0, increases is insufficient to improve VO,. Specifically, to
affect VO, there needs to be at least a ~3% change in S,0, (92).

However, it is important to note that VOamax is not the definitive predictor of exercise
performance (Figure 3b). Despite no difference in time to exhaustion compared to placebo, VOamax
can increase by 7.5% (89) or decrease by 6% (93) with AZ intake. Conversely, with no significant
changes in VOamax, time to exhaustion can decrease by 26% (82) or remain unchanged (85). A

possible explanation for changes in VOamay but similar performance outcome may be a result of
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respiratory metaboreflex (92), where higher Vg requires greater blood flow and total O, delivery to
respiratory muscles, and consequently decreased O, delivery to locomotor muscles. At a given
submaximal exercise intensity where there is no change in VO,, increased Vi coincides with reduced
time to exhaustion (82, 86). The findings support the hypothesis that increased Vg, and thus
respiratory metaboreflex, can decrease whole-body exercise performance. However, leg VO, and
blood flow were observed to be similar during exercise with AZ compared to placebo (88), which
suggests that the increased Vi with AZ is insufficient to affect blood flow to locomotor muscles. The
disparity between VO, and performance can be partially attributed to the dissociation between
oxygenation and performance. Although all participants taking AZ showed an increase in resting
Sp02, ~56% of participants were unable to complete the exercise protocol (79). Thus, while maximal
oxygen uptake is an important indicator of aerobic exercise capacity, these findings suggest that O,
delivery and consumption cannot fully account for the changes in exercise performance at altitude
caused by AZ (Figure 3).

In addition, while increased Vg due to AZ is beneficial to arterial oxygenation, it can be a
possible hindrance to exercise performance by increasing perceived dyspnea (87). However, this
mechanism during exercise is not fully supported. During hypercapnic ventilatory response testing,
AZ reduced dyspnea perception for a given Vg compared to placebo (84). While AZ increased Vg by
16% at a given workload, perceived dyspnea did not increase (84). The observed dissociation
between perceived dyspnea and Vi may be explained by AZ’s ability to affect neural afferent
transmission, as evidenced by greater reflex latencies but similar efferent conduction velocities with
AZ intake (94). As perceived exertion is also attributed to afferent feedback from active muscles,
impairing transmission from afferent receptors will reduce sensory information and alter perceived
exertion. For instance, there were no differences in maximal Vi and end-exercise dyspnea, there was

a 10% decrease in exercise duration with AZ (84). Similarly, where there were no significant
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differences in Vg, time to exhaustion was reduced by 26% in AZ compared to placebo (82). Contrary
to the original hypothesis, a drop in exercise performance can still be present without significant
changes in Vi and/or perceived dyspnea.

1.4.2 Mechanism of Muscle Fatigue

As decreased arterial oxygenation contributes to muscle fatigue in hypoxic exercise (95), CA
inhibition may attenuate muscle fatigue development by improving arterial oxygenation through
increased V. However, AZ was found to induce muscle fatigue through other mechanisms. Muscle
fatigue may be associated with changes in acid-base status induced by AZ. Carbonic anhydrase
inhibition with AZ significantly lowers blood pH and plasma bicarbonate (HCOs) concentration both
at rest and during exercise (82, 86, 88, 96). Lower blood lactate concentrations with AZ intake can be
explained by more intracellular retention of H" and lactate in the muscle (97). Inducing metabolic
alkalosis with HCOj™ supplementation was found to increase total work performed during
supramaximal exercise (98). The greatest improvements in exercise performance with bicarbonate
were observed in subjects with lower levels of proteins (i.e., monocarboxylate transporter -1, CA 11,
CA 1II and Na+/H+ exchanger) mediating muscle cell pH regulation and transport of lactate/protons,
suggesting that acid-base balance in skeletal muscle plays a role in muscle fatigue (98). However, the
extent of fatigue development is not proportional to reductions in blood pH (99). With increasing
exercise intensity, greater amounts of metabolites, such as lactate and H', are produced. While the
accumulation of metabolites coincides with the onset of muscle fatigue, the rate of perceived exertion
was not altered with changes in blood lactate (100). Likewise, there are no changes in VOamax With
AZ despite a 50% reduction in peak blood lactate (81). Altogether, acid-base status within the muscle
appears to be an important contributor to muscle fatigue while the role of blood acid-base status

remains unclear.
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The next plausible mechanism for inducing muscle fatigue with AZ is the drug’s influence on
the big potassium (BK) channels (101). BK channels are located in T-tubules of skeletal myocytes
and are integral to maintaining the electrochemical gradient and electrolyte homeostasis. The
restoration of resting membrane potential in skeletal muscle is essential to initiation of a muscle
contraction. If BK channels remain open after a depolarization event, such as a contraction, the
probability of the subsequent depolarization reduces. As a result, increased BK channel activity
decreases muscle force during continuous contractions (102). AZ is known to be an effective BK
channel opener (101, 103), thus supporting the hypothesis that AZ causes muscle fatigue through

alterations of the electrochemical gradient.
1.5 Types of Carbonic Anhydrase Inhibitors used in Humans

In humans, AZ is the most common CA inhibitor, and it is widely prescribed for prophylaxis
of AMS symptoms and was extensively researched. Methazolamide (MZ) has a similar chemical
structure to AZ, but has an additional methyl group on the thiadiazole ring, which increases its

lipophilicity (72) (Figure 4).
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Figure 4: Chemical structure of acetazolamide and methazolamide.
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Due to greater lipophilic properties, MZ has a longer half-life and greater potency than AZ
(104), and also is more localized within the brain (105). With differences in potency, a relatively
smaller dose of MZ is required to achieve the same level of CA inhibition as a given dose of AZ (e.g.,
200-250 mg/day of MZ vs 500-750 mg/day of AZ).
1.6 Effects of Methazolamide on Hypoxic Exercise Performance

Compared to AZ, there is limited research on MZ and its effects on hypoxic exercise
performance. A comparison between MZ, theophylline, and a combination of MZ and theophylline
was made for their effects on 12.5km cycling time trials in normoxia and hypoxia (inspired PO, 150
mmHg and 105 mmHg respectively) (106). Theophylline is a phosphodiesterase inhibitor and
adenosine receptor blocker, and is suggested to improve exercise performance when combined with
MZ (107). Between individual treatments of MZ and theophylline, there was no significant
differences in the change in time trial performance from normoxia to hypoxia when compared to
control. In the combined treatment of MZ and theophylline, the decrement in time trial performance
was attenuated relative to control. The proposed mechanism is an increase in arterial oxygenation by
MZ and systemic circulation via adenosine receptors by theophylline (74, 108). However, this study
has certain limitations. No measurements of Vg or blood hemoglobin concentrations were made, thus
the mechanism for oxygenation improvement cannot be properly discerned. In addition, a randomized
cross-over controlled trial design was not employed, which makes it difficult to attribute the observed
changes to the effect of the drug intervention.

In a subsequent study, Subudhi et al. (109) implemented a repeated measures crossover
design and assessed time trial performance in hypobaric hypoxia (inspired PO, ~ 80 mmHg) with and
without combined MZ and theophylline. Contrary to the initial study, time trial performance

decreased compared to control, despite significant increases in S,0». Increased fatiguability and
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reduced time trial performance were also reported, however the responsible mechanisms remain
unclear as the individual effects of each drug were not investigated.

To discern the direct effects of AZ and MZ on respiratory and locomotor muscle
performance, Dominelli et al., 2018 conducted a study investigating muscle function after a fatiguing
single-muscle exercise protocol in normoxia. Participants either completed a dorsiflexion protocol or
inspiratory resistance protocol while taking placebo, MZ or AZ. The decline in baseline muscle
function was attenuated in MZ treatment compared to AZ. After exercise, AZ treatment induced
significantly greater fatigue in tibialis anterior and respiratory muscles compared to MZ and placebo
(110). Since the comparison was made in single-muscle and in normoxia, whether these effects
translate to whole-body exercise performance in hypoxia is unknown. Since MZ does not affect BK
channels like AZ (101, 103), MZ may improve exercise performance in hypoxia by improving arterial

oxygenation without inducing muscle fatigue (Figure 2b).
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2.0 STUDY RATIONAL

To reduce the occurrence and severity of AMS symptoms, AZ is commonly prescribed for
prophylaxis. By inhibiting the CA enzyme, AZ augments HVR and accelerates the acclimatization
process to altitude. While it is unquestionably beneficial for AMS prophylaxis (1), AZ has negative
effects on exercise performance (82, 84, 110). As mountaineering and trekking involves physical
exertion in hypoxic environments, such undesirable effects of AZ warrants investigation of an
alternative. Methazolamide (MZ) is also efficacious in AMS prophylaxis but may not hinder exercise
performance to a similar degree. However, there is a lack of prospective studies comparing these two
CA inhibitors head-to-head with respect to exercise performance at high-altitude, thus making

definitive conclusions difficult.
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3.0 RESEARCH QUESTIONS AND HYPOTHESIS

Research Questions:

1. Does MZ negatively impact time trial performance in hypoxia to the same extent as AZ?

Hypothesis:

1. Time trial performance in acute hypoxia will be better in MZ compared to AZ and PLA.

a.

AZ will have the slowest time to completion, while placebo will have the fastest time to
completion.

Peak quadriceps torque will be the least in the AZ condition.

Ventilation will be greater in both AZ and MZ compared to PLA.

Blood pH will be lowest on AZ and MZ compared to PLA.
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4.0 METHODS

4.1 Ethics

The experimental procedures were approved by the Office of Research Ethics at the University
of Waterloo (ORE #43720), which adhered to the recommendations outlined by the Declaration of
Helsinki concerning the use of human participants. In addition, they were also registered on the
clinicaltrial.gov registry (NCT05575180), and a no-objection letter was received from Health Canada.
All participants were informed of the experimental procedures, the potential risks involved and
provided written informed consent. Table 1 outlines the specific inclusion and exclusion criteria for
the participants.

Table 1: Participant inclusion and exclusion criteria

Inclusion Criteria Exclusion Criteria

e Age: 18-40 years e Current smoker or cannabis user
e Active: 3+ days per week for o Weight <49kg
total of 150 minutes per week e Obesity: BMI >30kg/m?
¢ Endurance-trained: competed in | e Females: Pregnant, suspect to be pregnant, planning a

an endurance event within the pregnancy, or nursing
last 12 months. e Allergies or hypersensitivities: latex, sulfonamides, CA
e Normal pulmonary function inhibitors

¢ Cardiovascular disease

e Respiratory disease

e Gastrointestinal disease

¢ Diabetes

e Asthma (includes exercise-induced)

e Hypertension

o Arthritis

o Current use of Ionafarnib, Methenamine, Topomax, or
steroids/corticosteroids

¢ Hepatic or renal insufficiency, electrolyte imbalance,
history of seizures

e Bleeding/clotting disorders
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4.2 Participants

Fifteen young healthy participants (14 male, 1 female) between ages 18-40 years old were
recruited for the study; the majority (n = 13) were experienced cyclists, had more than one year of
endurance training experience and regularly engaged in at least 150 min per week of moderate to
vigorous aerobic exercise. Participants were excluded if they had symptoms of cardiovascular,
respiratory, or metabolic diseases or were taking any medications that would affect the participants’
responses to exercise and hypoxia. If the participants were prescribed with medications that may have
potential interactions of CA inhibitors, they were advised to avoid the intake for the duration of the
study. If participants were not able to stop taking their prescriptions, they were excluded from the
study. All participants were screened for pulmonary function status and were included in the study if
they demonstrated normal pulmonary function. Specifically, according to the American Thoracic
Society (ATS) guidelines, forced expiratory ratio (FEV/FVC) was to be >80% of their predicted
values, which were calculated from their age, height and sex (111). Only females that were on a
highly effective contraceptive were recruited for the study and were tested during the active phase of
their contraceptive.

Table 2: Summary of demographics, pulmonary function, and maximal cardiorespiratory values.

Age (years) 25+4
Height (cm) 176.547.1
Weight (kg) 74.2+10.8
Pre-exercise FVC (L) 4.9+0.7
spirometry FVC (% predicted) 90+13
FEV, (L) 4.1+0.6
FEV| (% predicted) 90+14
FEV//FVC 0.8+0.1
FEV/FVC (% predicted) 10047
Post-exercise | FVC (L) 5.3+1.1
spirometry FVC (% predicted) 98+20
FEV, (L) 4.5+1.0
FEV (% predicted) 101422
FEV//FVC 0.9+0.7
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FEV/FVC (% predicted) 10347
Maximal HR (beats min™!) 190+8
exercise Vr (L) 2.6£0.5
values Vr (% FVC) 50+7
Fb (breaths'min’") 59+11
Ve (L-min™) 171437
VO, (mL-kg"'-min™) 56+7
VO, (L-min™) 4.15+0.72
VCO; (L'min™") 5.02+0.83
Vie/VO, 41+5
Vi/VCO;, 3444
RER 1.21+0.06
POpeax (W) 356163
Sp02 (%) 9542

FVC, forced expired capacity; FEV), forced expired volume in 1 second; HR, heart rate; Vr, tidal
volume; Fb, breathing frequency; Vg, minute ventilation; VO,, oxygen uptake; RER, respiratory
exchange ratio; POpcak, peak power output; S,0,, oxygen saturation. Mean+SD

4.3 Drug Administration

An independent pharmacy provided the medications compounded in Coni-Snap Clear
vegetable capsules and microcrystalline cellulose as filler. Individual blister packages were
randomized and assembled by the principal investigator, but not the researcher involved in data
collection to ensure the double-blinded nature. Acetazolamide (250 mg per dose) was orally
administered 3 times per day (every 8 hours), with the last dose 1 hour prior to testing visit. The
recommended dose of AZ to treat altitude illness is 750 mg per day (112) and the half-life is about 8
hours. The MZ dose to be as effective as a clinical dose of AZ is about 200 mg per day (113), but the
half-life is 12-15 hours. Thus, methazolamide (100 mg per dose) was administered twice a day but
separated by a placebo capsule to ensure identical dosing schedule as AZ and placebo. The placebo
capsules were filled with microcrystalline cellulose and taken 3 times a day for 2 days, similar to AZ.
Overall, all capsules looked identical and were orally administered in an identical manner to ensure
double blinding. A washout period of 10 days between drug conditions was enforced during the

scheduling of experimental testing visits.
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4.4 Experimental Overview

All participants completed five testing days (Figure 5) in an indoor laboratory (21£1 °C, 34£20%
relative humidity, 759+6 mmHg). Day one consisted of screening, pulmonary function testing, and a
maximal exercise test to determine cardiorespiratory fitness. Day two involved a 5-km familiarization
trial in hypoxia, in which participants were familiarized with the equipment set up, instrumentation,
testing protocol and the hypoxic condition. Day three, four and five made up the experimental
protocol, where participants completed 3 separate time trials following a dosing protocol of AZ, MZ
or placebo. A description of the procedures conducted on each day is detailed in the following

sections.

26



Visit 1
VO, max test

l >48 hours

Visit 2
Skm Time Trial Familiarization

1 =48 hours

Visit 3,4, 5
S5km Time Trials in Normobaric Hypoxia
(F;0, = 15%)

10d - 10d
PLA [ " MZ | " AZ
t.1.d. 100mg 250 mg
b.i.d. t.1.d.
\ )
f

Randomized Double Blinded

Figure 5: Schematic of overall study protocol. VO, oxygen uptake; TT, time trial; FiO,, fraction of
inspired oxygen; AZ, acetazolamide; MZ, methazolamide; PLA, placebo; t.i.d, three times per day;
b.i.d., twice per day.

4.4.1 Day One: Screening, and Maximal Exercise Test

Day one of testing involved a screening where informed consent was obtained. Prior to
collection, bike seat and handle settings on the cycle ergometer (Monark, LC7TT) were adjusted
according to the participants’ preference, and noted for subsequent visits. Participants were then
instrumented with a HR monitor, facemask, and pulse oximeter. After completing a 5-minute period

of baseline rest on the cycle ergometer, participants performed a series of forced expired capacity
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maneuvers to assess for pulmonary function, followed by a 5-minute self-selected warm up. Next,
participants performed a ramp incremental exercise protocol, where the workrate increased by 30
watts (W) every minute; males began at 100W, and females at 80W. The testing protocol was
terminated once the participants reached volitional fatigue and cannot maintain their cadence above
60 rpm.

4.4.2 Day Two: Familiarization to MVCs and Hypoxic Time Trial

Day 2 ensured that the participants were sufficiently familiarized with the equipment,
neuromuscular tasks, time trial protocol and the hypoxic condition. All assessments performed on day
2 were repeated in an identical fashion on day 3,4 and 5. Participants were informed of the order of
assessment, which were pre-exercise maximal voluntary contractions (MVCs), 5-km time trial, and
post-exercise MVCs. For the MVCs, the participants were instrumented with electrodes for
electromyography (EMG) on their left vastus lateralis (VL), which remained throughout the entire
visit. Details of the MVC protocol are described within the “Neuromuscular Assessment” section.

Once the MVCs were completed, the participant moved onto the cycle ergometer. Except for an
additional pulse oximeter, the same instrumentation and bike settings as day one were used. After
instrumentation, the participant rested on the bike in normoxia for 5 minutes. Following baseline rest,
participants performed a 2-minute self-paced warm up, where they were familiarized with the gear
shift settings. Final adjustments to their seat height, handle height, and fan settings were made during
this time, which were recorded to ensure all 3 subsequent visits were performed with identical
settings.

Afterwards, the participants rested in hypoxia (FiO2 = 15%) for 2 minutes, allowing end tidal
PO, to stabilize, before commencing the time trial. Hypoxic gas from a compressed tank was passed

through a humidification chamber before filling a 200L Douglas bag, which was connected to the
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breathing circuit from the inspired side. During this time, the humidity of the gas was measured from
the inspired end of the breathing circuit using a hygrometer (model 35519-050, VWR). After resting 2
minutes in hypoxia, participants began their time trial and were notified of when they completed each
1km increment; no other forms of active encouragement were given. More information of the time
trial protocol is detailed in the “Time Trial Protocol” section.

Within 2.5-3 minutes post-exercise, the participants transitioned back to the MVC apparatus
without an active cooldown and were instrumented to perform MVCs of the quadriceps muscle group
and handgrip. Around 2.5 minutes after exercise, the participants performed their 3 sets of MVCs, in
the same order as prior to the time trial. Once completed, participants were assessed for their
perceived ratings of breathing discomfort (RPE-B) and leg discomfort (RPE-L) on the 0-10 Modified
Borg scale; where 0 was “no discomfort” and 10 was “the most severe discomfort ever imagined or
experienced” (114). Breathing discomfort was defined as “how heavy or laboured your breathing is”,
and leg discomfort as “how tired your legs are”.

After completion of all the assessments, participants were given a self-report symptom checklist,
a randomly assigned blister pack and a sports hydration drink. All were instructed when to consume

the pills and recognize which symptoms were indicators to stop the intake.
4.4.3 Day Three, Four and Five: Experimental Protocol

Day three, four and five consisted of experimental trials, where a time trial visit followed
completion of a drug arm, as summarized in Figure 6. Prior to each visit, participants would have
taken seven oral capsules 8 hours apart with the last capsule taken 1 hour prior to reporting to the lab
for testing. The participants also followed a standardized hydration protocol on testing day, which

involved drinking a 250 mL sports drink at the same time as the last drug dose.
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Prior to the MVCs, an arterialized capillary sample was collected from the participants to
assess blood acid-base status; further details are provided in the “Arterialized Capillary Sample”
sections. Participants then underwent an identical MVC and time trial protocol as day two. To ensure
that the participant experienced the same hypoxic condition, a gas tank was designated for each
participant and was used for all three experimental time trials.

Following the time trial and MVCs, a second arterialized capillary sample was taken, around
6-7 minutes post-exercise. After which, the rate of perceived exertion (RPE) was assessed, and other
subjective information were recorded. Once participants were deinstrumented, they were given
another assigned blister pack.

Between each time trial, there was a 10-day washout period to ensure that the effects of one
drug arm would not affect results of subsequent trials. Since a minimum of 35 days was required to
complete all the testing, the participants were instructed to maintain similar lifestyle patterns,
specifically sleep duration, sleep quality and training volume especially during the last 3 visits. While
these factors were not the main variables of the study, certain events can confound results of the
experimental trial, thus some level of monitoring was warranted. Examples include travel stress and

decrease in training load prior to a competition.

Quadricep
Handgrip
. NORMOXIA HYPOXIA (F,0, = 15%) .
3 i l
a Capillary Capillary
Dose #7 Sample MVC Rest WU Rest af— 5km TT e— MVC Sample
| | | | | | | | | |
| ' ' | I | | |
60 min o 3 7 Q +2.5 +6

start end

Figure 6: Summary of experimental time trial protocol. MVC, maximal voluntary contraction; WU,
warm up; TT, time trial; F1O,, fraction of inspired oxygen; RPE, rate of perceived exertion.
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4.5 Data Collection

4.5.1 Cardiorespiratory Responses
Raw data was recorded with a 16-channel analog-to-digital data acquisition system

(PowerLab/16SP model ML 795; ADInstruments, Colorado Springs, CO); recording frequency for
the maximal exercise test and time trials were 400 Hz and 2000 Hz respectively. Inspiratory and
expiratory flows were continuously measured by having participants breathe though the mouthpiece,
which was attached to two pneumotachographs (model 3813; Hans Rudolph, Shawnee, KS) located
on either end of the breathing circuit. The expired pneumotachometer was heated to 37°C, while the
inspired was kept at room temperature. Both pneumotachmeters were calibrated using room air and a
3-L syringe. Two sets of calibrated O, and CO, analyzers (AEI Technologies S-3-A/I and CD-3Am,
respectively; Applied Electrochemistry, Bastrop, TX) were used to sample mixed-expired gases and
end-tidal gases during all testing visits. Mixed-expired gases were sampled from a mixing chamber to
allow for the calculation of VO, and VCO,. End-tidal gases were sampled at the mouth using a
sample line connected to a second set of analyzers, similar to the first set, to determine end tidal O
and CO; tensions, PerO; and PerCO; respectively. A third O, analyzer (Gemini, 14-10000; CWE,
Inc., Ardmore, PA, USA) was used to sample the O, content of the inspired gas (Fi0). All collected
gases were dried using nafion tubing inside a sealed glass jar filled with Drierite prior to entering the
gas analyzers. The humidity content of inspired gases was sampled via hygrometer (Traceable, model
35519-050; VWR, TX, USA) before it entered the breathing circuit, and was used to determine the
water vapor pressure of inspired air.

Heart rate (HR) was measured using a telemetric sensor (Polar T34; Polar Electro, Kempele,

Finland), and pulse oxygen saturation (S;0O2) was estimated using two continuous patient monitors
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(Radical-7 Pulse CO-Oximeter, Masimo, Irvine, CA, USA; model ePM 12M, Mindray, Mahwah, NJ,
USA).
4.5.2 Arterialized Capillary Sample

Upon arrival for each experimental visit, the participants submerged their hand into warm
water (45°C) for 5 minutes prior to blood sample collection. After their hand was dried and cleaned,
and a single capillary sample (100 ul) was obtained from their 3™ digit. The sample was immediately
analyzed using a blood gas analyzer (ABL80 FLEX CO-OX, Radiometer, Ontario, CA), then
disposed in a biohazardous waste container. A sample was taken prior to pre-time trial MVCs, and
another following completion of post-time trial MVCs, which was taken from the 3™ digit of the other
hand. Both samples were taken while the participants were in normoxia. Both the researcher and
participants were blinded to the results at the time of data collection.

4.5.3 Time Trial Protocol

A custom time trial protocol was conducted on a cycle ergometer (LC7TT novo, Monark).
Power output in watts (W) was calculated from the cadence (revolutions per minute; rpm) and
flywheel resistance (W), and the distance completed was calculated based on power. Unlike day one,
the resistance was free to adjust according to participants’ preference, to which they were familiarized
on day 2. The handlebars on the right side allowed small adjustments (£10W), and left side allowed
larger adjustments (x30W) to resistance. During the warm-up, participants were allowed to see their
power output, and adjust their cadence and resistance to their preference. Once the participant
completed the warm-up and began the time trial protocol, only the distance in kilometres was
displayed. To ensure blinding, participants were not informed of their results at the time of

completion.
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4.5.4 Neuromuscular Assessment

A custom apparatus was used to perform isometric contractions of the vastus laterialis, where
the participants were positioned at 90 degrees hip flexion and 90 degrees knee flexion. A load cell
(Interface, SSM-Metric), with a range of 0-1000 Newtons, was positioned perpendicular to the shin,
and attached to the participants’ shin to the custom apparatus via an inelastic strap. Quadricep torque
(gN) was measured in Newtons via load cell, which was calibrated after every MVC protocol with a
5-1bs weight. Further hip flexion was minimized via a belt that secured the participants’ hip to the
seat. EMG activity was measured using adhesive surface electrodes (H69P, Kendall); recording
electrodes were placed on the muscle belly of the vastus laterialis, and ground electrode on the
kneecap. Handgrip contractions were performed on a handgrip force transducer (ADInstruments,
MLTO004/ST Grip Force Transducer), which measured handgrip torque (hN). These contractions were
performed while the participants were in normoxia.

EMG activity was sampled via a bioamplifier (CT-1000; CWE, Inc, Ardmore, PA, USA),
where raw signals passed through a 12-bit D/A converter before being recorded at 2000 Hz through
the same analog-to-digital converter used for cardiorespiratory metrics (PowerLab/16SP model ML
795, AD Instruments, Colorado Springs, CO, USA). The EMG signal was also band-pass filtered,
with high cut-off frequency of 200 Hz and low cut-off frequency of 10 Hz. Quadricep (qN) torque
and handgrip (hN) force were sampled at 1000 Hz using a separate analog to digital data acquisition

system (PowerLab/4SP model ML 750, AD Instruments, Colorado Springs, CO, USA).
4.6 Data Analysis
4.6.1 Cardiorespiratory Responses

The measured flow from the inspiratory pneumotach was numerically integrated to calculate

volume, which allowed for the determination of both tidal volume (V) and breathing frequency (Fb).
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Inspiratory ventilation was calculated as the product of Vr and Fb, which was converted into
expiratory ventilation using the Haldane transformation; both expressed in body temperature pressure
saturated (BTPS). Oxygen consumption was determined by taking the difference between the inspired
and expired oxygen using inspiratory ventilation and expiratory ventilation. Both VO, and VCO,
were expressed in standard pressure temperature dry (STPD). All cardiorespiratory responses were
analyzed in 1-km increments and expressed in absolute units or as percentage of the peak values
obtained from the maximal exercise test on day 1.

4.6.2 Maximal Exercise Capacity and Time Trial Performance

The work rate at termination of the incremental exercise protocol was determined as the peak
power output (POpeax). Absolute peak oxygen uptake (VOapeak) Was an average of the last 20 seconds
prior to termination. Relative VOapeak Was calculated by dividing the absolute value by participant’s
bodyweight in kilograms (kg), then converted to mL/kg/min.

In the time trial protocols, instantaneous power output, resistance, and cadence were
outputted from the Monark software on a power-time graph, as well as the overall average power
output and time to completion. At every 1-kilometre increment, the average power output, split time
and VO, were recorded. All power outputs and VO, values were expressed in absolute values, W and
L/min respectively, and relative values, %POpeak and %VOxpeax of values obtained on day 1
respectively.

4.6.3 Electromyography

For EMG data, the root mean square (RMS) of the EMG signal was calculated with a 100-ms

moving average. The average maximum RMS was extracted to determine peak EMG activity. In the

pre-exercise MVCs, the highest of the 3 attempts was recorded for comparison. During the time trial,
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the average of every kilometer was expressed as percentage of the pre-exercise MVC. For post-
exercise MVC, the highest of the 3 attempts was expressed as a percentage of the pre-exercise MVC.
4.6.4 Blood gas data

Blood pH was converted into hydrogen ion (H") concentration using the equation pH =
—log[H+], and expressed as nanomolars (nmol). All other variables were reported as measured from
the blood gas analyzer.

4.7 Statistical Analysis

Statistical analyses were conducted using Rstudio (version 4.3.2) (115). For inferential tests,
a significance level of p<0.05 was set and all tests were two-sided.

The primary endpoint was the time required to complete a stimulated 5-km time trial on a
cycle ergometer. The value for time was continuous (interval) and measured once per visit. A one-
way repeated measures ANOVA (116) was used to assess differences in time trial duration between
all three conditions (AZ, MZ, PLA). Bonferroni pair-wise t-tests were conducted for post-hoc
analysis. Similar tests were performed on other performance markers, such as power output.
Categorical data, such as rate of perceived exertion and the frequency of symptoms reported, were
analyzed using non-parametric Friedman test to assess for differences between 3 conditions, and
Wilcoxon signed rank test was conducted for post-hoc analyses.

The secondary endpoints were cardiorespiratory, blood sample and neuromuscular variables.
All three types of endpoints were interval data but measured differently: Cardiorespiratory endpoints
were measured continuously during cycling; blood parameters and torque endpoints were discretely
measured before and after exercise; and EMG was continuously measured throughout. For each
cardiorespiratory endpoint, a 5 (20-, 40-, 60-, 80- and 100%-time trial) by 3 (AZ, MZ, PLA) two-way

repeated measures ANOVA was used to assess for differences between distance and condition; each
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timepoint was an average of the entire kilometer. One-way repeated measures ANOVAs were also
performed for differences in overall average values across the 3 conditions. For blood sample
measurements, a 2 (Pre and Post) by 3 (AZ, MZ, PLA) two-way repeated measures ANOVAs was
conducted. To compare baseline and post-exercise blood data between the 3 conditions, a dependent
samples t-test was conducted for each of the above variables to compare before and after exercise for
each drug condition separately. Torque data were analyzed with a 2 (Pre and Post) by 3 (AZ, MZ,
PLA) two-way repeated measures ANOV A, and EMG was assessed via a 5 (20-, 40-, 60-, 80- and
100%-time trial) by 3 (AZ, MZ, PLA) two-way repeated measures ANOVA. All dependent samples
t-tests were conducted only if the assumption of normality (Shapiro-Wilk test) and homogeneity of
variances (Levene’s test) were met. If the aforementioned assumptions were violated, then the
Wilcoxon Signed Rank test (non-parametric equivalent) was completed. When significant F ratios
were detected, pairwise comparisons with Bonferroni correction were used to determine where the
differences lay. In the case where the dataset was unbalanced or had missing data points, linear mixed
models (117, 118) were used instead of repeated measures ANOV As; similar post-hocs were
conducted as the ANOVAs (119). Repeated measures correlations (120) were conducted to determine

the relationship between raw endpoints and the magnitude of change with the conditions.

Summary statistics were used to describe baseline characteristics and other outcomes of interest.
Categorical endpoints were presented as median and interquartile ranges. Continuous endpoints were

summarized using the mean and standard deviations.
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5.0 RESULTS

5.1 Pre-Exercise Rest

Hypoxic air significantly increased HR and Vr, and decreased SpO,, but no significant
differences were found in these variables (p <0.05) between the 3 conditions during normoxic and
hypoxic rest (Table 3). While Vg was not statistically different, both AZ and MZ had higher PerO,
and lower PerCO; than PLA during normoxic rest and hypoxic rest (p < 0.05), but there were no
differences between AZ and MZ (p > 0.05). In addition, ventilatory efficiency and metabolic
equivalents (Ve/VO; and Ve/VCO,) were higher on the drug conditions compared to placebo (p <
0.05). These results indicate that the drugs induced hyperventilation at rest, but no difference was

found between AZ and MZ (p > 0.05) for all these ventilatory variables.
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Table 3: Resting cardiorespiratory values in normoxia and hypoxia (FiO, = 1%) between placebo

(PLA), acetazolamide (AZ) and methazolamide (MZ).

Condition Normoxic rest Hypoxic rest  Notes
HR (bpm)** PLA 78+8 92+14
AZ 78+11 89+17
MZ 79+9 96+14
Ve (L/min) ** PLA 15.4+4.4 24+6
AZ 16.7+4.5 27+6
MZ 16.243.1 26+7
Va (L/min) PLA 9.2+3.8 - VCO, during hypoxic rest
AZ 10.1£2.7 - was not available, thus cannot
MZ 9.8+1.8 - be calculated
Vr (L)** PLA 1.2+0.4 1.4+0.4
AZ 1.3£0.4 1.5+0.4
MZ 1.2+0.5 1.4+0.4
Fb (bpm)** PLA 13+4 17+4
AZ 14+4 17+4
MZ 14+5 17+3
VO; (L/min) PLA 0.47+0.14 - Values were not calculated
AZ 0.41+0.11 - during hypoxic rest as the
MZ 0.39+0.07 : allocated time was not
- - sufficient to achieve steady
VCO: (L/min) PLA 0.41+0.13 - state
AZ 0.36+0.08 -
MZ 0.36+0.06 -
PerO2 (mmHg)** PLA 110+£5 79£5
AZ 116£5* 83+5%*
MZ 117+6* 8444 %
PerCO2 (mmHg)** | PLA 3943 3745 VA =9.07
AZ 3243% 32+43% 9.71
MZ 3244%* 3]1£3%* 9.71
SpO2** PLA 97+1 95+3
AZ 98=+1 962
MZ 97+1 96=+1
Ve/VO2 PLA 34+4 - Values were not calculated
AZ 40+7* - during hypoxic rest as the
MZ 407 : allocated time was not
S sufficient to achieve steady
Ve/VCO:2 PLA 37+4 - state
AZ 45+6* -
MZ 45L£7* -

HR, heart rate; Vr, tidal volume; Fb, breathing frequency; Ve, minute ventilation; VO,, oxygen uptake; RER,
respiratory exchange ratio; S,0,, oxygen saturation. PO, end tidal PO,; PerCO,, end tidal PCO, AZ,
acetazolamide; MZ, methazolamide; PLA, placebo. *, significantly different from PLA, 0.05. **, effect of

inspired gas, 0.05.
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5.2 Performance Qutcomes

The placebo condition demonstrated the fastest time to complete 5-km compared to AZ and
MZ (556+37s, 569+45s and 575+43s respectively, p < 0.01), but no difference was found between
AZ and MZ (p = 0.47) (Figure 7). Similarly, placebo had the highest average PO compared to AZ and
MZ (224£51W, 212+52W, 207+50W respectively, p < 0.01), and no difference between AZ and MZ
(p = 0.24). These work rates were equivalent to 63+6, 5946 and 584+5% of peak PO respectively from
the participants’ normoxic maximal exercise test. There was not a significant relationship between
cardiorespiratory fitness and the % change in TT duration from PLA with AZ (p =0.12) and MZ (p =

0.37).

Perceived dyspnea (RPE-B) was not significantly different between the 3 conditions (p =
0.61), but perceived leg discomfort (RPE-L) was significantly lower in MZ compared to PLA (p <
0.05). There was a significant correlation between time trial duration and RPE-L (p = 0.04, r =-0.37).
which indicates that time trial performance was closely related to the exertion of locomotor muscles
but not limited by it. In the case of MZ, participants’ performance was less affected by their leg

discomfort compared to PLA and AZ.
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Figure 7. Individual and group mean data of time trial duration (TTs), power output (PO), ratings of
perceived exertion for breathing discomfort (RPE-B) and leg discomfort (RPE-L) at end exercise. AZ,
acetazolamide; MZ, methazolamide; PLA, placebo. *, significantly different from PLA, p < 0.05.

5.3 Cardiorespiratory Data

The summary of all the cardiorespiratory data during exercise is presented in Table 4. As the
time trial progresses, Vg increases and S,0; decreases (p < 0.01) (Figure 8). At the second kilometer,
Sp0, was statistically higher in AZ compared to PLA (p < 0.05). Otherwise, there were no differences
in Vg nor S,0; between the three conditions (p > 0.05). There was a difference in V1 during the last 3

kilometers (p < 0.01), where both AZ and MZ were greater than PLA (p < 0.05); such changes from
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PLA were equivalent to an increase of 4% V1/FVC. Breathing frequency (Fb) was lower in AZ and
MZ compared to PLA during the last 2 kilometers (p < 0.05).

End tidal PO, was only greater in AZ and MZ compared to PLA during the first kilometer (p
< 0.05), but no differences thereafter. Absolute VO, and relative VO, (% of normoxic max test) were
lower in MZ compared to PLA for most of the time trial (p < 0.05), except in the 3 kilometer (Table
4). Methazolamide had consistently greater V&/VO, compared to PLA throughout (p < 0.05). There
were no differences in VO, between AZ and PLA, but V&/VO, was greater than PLA in the first 3
kilometers (p < 0.05). Throughout the time trial, no significant differences were present between AZ
and MZ in terms of VO, or V&/VO, (p > 0.05). Furthermore, no correlation was found between the
average S,0; and time trial duration (Figure 9) (p = 0.10). In terms of the ratio of VO»/PO, no

significant differences were observed between the three conditions (p > 0.05) (Figure 10B).

Carbon dioxide production was significantly lower in AZ and MZ compared to PLA (p <
0.05) throughout the entire time trial. While there was no statistical difference in the PO between AZ
and MZ (p = 0.24), VCO, was even lower on MZ compared to AZ during the first 2 kilometers (p <
0.05) (Table 3). Since VCO; was significantly lower for a given Vg, arterial PCO, would decrease
due to hyperventilation. Indeed, PerCO» was consistently lower on AZ and MZ compared to PLA (p
< 0.05) throughout the time trial. Methazolamide had lower PerCO; than AZ only in the first 2km (p
< 0.05) but was not different afterwards, which aligns with the differences in VCO,. Likewise,
Ve/VCO, was consistently higher in MZ and AZ compared to PLA (p < 0.05), with MZ being greater
than AZ except in the last kilometer. On average, the ratio of VCO»/PO was significantly lower in the
AZ and MZ condition compared to PLA (p < 0.05) (Figure 10A). These differences were only
observed within the first 2km, which closely followed the findings in VCO, and PerCO; between AZ

and MZ.
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Respiratory exchange ratio was significantly lower in AZ and MZ compared to PLA (p <

0.05), but no differences were found between AZ and MZ (p > 0.05). The difference in RER between

PLA and the CA inhibitors would be indicative of exercise intensity as participants would reach a

greater power output on PLA, possibly higher than their ventilatory threshold where VCO, exceeded

VO,. The lack of difference in RER between AZ and MZ suggested that participants maintained a

relatively lower intensity than PLA, which was true considering the lower PO values (Figure 7).

Table 4. Cardiorespiratory variables during 5-km time trial between placebo (PLA), acetazolamide
(AZ), and methazolamide (MZ).

Condition | 1k 2k 3k 4k 5k Average
HR PLA 151£11 167+11 173+9 176£11 181£10 171+9
(bpm) AZ 150+11 169+8 174+7 179+7 18348 171+8
MZ 15348 169+10 175+6 179+6 184+6 173+6
HR PLA 79+7 88+6 91+5 93+5 95+4 89+5
(%omax) AZ 79+6 89+5 9244 9444 9644 90+4
MZ 80+4 89+3 92+3 94+3 97+3 91+3
Vi PLA 49+7 72+11 77£11 82+11 88+13 75+8
(%o max) AZ 51+6 76+11 80+11 83+12 88+11 76+9
MZ 51+7 7610 80+11 82+12 89+12 76+9
Vr PLA 2.7+0.8 2.7+0.6 2.6+0.6 2.5+0.5 2.5+0.4 2.54+0.5
L) AZ 2.6+0.4 2.9+0.5 2.8+0.5%* 2.7+0.5%* 2.6+0.4* 2.7+0.4%*
MZ 2.6+0.4 2.9+0.5 2.8+0.5%* 2.7+0.5%* 2.6+0.4* 2.7+0.4%*
Vr PLA 4848 5249 5048 48+8 48+8 48+9
(%FVC) AZ 50+8 5548 54+8* 524+8* 514£8* 5248*
MZ 50£10 56+9 53+8* 5248* S51£7* 524+8*
Fb PLA 30+6 41+7 46+5 50+5 54+6 45+5
(bpm) AZ 3045 41+7 4446 47+£5% 51+6* 4345
MZ 30+6 4145 4445 47+£5% 51+6* 4344
VO; PLA 2.3+0.4 2.9+0.5 3.0£0.5 3.1+0.5 3.2+0.5 2.9+0.4
(L/min) AZ 2.24+0.3 2.8+0.4 2.9+0.4 3.0+0.4 3.0+0.5 2.8+0.4
MZ 2.1+0.5%* 2.7+0.5%* 2.8+0.5 2.8+0.5%* 2.94+0.5%* 2.7+0.5%*
VO PLA 567 71+7 73+7 74+7 7748 7146
(Yomax) AZ 53+6 69+8 72+6 7247 737 68+7
MZ 50+£4* 65+4* 68+4 69+£3* 71+4 65+£3*
Ve/VO2 PLA 36+5 42+4 44+4 46+3 48+3 4343
AZ 40+4* 46+5* 47+4%* 48+4 49+4 46+3*
MZ 42+4% 49+5% 49+4% 504+4* 514+4* 48+4%
PerO:2 PLA 81+4 89+3 91+3 92+3 93+2 89+3
(mmHg) AZ 85+£5* 91+5 92+5 93+4 94+4 91+5
MZ 86+£3* 92+4 93+4 93+4 9543 92+6
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PerCO: PLA 3742 3343 30+3 28+3 26+3 30+3
(mmHg) | AZ 30+3* 27+3* 26+3* 25+3* 2440 2742
MZ 2744%t 25+4% T 25+3* 25+3* 23+3* 25+3*
VCO: PLA 2.5+0.6 3.6£0.8 3.5+0.7 3.420.5 3.4+0.5 3.3+0.6
(L/min) AZ 2.140.5% 3.0£0.6* 3.1£0.6* 3.1£0.6* 3.1£0.7* 2.9+0.6*
MZ 1.9+0.5%t 2 840.6%T 2.94+0.5% 2.94+0.5% 3.1+0.6* 2.8+0.6*
Ve/VCO: | PLA 3343 35+3 39+4 4243 4843 38+3
AZ 414£3* 43+4% 45+4% 46+4* 4944 44+3%
MZ 46+5%F 48+5%t 47+5%t 48+4%t 51£4* 47+5%t
RER PLA 1.10£0.10 1.21+0.09 1.15+0.06 1.11£0.05 1.09£0.07 | 1.14+0.06
AZ 1.02£0.09*  1.07£0.09*  1.05+0.07*  1.03+0.07*  1.03+0.07 | 1.04+0.07*
MZ 0.96+0.07*  1.03£0.08*  1.05£0.05*  1.04+0.03*  1.05+0.04 | 1.03+0.05*

HR, heart rate; Vr, tidal volume; Fb, breathing frequency; Vi, minute ventilation; VO,, oxygen uptake; RER,
respiratory exchange ratio; S,0,, oxygen saturation; PerO», end tidal PO,; PerCO, end tidal PCO»; AZ,
acetazolamide; MZ, methazolamide; PLA, placebo. *, significantly different from PLA, 0.05. T, significantly

different from AZ, 0.05.
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Figure 8. Individual and group mean data for ventilation (Ve) and oxygen saturation (S,0,) during
hypoxic time trial, panel A-D and E-H respectively. Vg, minute ventilation; S;0,, oxygen saturation;
AZ, acetazolamide; MZ, methazolamide; PLA, placebo. *, significantly different from PLA, 0.05.
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Figure 9. Relationship between time trial duration and average S;O> across all three drug conditions
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Figure 10: Individual and group mean data for the proportion of carbon dioxide production (VCO»)
and oxygen uptake (VO>) to power output (PO), panel A-D and E-H respectively. PLA, placebo; AZ,
acetazolamide; MZ, methazolamide; *, significantly difference from PLA, p < 0.05.
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5.2 Neuromuscular Fatigue

Pre-exercise quadricep torque was significantly lower in AZ compared to PLA and MZ (p <

0.05), but no differences post exercise (Table 5). The magnitude of change in quadricep torque was

also not different between conditions (p = 0.65). These findings were also true when expressed as %

of pre-exercise MVC (p > 0.05). Handgrip torque was no different between conditions before or after

exercise (p > 0.05). No differences found in EMG activity throughout the TT (p > 0.05) (Table 6).

Table 5. Neuromuscular and torque variables before and after hypoxic 5-km time trial.

Condition | Pre Post Pre-Post Diff
Quadricep Torque** PLA 574+76 498+90; 87+11 -76£65, -13+11%
(N; %MVC pre) AZ 543+77* 477+84; 88+12 -67+64, -12+13%

MZ 552469 492+106; 89+14 -65+80, -11+14%
Handgrip Torque PLA 439+77 429+81; 98+11 -14+47, -3+11%
(N; %MVC pre) AZ 415447 407+98; 98+10 -10439, -2+10%

MZ 429447 424488; 99£10 -11434, -249%

MVC, maximal voluntary contraction; AZ,

Table 6. Summary of electromyo

acetazolamide; MZ, methazolamide; PLA, placebo. *, significantly
different from PLA, 0.05. **, effect of exercise, 0.05.

raph activity throughout the hypoxic 5-km time trial and after.

Condition | Pre 1k 2k 3k 4k 5k Post TT
MVC
EMG PLA 1.56+0.57 | 1.08+0.61 | 1.10+0.57 | 1.09+0.52 | 1.03+0.49 | 1.00+0.46 | 1.57+0.77
V) AZ 1.57£0.48 | 1.07+0.61 | 1.04+0.57 | 0.95+0.48 | 0.83+0.41 | 0.83+0.43 | 1.54+0.60
MZ 1.81+0.82 | 1.21+0.7 1.1740.56 | 1.09+0.45 | 1.00+0.36 | 0.99+0.36 | 1.61+0.58
EMG PLA - 79424 80+20 80+18 76+18 72420 99+38
(%MVC | AZ 78+32 78+34 72433 64+31 64433 98426
pre) MZ 85+71 80+53 72440 66+33 65437 97425

EMG, electromyography; TT, time trial; MVC, maximal voluntary contraction.

5.3 Capillary Blood Samples

Resting H' concentrations, HCOs™ concentrations and base excess were significantly different

between all conditions (p < 0.05). Both AZ and MZ induced a partially compensated metabolic

acidosis compared to PLA, as demonstrated with higher H" concentrations and lower HCOs

concentrations, but AZ had a greater magnitude of acidosis than MZ (p < 0.05). All variables had an

effect of exercise (p < 0.01), but not every variable was different between conditions post-exercise.
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Hydrogen ion concentrations were not different between conditions (p > 0.05), but standard HCO3
concentrations and base excess was lower in AZ than PLA and MZ (p < 0.05). Independent of CO>
levels, HCOs™ levels were not different between MZ and PLA (p = 0.19). Since time trial performance
was not different between AZ and MZ, this suggested that impaired performance was not attributed to
metabolic status. However, the change in HCOs™ and blood PCO; levels (PCO») from pre to post
exercise were significantly less in AZ and MZ compared to PLA (p < 0.05). Hematocrit and
hemoglobin concentrations were greater after time trial (p < 0.05), which indicated some fluid loss.
However, no significant difference was found between conditions before or after time trial (p > 0.05).

Table 7. Results of capillary blood samples before and after hypoxic 5-km time trial.

Condition Pre Post Pre-Post Diff
H* PLA 39.94+2.3 61.8+13.4 23.5+11.8
(nmol) ** AZ 48.9+3.3* 67.0+10.7 16.3+10.1*
Mz 44.0+2 3%t 62.7£7.9 18.9+8.8
PCO; PLA 37.8+2.7 25.7+£7.2 -12.0+£7.3
(mmHg) ** AZ 34.0+3.3 28.942.8 4.9+ 7%
MZ 35.1+3.7 31.1+4.9% -3.6+3.8*
Hct PLA 47.7£3.9 50.5+3.4 3.1:2.4
(%) ** AZ 49.0+£3.4 49.3+7.8 1.3+4.1
MZ 48.7+4.2 51.9+£3.3 3.0£2.9
HCOs5 (P) PLA 22.94+6.3 11.243.2 -11.743.4
(mmol/L) ** AZ 16.5+1.5* 10.2+1.8 -6.44+2.2%
MZ 19.242 3%t 1234211 | -7.0£3.3%
HCOs5 (standard) PLA 23.5+6.4 13.9+3.3 -9.6£3.4
(mmol/L) ** AZ 17.7+41.1* 12.0+1.7* -5.942.2%
MZ 20.3+1.7%F 13.9£1.91 | -6:5+3.0%
ctHb PLA 15.6+1.3 16.5+1.1 1.0+0.8
(g/dL) ** AZ 15.9+1.2 16.1£2.6 -0.1:2.4
MZ 15.9+1.4 17.0£1.1 1.0+1.0
Actual Base Excess PLA -1.0£1.4 -14.7+5.8 -13.6+5.4
(mmol/L) ** AZ -8.6+1.5% -17.7+£3.1%* -9.443.7*
MZ -5.142.2% 1474331 | 97T

H*, hydrogen ion; Hct, hematocrit; HCOs™ (P, st), standard bicarbonate; ctHb, concentration of total hemoglobin
in blood; PCO,, partial pressure of CO»; AZ, acetazolamide; MZ, methazolamide; PLA, placebo. *,

significantly different from PLA, p = 0.05. 1, significantly different from AZ, p = 0.05. **, effect of exercise, p
=0.05.
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5.4 Symptom Reporting

The AZ condition demonstrated the most frequent reporting of symptoms compared to PLA
(p <0.05), but not MZ (p = 0.35) (Table 8). The most reported symptom was fatigue, which
accounted for 27% of total symptoms. When asked which drug arm was the most difficult, 6 out of 15
participants reported AZ was the most difficult, while another 5 reported MZ. The remainder thought
all conditions were equally difficult. There was no relationship between the change in symptoms to

change in TT from PLA (p > 0.05).

Table 8: Summary of the frequency of reported symptoms.

ID PLA | AZ MZ | Subjective Notes Change in TT from PLA
00IM | O 0 0 All similar AZ 0%; MZ +3.5%
002F |0 4 4 AZ was hardest AZ +2.7%; MZ +2.7%
003M | 2 3 1 PLA and MZ were similar AZ +3.0%, MZ +5.8%
004M | O 2 0 AZ was hardest AZ +1.2%, MZ +0.2%
006M | O 0 1 All similar AZ +1.5%,MZ +5.2%
007M | O 0 0 AZ was hardest AZ +2.0%, MZ +3.9%
008M | 3 1 0 All similar AZ +2.3%, MZ +0.3%
009M | O 0 0 MZ was hardest; AZ was easiest AZ +3.2%, MZ +0.4%
010M | O 1 4 AZ was hardest AZ -1.3%, MZ +2.9%
01IM | O 8 4 MZ was hardest; PLA was easiest | AZ +4.1%, MZ +7.3%
012M | O 7 2 MZ was hardest; PLA was easiest | AZ +8.3%, MZ +7.4%
013M | 1 2 0 MZ was hardest; PLA was easiest | AZ +4.7%, MZ +3.3%
014M | O 2 0 AZ was hardest; PLA was easiest | AZ +1.3%, MZ +1.5%
015M | 0 0 0 All similar AZ +0.6%, MZ +3.0%
016M | 2 4 3 AZ was hardest; MZ was easiest AZ +3.1%, MZ +6.7%
Total | 8 34 19

PLA, placebo; AZ, acetazolamide; MZ, methazolamide; TT, time trial.

49



6.0 DISCUSSION

The primary novel finding was that both AZ and MZ impaired whole-body exercise
performance in acute hypoxia; both conditions demonstrated a slower TT duration than PLA but were
not different from each other. Unlike the original hypothesis, MZ was also detrimental to hypoxic
exercise performance. Our secondary finding was that AZ significantly decreased peripheral muscle
function, as evidenced by lower peak quadricep torque compared to PLA, while there was no effect of
MZ in this regard. The lack of effect on baseline peak quadriceps torque demonstrated that MZ
potentially had a different mechanism of hindering performance than AZ. The third finding was that
CA inhibition did not improve arterial oxygenation during intense hypoxic exercise, but had a
significant effect on arterial CO, tensions. Specifically, there were no significant differences in Vg or
S,02 between the conditions, but VCO, and PerCO were significantly lower in AZ and MZ
compared to PLA. In summary, MZ may not be a better alternative for exercise performance in acute

hypoxia compared to AZ, but there was no clear physiological explanation for its negative influence.

6.1 Performance Outcomes

Whole-body exercise performance can be affected by multiple factors, such as the ambient
conditions, mode of exercise, and intensity of exercise. In the context of hypoxic exercise with CA
inhibitors, severity and duration of hypoxia, symptomology and perceived effort also have an
influence on exercise performance. The main objective of the present study was to compare AZ and
MZ and their effects on exercise performance in acute hypoxia. Due to the differences in lipophilicity
and other physiological mechanisms independent of CA inhibition, it was hypothesized that MZ
would have resulted in better performance outcomes than AZ. Although the level of peripheral fatigue
and metabolic acidosis were different, symptomology and perceptual factors might have masked how

much those physiological differences matter in whole-body exercise performance.
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Compared to previous studies done on CA inhibitors, the study’s present work had several
methodological differences. A shorter time trial was implemented, thus involving a higher exercise
intensity and a shorter hypoxic exposure. Although with the standard doses of each respective CA
inhibitor, these methodological variations would present a distinct set of results from previous

findings.

First, heavy aerobic exercise imposes a greater physiological demand on the cardiorespiratory
system as there is a greater need for oxygen. Participants operated at or close to their sustainable
limits of cardiac output and ventilatory output, as indicated by >85% V& and >90% HR values (Table
5). Due to greater perfusion rates and Vg, gas exchange would be compromised with greater exercise
intensity; specifically A-aDO, would widen, thus exacerbating arterial hypoxemia (88). Furthermore,
such intensity of aerobic exercise would induce more peripheral fatigue due to these greater
physiological demands. Therefore, unlike at lower intensities, performance would be more dependent
on how fatigue resistant the participants are. If either AZ or MZ exacerbates fatigue, then they may
have a greater negative impact on the resulting performance outcome. Previous time trial studies
found no differences in time to completion with AZ or MZ when compared to PLA (106, 121) and
both used a duration that was twice as long. The average HR was around 20 bpm lower in the 12.5km
time trial compared to 5-km (159 bpm vs 180 bpm, respectively) (106). Likewise, average power
output was about 60W lower (158W in 12.5km vs 220W in Skm, respectively) and RER was
drastically lower (0.86 vs 1.02, respectively) (109). The difference in HR and metabolic demand
demonstrated that 12.5-km time trials elicited a lower exercise intensity than 5-km time trials, which
meant that performance in the longer protocol may be relatively less affected by how peripherally

fatigued the participants are. Thus, the disparity in exercise intensity might offer insight as to why
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there would be performance changes with CA inhibitors in a shorter time trial, but none in a longer

protocol.

Second, a rapid ascent to 3000m (P;O; ~ 106 mmHg) would put an unacclimatized individual
at a moderate risk of AMS (122). Past research were mostly done at lower PO, (96 mmHg and
below) (83), so the risk of AMS would be greater and thus CA inhibitors would provide more benefit
than PLA during those ascents. Hypothetically, there would be a ‘threshold’ altitude at which
performance can be improved with a standard dose of CA inhibitors rather than be hindered, but it
currently stands undetermined as there are many other confounding factors to performance (Figure
11). The current study simply looks at the minimum elevation that one needs to rapidly ascend to be

prescribed CA inhibitors.
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Figure 11: Findings of studies assessing the effects of AZ and MZ on performance outcomes. Results
of the current study are highlighted by a red circle. P1O,, partial pressure of inspired oxygen; AZ,
acetazolamide; MZ, methazolamide; THP, theophylline. Adopted from 2023 review paper (83).

Third, the dosage of AZ and MZ used in this study was the recommended doses for AMS

prophylaxis (110, 112, 113). Previous studies on AZ have used higher and lower doses, which would

have varying degrees of the drug’s influence on performance as some physiological effects are dose
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dependent (91, 96). Although many studies have evaluated the effect of different doses of AZ on
exercise performance, it must be noted that the outcomes were likely confounded with the level of
altitude (Figure 11). Differences in PiO, would have a major influence on whether AZ was beneficial,
detrimental or had no effect on performance (83). The findings of this study determine how taking
standard doses of AZ and MZ, at an elevation that one will most likely be prescribed, affects whole-
body exercise performance. The decrease in performance was due to an inability to reach higher work

rates, and the primary contributors may not be what was originally hypothesized.

6.2 Physiological Mechanisms of Performance Decrement

6.2.1 Oxygenation

Hypoxia impairs performance primarily through decreased inspired O,, which consequently
reduces arterial PO, and O, saturation, and arterial O, content. Increasing Vg can improve arterial O,
content by increasing arterial PO,. CA inhibitors were anticipated to reduce the impairment caused by
hypoxia, because they would stimulate ventilatory drive by means of metabolic acidosis. Greater H
concentrations would stimulate central chemoreceptors and increase Vg, and consequently increase
P,0; and potentially improve S;0;. In this study, AZ and MZ did not show any significant differences
in Vg during rest and exercise compared to PLA (Table 4 and Figure 8). The participants saw a
significant drop in PO with CA inhibitors, especially on MZ, and the difference was reflected in
VCO, where AZ and MZ were significantly lower than PLA. As Vi increased for a given VCO»,
PerCO; consequently decreased, indicating hyperventilation. In instances where VCO, and Ve/VCO;
was drastically greater, as seen in kilometer 2, S,0, was statistically higher in MZ than PLA (p <
0.05). Based on the Bohr effect, decreasing P.CO» would cause a left shift of the O,-hemoglobin
dissociation curve, thus improving O loading onto hemoglobin, and increasing S,O, for a given POs.

In addition, Ve was more efficient on AZ and MZ, as demonstrated with a greater Vr and lower Fb
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than PLA (Table 5), which would relatively decrease the amount of alveolar dead space. However,
such changes in PerCO; and ventilatory patterns were not enough to increase O» saturation
significantly and consistently throughout the exercise bout, and positively influence performance.

Increases in Vi can be partially explained by the extent of metabolic acidosis. While resting
Ve was not different, AZ elicited a greater level of metabolic acidosis compared to MZ, as evidenced
by a greater plasma H* and base deficit (Table 7). Conversely, this meant MZ induced a similar Vg in
a less acidotic state; it can be attributed to its greater lipophilicity which allows it to cross the blood
brain barrier more readily. Furthermore, the magnitude of plasma H' increase mildly correlated with
the magnitude of hyperventilation; weak to modest correlation was found between the resting H" and
change in PerCO; from hypoxic rest to end-exercise (p = 0.04, r = 0.37) and end-exercise V&/VCO: (p
<0.01, r = 0.56). Therefore, the magnitude of CA inhibition did not lead to a proportional increase in
V& output, thus CA inhibitors had limited positive effects on oxygenation during intense hypoxic
exercise.

6.2.2 Carbon Dioxide Production

According to the alveolar ventilation equation (Equation 2), alveolar PCO; is tightly linked to
how much CO; is produced (VCO-) and how high the ventilation is (V). Considering that alveolar
and arterial PCO; are very similar, it can be further expanded that arterial CO, content is tightly
related to CO» production and ventilatory output.

During normoxic rest, no difference in Vg or VCO, were observed between the 3 conditions,
but PerCO; was significantly lower in AZ and MZ (Table 5). The difference might be a result of
metabolic changes with CA inhibition, where excretion of bicarbonate was also reflected as a
decrease in end tidal PCO; (Table 5). There was indeed a strong correlation between resting HCOs
levels and resting PerCO» (p <0.01, r = 0.79). However, PCO; in the capillary blood samples were not

significantly different between the three conditions (p > 0.05) (Table 7).
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At the onset of exercise, all these variables started to change; specifically, Vi and VCO,
would increase proportionally, thus P,CO, remained unchanged. However, unlike PLA, Vg increased
disproportionately with VCO, in AZ and MZ. The more hyperventilated the participants were, the
lower the PerCO: as seen in Table 5. While there was no statistical difference in PO between AZ and

MZ in the first 3 kilometers, VCO, was significantly lower in MZ during this period (p < 0.05).

Following exercise, HCO3; was lower in AZ compared to PLA and MZ (p < 0.01), but not
between MZ and PLA (p = 0.94). Blood PCO; was also significantly lower in PLA compared to MZ
(p <0.05), but AZ was not different from PLA (p = 0.14) nor MZ (p = 0.21). The smaller change in
HCOs and PCO; with AZ and MZ might be a result of lesser CO, production from lower metabolic
demand. A strong correlation existed between PO and VCO; (p < 0.01, r = 0.77), however, there
might be mechanisms attributing to the decrease in VCO, other than simply a reduced PO.
Specifically, with MZ, there was an interesting observation with VCO, changes during exercise.
While VCO, appeared to stabilize within 2 kilometers of the time trial in PLA and AZ, VCO, took
longer to stabilize in MZ. Between kilometer 2, 3 and 4, PO was not different within each condition,
so supposedly VCO, should not differ as well. But VCO, was statistically lower in kilometer 2 than
kilometer 3 and 4 in the MZ condition (p < 0.05). Furthermore, the ratio of VCO, to PO was
significantly lower in MZ compared to PLA (p < 0.05) (Figure 10); this was unlikely due to an
increase in efficiency but rather reflected how MZ affected the amount of CO, expired. These
findings suggested that VCO, kinetics may be affected, but the current exercise protocol was not
designed to examine and quantify this as it would require a constant workload (123, 124). Previous
literature reported delayed VCO; kinetics with administration of AZ, potentially due to CO, retention
(125); some evidence of this were also observed in the current time trial protocol, to be discussed in

the following section.
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6.2.3 Transport of Carbon Dioxide

Inhibiting CA will have direct effects on blood acid-base status, as well as the regulation of
pH changes. Transportation of CO; from peripheral tissue to the alveoli occurs through three different
pathways: majority (60%) through the conversion to HCOs™ in plasma, 30% by direct binding to
hemoglobin within erythrocytes, and 10% dissolved with plasma (126). With complete inhibition of
CA in the red blood cells, CO; transport will be significantly impaired, as seen with a high dose of
CA inhibitors (96). A rationale for the current study’s prescribed dose was to not cause significant
inhibition of CA in erythrocytes, but enough to inhibit CA in the kidneys to induce metabolic acidosis
(75). Although CO; transport was not significantly impaired, it was not guaranteed that there was
absolutely no impact on CO; transport. In fact, impairment of CO; transport by CA inhibitors were
reported to be dose-dependent (96), thus it can be postulated that there was some level of impaired
CO, transport in the current study, given the changes and differences seen with VCO,. The lesser
change in HCOs™ and PCO, pre-post exercise in AZ and MZ (p < 0.01, Table 7) implied that there
was less of CO; carrying capacity, where less CO, was being catalyzed and transported in the plasma
as HCOs". During situations of high CO; production and perfusion, such as intense exercise, there
would be a larger CO, gradient between arterial and venous blood (96). Despite a potentially “intact”
reserve of CA enzymes in the blood, the turnover of CO, to HCO; would not be efficient to expel
CO; from the periphery. While internal CO, production would be lower in AZ and MZ due to lower
PO, some level of increased CO; gradient may explain why PCO, did not drastically change from pre
to post exercise. In conclusion, CO, transport might have some possible influence on exercise

performance.
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6.2.4 Peripheral Muscle Fatigue

Independent of CA inhibition and changes in blood acid-base status, there were other
mechanisms that could impair exercise performance. Consistent with previous studies, pre-exercise
neuromuscular fatigue was more pronounced on AZ compared to PLA and MZ, as evidenced by a
lower peak quadriceps torque at rest (Table 6). Extrapolating this to whole body exercise, this most
likely contributed to the lower PO during the time trial. Handgrip torque was not statistically
significant between AZ and PLA (p = 0.4); the lack of difference may be due to fiber type
composition. The distribution of fast twitch fibers are relatively greater in quadriceps muscle group
than the forearm muscles (~45-52% vs ~40-45% respectively) (127, 128). Acetazolamide was
reported to affect BK channels in fast twitch fibers more than those of slow twitch (110, 129), which
could offer an explanation for why the quadricep muscle group was more affected than the forearm
muscles. Furthermore, the assessment of handgrip torque was mainly to assess changes in central
fatigue. Since the handgrip was not one of the primary muscle groups used during the cycling
exercise, it helped confirm that the change seen in quadriceps torque was due to peripheral fatigue in
the exercising muscles and not centrally driven.

As previously mentioned, AZ was a potent opener of BK channels, and the inability to
regulate intramuscular K* levels contribute to fatigue. While not measured in this study, AZ and MZ
were reported to decrease plasma K* concentration (110), but were not significantly different from
each other. Since MZ did not induce fatigue despite lower plasma K* concentrations, it provided
evidence that the magnitude of plasma K* loss did not correspond to peripheral muscle fatigue. In
addition, it has been suggested that H" influences muscle function by altering K* concentrations,
where lower pH led to increased K* (130). With the different pH between AZ and MZ, it further adds

to the evidence against the notion that a decrease in performance correlates with plasma K* changes.
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However, earlier literature postulated that intracellular K* changes were more representative of
skeletal muscle function than plasma K*; both variables were beyond the current study’s focus. As a
potent BK opener, AZ hindered performance by affecting the function of skeletal myocytes and
inducing greater muscle fatigue than PLA and MZ.
6.2.5 Perceptive Effort

Changes at the level of the skeletal muscle might further explain the decrease in PO as seen
with AZ, but does not offer a plausible explanation for MZ. While peripheral muscle function was
relatively intact and metabolic acidosis was to a lesser magnitude compared to AZ, MZ still
demonstrated a significantly lower PO. Consistent with the previous study (110), MZ showed no
changes in resting peripheral muscle function, where peak quadricep torque was not different from
PLA (p =0.32). However, isolated single muscle exercise in normoxia omitted critical factors
involved in whole-body exercise in hypoxia; the metabolic demand of recruiting more muscle mass
and the challenge of reduced FiO, would significantly increase V. In the placebo condition,
participants ventilated at ~88% of their peak Vg while exercising at ~65% of peak PO. In the case of
MZ, a significantly lower PO (62+8% PO,eax) achieved similar V. A potential explanation would be
that the lipophilic nature of MZ resulted in greater localization within the central nervous system
compared to AZ (105, 131). Consequently, localization of MZ within the brain would stimulate
chemoreceptors more directly than if it were localized within the cerebral vasculature. Numerous
participants reported that they were breathing more on MZ, despite no different Vi than AZ and PLA,
and experienced more central symptoms such as headache. These findings suggested that there was a
greater ventilatory drive for a given Vi output with MZ. Additionally, RPE-B was not different
between the 3 conditions, but RPE-L was significantly lower on MZ; which indicated that participants

were more relatively limited by RPE-B than RPE-L on MZ. As performance consists of both
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subjective and objective factors, the negative performance effects of MZ might be more subjective in
nature, specifically by imposing a dyspneic limitation. Otherwise, there was no clear physiological
cause for the decrease in power output with MZ compared to PLA.

6.3 Implications

An earlier study had used lower doses of AZ (250 mg per day vs 750 mg per day) and found
no differences in Vg at a given intensity and at maximal exercise compared to PLA. Although the
description for RPE assessment was not specified, there were no reported differences in RPE between
AZ and PLA (132). A separate study also reported that AMS prophylaxis was similar between a
lower dose and standard dose (133). It can be postulated that a lower dose of CA inhibitors may
provide benefits compared to the standard dose. Specifically, for MZ, a lesser stimulation of
ventilatory drive could potentially diminish dyspneic limitation. The practical implications of the
present study would advise that, during rapid ascents to altitude, taking a standard dose of CA
inhibitors would not be beneficial, especially during heavy physical exertion, as the ability to exercise
would be compromised. Future interventions may consider implementing a lower dose of CA
inhibitors to determine if they are indeed beneficial to exercise performance at this specific altitude.
On the other hand, the standard dose of MZ may produce different outcomes at a higher elevation, in
that the induced hyperventilation could sufficiently increase S,0> enough compared to PLA.

6.6 Limitations and Future Considerations

Numerous limitations were present in this study that needed to be considered for
interpretation and formulating future research questions. An equal distribution of male and female
participants was not possible due to the eligibility criteria. Many female participants were not on a

highly effective birth control; this reduced the pool of female participants that can be recruited.
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The duration of the hypoxic exposure was standardized to 12 minutes at most. However, the
specific duration varied between participants based on how long it took for them to complete the time
trial. Hypoxia is known to have a time-dependent factor, so it is possible that participants with slower
time trial times experienced greater effects of hypoxia, compared to participants with the fastest
times. The severity of hypoxia, however, was controlled within the participant in that they are

breathing in same fraction of O, for all three time-trials.

The level of CA inhibition may vary due to differences in body mass. To standardize the
relative dose, it will require making individual prescriptions according to bodyweight, which was not
possible for this study. In addition, the dosages of AZ and MZ might not produce similar levels of CA
inhibition. It was not the focus of this study to confirm that the magnitude and distribution of CA
inhibition was similar between the two drugs. For our current sample size, body mass did not have a
significant relationship with the change in TT performance from AZ and MZ (p > 0.05). Participants
were only ensured to not fall in the high dose range, where it would result in complete impairment of

CO; transport due to inhibition of CA enzymes in erythrocytes.

Neuromuscular assessments were done in normoxia, rather than hypoxia. Participants in this
study were immediately switched to normoxia upon completion of their time trial. Previous literature
observed that the recovery period after exercise was found to be shorter in normoxia compared to
acute hypoxia (134). If the participants were to remain in hypoxia for the entire study, including both
the neuromuscular tests and time trial, the fatiguing effects of AZ and MZ might be more
exaggerated. In addition, voluntary contractions were not a true objective measure of neuromuscular
function and fatigue as it can be influenced by subjective factors. The results of MVCs could also be
affected by central fatigue, but it was found that there were no differences in central fatigue between

conditions, as indicated by the handgrip torque values (Table 6). A future study assessing fatigue
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should incorporate more objective neuromuscular assessments, such as twitch torque from electrical

or magnetic stimulation.

Hypobaric hypoxia and normobaric hypoxia may be physiologically different, but there was
no clear consensus (135—138). Within a time course of a 40-minute hypoxic exposure, Vg in standard
temperature pressure dry (STPD) was found to be lower in hypobaric hypoxia compared to
normobaric hypoxia (135). When expressed as body temperature pressure saturated (BTPS), Vi was
no significantly different between normobaric and hypobaric hypoxia; similar results were observed
in a 6-hr hypoxic bout (139). However, it was observed that Fb was significantly higher during the
initial 10 minutes, which led to the postulation that hypobaric hypoxia increases ventilatory dead
space for a given Vi compared to normobaric hypoxia (135). Since the duration of 5-km TT falls
within that time course, hypobaric hypoxia may have different performance outcomes with hypobaric
hypoxia, as Vr was greater in AZ and MZ compared to PLA (Table 5). Hypobaric conditions may
also reduce the work of breathing due to the lower atmospheric pressure, thus affecting the magnitude
of respiratory metaboreflex on exercise performance. Furthermore, our hypoxia exposure involved no
amount of inspired CO,. So, the results were limited to the sole effect of lower FiO,, excluding the
effects of hypobaria and changes in CO,. However, the effect of CO; in hypobaria might be negligible
as the partial pressure of CO; will be also lower than that of sea level, thus further decreasing the

effects of ambient CO; on ventilatory drive during exercise.

Age was previously observed to increase the prevalence of side effects and symptoms with
administration of CA inhibitors (140, 141). Within this study, time trial performance was found to be
greatly affected by the drugs in older participants (>30 years), as evidence by more reported
symptoms and more drastic impairments in performance (+30s compared to PLA). On the contrary, in

some younger participants, time trial performance was not greatly affected by the drugs and no
62



symptoms were reported (Table 8). There was not a statistically significant relationship between age
and the change in TT performance with AZ (p = 0.09) and MZ (p = 0.33), given our current sample
size. A future study discerning age differences may be warranted as certain occupations involving

altitude ascents comprise largely of individuals above 40 years of age.

Analyzing blood gas data from capillary blood had some limitations, as it could neither be
explicitly arterial or venous blood if not addressed properly. In other words, the sampling conditions
before and after exercise might not be equivalent. The water bath was used to sufficiently vasodilate
the capillaries so the PCO, values obtained will match that of arterial blood (142, 143). Following 6
minutes of exercise cessation, perfusion rate, blood pressure and body temperature may already be
reduced from that at termination of exercise. It cannot be assumed that the capillary blood sample was
like arterial blood, thus PCO2 values obtained after exercise should be interpreted with caution. To

confirm the presence and magnitudes of CO; gradients, arterial and venous catheters will be required.
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7.0 CONCLUSION

Carbonic anhydrase inhibitors act negatively on exercise performance in acute hypoxia
beyond arterial oxygenation. AZ and MZ also had unique mechanisms that hindered exercise
performance. Acetazolamide induced peripheral muscle function, while MZ with an unclear
mechanism. Whether AZ and MZ will have similar effects with longer duration exercise, chronic

hypoxic exposure or lower dose remains to be determined.

64



REFERENCES

10.

11.

Birtsch P, Swenson ER. Acute High-Altitude Illnesses. N Engl J Med 368: 2294—
2302, 2013. doi: 10.1056/NEJMcp1214870.

UNWTO World Tourism Barometer and Statistical Annex, January 2023. UNWTO
World Tour Barom Engl Version 21: 1-40, 2023. doi:
10.18111/wtobarometereng.2023.21.1.1.

Teppema LJ, Dahan A. The ventilatory response to hypoxia in mammals:
mechanisms, measurement, and analysis. Physiol Rev 90: 675-754, 2010. doi:
10.1152/physrev.00012.2009.

Corne S, Webster K, Younes M. Hypoxic respiratory response during acute stable
hypocapnia. Am J Respir Crit Care Med 167: 1193—1199, 2003. doi:
10.1164/rccm.2203019.

Mauro NA, Malecha SR. The effects of hypoxia on blood pH and lactate levels in
Macrobrachium rosenbergii (de man). Comp Biochem Physiol A Physiol 77: 627-630,
1984. doi: 10.1016/0300-9629(84)90174-9.

Pamenter ME, Powell FL. Time Domains of the Hypoxic Ventilatory Response and
Their Molecular Basis. Compr Physiol 6: 1345—-1385, 2016. doi:
10.1002/cphy.c150026.

Vizek M, Pickett CK, Weil JV. Biphasic ventilatory response of adult cats to
sustained hypoxia has central origin. J Appl Physiol Bethesda Md 1985 63: 1658—
1664, 1987. doi: 10.1152/jappl.1987.63.4.1658.

Barnard P, Andronikou S, Pokorski M, Smatresk N, Mokashi A, Lahiri S. Time-
dependent effect of hypoxia on carotid body chemosensory function. J Appl Physiol
Bethesda Md 1985 63: 685—691, 1987. doi: 10.1152/jappl.1987.63.2.685.

Dempsey JA, Powell FL, Bisgard GE, Blain GM, Poulin MJ, Smith CA. Role of
chemoreception in cardiorespiratory acclimatization to, and deacclimatization from,
hypoxia. J Appl Physiol 116: 858-866, 2014. doi: 10.1152/japplphysiol.01126.2013.

Luks AM, Ainslie PN, Lawley JS, Roach RC, Simonson TS. Control of Breathing:
Hypoxic Ventilatory Response. In: Ward, Milleage and West’s High Altitude Medicine
and Physiology. CRC Press, 2021, p. 144.

Luks AM, Ainslie PN, Lawley JS, Roach RC, Simonson TS. Control of Breathing:
Alveolar Gases and Acclimatization. In: Ward, Milleage and West’s High Altitude
Medicine and Physiology. CRC Press, 2021, p. 153—154.

65



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lundby C, Calbet J, van Hall G, Saltin B, Sander M. Sustained sympathetic
activity in altitude acclimatizing lowlanders and high-altitude natives. Scand J Med Sci
Sports 28: 854-861, 2018. doi: 10.1111/sms.12976.

Laciga P, Koller EA. Respiratory, circulatory, and ECG changes during acute
exposure to high altitude. J App! Physiol 41: 159-167, 1976. doi:
10.1152/jappl.1976.41.2.159.

Hughson RL, Yamamoto Y, McCullough RE, Sutton JR, Reeves JT. Sympathetic
and parasympathetic indicators of heart rate control at altitude studied by spectral
analysis. J Appl Physiol Bethesda Md 1985 77: 2537-2542, 1994. doi:
10.1152/jappl.1994.77.6.2537.

Koller EA, Drechsel S, Hess T, Macherel P, Boutellier U. Effects of atropine and
propranolol on the respiratory, circulatory, and ECG responses to high altitude in man.
Eur J Appl Physiol 57: 163—172, 1988. doi: 10.1007/BF00640657.

Hansen J, Sander M. Sympathetic neural overactivity in healthy humans after
prolonged exposure to hypobaric hypoxia. J Physiol 546: 921-929, 2003. doi:
10.1113/jphysiol.2002.031765.

Wolfel EE, Selland MA, Mazzeo RS, Reeves JT. Systemic hypertension at 4,300 m
is related to sympathoadrenal activity. J Appl Physiol Bethesda Md 1985 76: 1643—
1650, 1994. doi: 10.1152/jappl.1994.76.4.1643.

Vatner SF, Rutherford JD. Control of the Myocardial Contractile State by Carotid
Chemo- and Baroreceptor and Pulmonary Inflation Reflexes in Conscious Dogs. J Clin
Invest 61: 1593-1601, 1978.

Dinenno FA. Skeletal muscle vasodilation during systemic hypoxia in humans. J App!
Physiol 120: 216-225, 2016. doi: 10.1152/japplphysiol.00256.2015.

Hartley LH, Vogel JA, Cruz JC. Reduction of maximal exercise heart rate at altitude
and its reversal with atropine. J App! Physiol 36: 362-365, 1974. doi:
10.1152/jappl.1974.36.3.362.

Siebenmann C, Rasmussen P, Hug M, Keiser S, Fliick D, Fisher JP, Hilty MP,
Maggiorini M, Lundby C. Parasympathetic withdrawal increases heart rate after
2 weeks at 3454 m altitude. J Physiol 595: 1619-1626, 2017. doi: 10.1113/JP273726.

Naeije R. Physiological Adaptation of the Cardiovascular System to High Altitude.
Prog Cardiovasc Dis 52: 456-466, 2010. doi: 10.1016/j.pcad.2010.03.004.

66



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Barer GR, Howard P, Shaw JW. Stimulus—response curves for the pulmonary
vascular bed to hypoxia and hypercapnia. J Physiol 211: 139-155, 1970.

Bernheim AM, Kiencke S, Fischler M, Dorschner L, Debrunner J, Mairbiaurl H,
Maggiorini M, Brunner-La Rocca HP. Acute changes in pulmonary artery pressures

due to exercise and exposure to high altitude do not cause left ventricular diastolic
dysfunction. Chest 132: 380-387, 2007. doi: 10.1378/chest.07-0297.

Stembridge M, Ainslie PN, Boulet LM, Anholm J, Subedi P, Tymko MM, Willie
CK, Cooper S-M, Shave R. The independent effects of hypovolaemia and pulmonary

vasoconstriction on ventricular function and exercise capacity during acclimatisation
to 3800 m. J Physiol 597: 1059-1072, 2019. doi: 10.1113/JP275278.

Vogel JA, Harris CW. Cardiopulmonary responses of resting man during early
exposure to high altitude. J Appl Physiol 22: 1124-1128, 1967. doi:
10.1152/jappl.1967.22.6.1124.

Kaufmann P, Schirlo C, Pavlicek V, Berthold T, Burger C, von Schulthess G,
Koller E, Buck A. Increased myocardial blood flow during acute exposure to
simulated altitudes. J Nucl Cardiol 8: 158-164, 2001. doi: 10.1067/mnc.2001.112537.

Wyss CA, Koepfli P, Fretz G, Seebauer M, Schirlo C, Kaufmann PA. Influence of
Altitude Exposure on Coronary Flow Reserve. Circulation 108: 1202—-1207, 2003. doi:
10.1161/01.CIR.0000087432.63671.2E.

Calbet JAL, Radegran G, Boushel R, Sendergaard H, Saltin B, Wagner PD.
Plasma volume expansion does not increase maximal cardiac output or VO2 max in
lowlanders acclimatized to altitude. Am J Physiol Heart Circ Physiol 287: H1214-
1224, 2004. doi: 10.1152/ajpheart.00840.2003.

Gore CJ, Hahn AG, Scroop GC, Watson DB, Norton KI, Wood RJ, Campbell
DP, Emonson DL. Increased arterial desaturation in trained cyclists during maximal
exercise at 580 m altitude. J Appl Physiol Bethesda Md 1985 80: 2204-2210, 1996.
doi: 10.1152/jappl.1996.80.6.2204.

Gore CJ, Little SC, Hahn AG, Scroop GC, Norton KI, Bourdon PC, Woolford
SM, Buckley JD, Stanef T, Campbell DP, Watson DB, Emonson DL. Reduced

performance of male and female athletes at 580 m altitude. Eur J Appl Physiol 75:
136-143, 1997. doi: 10.1007/s004210050138.

Springer C, Barstow TJ, Wasserman K, Cooper DM. Oxygen uptake and heart rate

responses during hypoxic exercise in children and adults. Med Sci Sports Exerc 23:
71-79, 1991.

67



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chapman RF, Emery M, Stager JM. Degree of arterial desaturation in normoxia
influences VO2max decline in mild hypoxia. Med Sci Sports Exerc 31: 658—663,
1999. doi: 10.1097/00005768-199905000-00006.

Powers SK, Martin D, Dodd S. Exercise-induced hypoxaemia in elite endurance
athletes. Incidence, causes and impact on VO2max. Sports Med Auckl NZ 16: 14-22,
1993. doi: 10.2165/00007256-199316010-00003.

Thompson BP, Doherty CJ, Mann LM, Chang J-C, Angus SA, Foster GE, Au JS,
Dominelli PB. Supramaximal Testing to Confirm the Achievement of VO 2max in
Acute Hypoxia. Med Sci Sports Exerc 56: 673—681, 2024. doi:
10.1249/MSS.0000000000003339.

Pugh LGCE, Gill MB, Lahiri S, Milledge JS, Ward MP, West JB. Muscular
exercise at great altitudes. J Appl Physiol 19: 431-440, 1964. doi:
10.1152/jappl.1964.19.3.431.

Amann M, Pegelow DF, Jacques AJ, Dempsey JA. Inspiratory muscle work in acute
hypoxia influences locomotor muscle fatigue and exercise performance of healthy
humans. Am J Physiol-Regul Integr Comp Physiol 293: R2036-R2045, 2007. doi:
10.1152/ajpregu.00442.2007.

Cibella F, Cuttitta G, Romano S, Grassi B, Bonsignore G, Milic-Emili J.
Respiratory energetics during exercise at high altitude. J Appl Physiol Bethesda Md
1985 86: 1785-1792, 1999. doi: 10.1152/jappl.1999.86.6.1785.

Thoden JS, Dempsey JA, Reddan WG, Birnbaum ML, Forster HV, Grover RF,
Rankin J. Ventilatory work during steady-state response to exercise. Fed Proc 28:
13161321, 1969.

Harms CA, Babcock MA, McClaran SR, Pegelow DF, Nickele GA, Nelson WB,
Dempsey JA. Respiratory muscle work compromises leg blood flow during maximal
exercise. J Appl Physiol Bethesda Md 1985 82: 1573—-1583, 1997. doi:
10.1152/jappl.1997.82.5.1573.

Luks AM, Ainslie PN, Lawley JS, Roach RC, Simonson TS. Exercise: Locomotor
Muscles. In: Ward, Milleage and West’s High Altitude Medicine and Physiology. CRC
Press, 2021, p. 194.

Torre-Bueno JR, Wagner PD, Saltzman HA, Gale GE, Moon RE. Diffusion
limitation in normal humans during exercise at sea level and simulated altitude. J App!
Physiol 58: 989-995, 1985. doi: 10.1152/jappl.1985.58.3.989.

68



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Calbet J a. L, Boushel R, Ridegran G, Sendergaard H, Wagner PD, Saltin B.
Determinants of maximal oxygen uptake in severe acute hypoxia. Am J Physiol-Regul
Integr Comp Physiol 284: R291-R303, 2003. doi: 10.1152/ajpregu.00155.2002.

Wagner PD, Sutton JR, Reeves JT, Cymerman A, Groves BM, Malconian MK.
Operation Everest II: pulmonary gas exchange during a simulated ascent of Mt.
Everest. J Appl Physiol Bethesda Md 1985 63: 2348-2359, 1987. doi:
10.1152/jappl.1987.63.6.2348.

Stickland MK, Lindinger MI, Olfert IM, Heigenhauser GJF, Hopkins SR.
Pulmonary Gas Exchange and Acid-Base Balance During Exercise. Compr Physiol 3:
693-739, 2013. doi: 10.1002/cphy.c110048.

Richardson RS, Tagore K, Haseler LJ, Jordan M, Wagner PD. Increased VO2
max with right-shifted Hb-O2 dissociation curve at a constant O2 delivery in dog
muscle in situ. J Appl Physiol Bethesda Md 1985 84: 995-1002, 1998. doi:
10.1152/jappl.1998.84.3.995.

Fagraeus L, Linnarsson D. Autonomic origin of heart rate fluctuations at the onset of
muscular exercise. J Appl Physiol 40: 679—-682, 1976. doi:
10.1152/jappl.1976.40.5.679.

Robinson BF, Epstein SE, Beiser GD, Braunwald E. Control of Heart Rate by the
Autonomic Nervous System. Circ Res 19: 400411, 1966. doi:
10.1161/01.RES.19.2.400.

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 Bethesda Md 1985 63: 531-539, 1987.
doi: 10.1152/jappl.1987.63.2.531.

Robach P, Calbet JAL, Thomsen JJ, Boushel R, Mollard P, Rasmussen P,
Lundby C. The Ergogenic Effect of Recombinant Human Erythropoietin on VO2max
Depends on the Severity of Arterial Hypoxemia. PLOS ONE 3: €2996, 2008. doi:
10.1371/journal.pone.0002996.

Young AJ, Sawka MN, Muza SR, Boushel R, Lyons T, Rock PB, Freund BJ,
Waters R, Cymerman A, Pandolf KB, Valeri CR. Effects of erythrocyte infusion on
VO2max at high altitude. J Appl Physiol 81: 252259, 1996. doi:
10.1152/jappl.1996.81.1.252.

Calbet JAL, Radegran G, Boushel R, Sﬂndeljgaard H, Saltin B, Wagner PD.
Effect of blood haemoglobin concentration on VO2,max and cardiovascular function

69



53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

in lowlanders acclimatised to 5260 m. J Physiol 545: 715-728, 2002. doi:
10.1113/jphysiol.2002.029108.

Dawson A. Regional lung function during early acclimatization to 3,100 m altitude. J
Appl Physiol 33: 218-223, 1972. doi: 10.1152/jappl.1972.33.2.218.

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 Bethesda Md 1985 63:
521-530, 1987. doi: 10.1152/jappl.1987.63.2.521.

Naeije R, Huez S, Lamotte M, Retailleau K, Neupane S, Abramowicz D, Faoro V.
Pulmonary artery pressure limits exercise capacity at high altitude. Eur Respir J 36:
1049-1055, 2010. doi: 10.1183/09031936.00024410.

Anholm JD, Foster GP. Con: Hypoxic pulmonary vasoconstriction is not a limiting
factor of exercise at high altitude. High Alt Med Biol 12: 313-317, 2011. doi:
10.1089/ham.2011.1059.

Naeije R. Pro: Hypoxic pulmonary vasoconstriction is a limiting factor of exercise at
high altitude. High Alt Med Biol 12: 309-312, 2011. doi: 10.1089/ham.2011.1060.

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: a randomized, double-blind, placebo-
controlled crossover trial. Ann Intern Med 141: 169—177, 2004. doi: 10.7326/0003-
4819-141-3-200408030-00005.

de Bisschop C, Martinot J-B, Leurquin-Sterk G, Faoro V, Guénard H, Naeije R.
Improvement in lung diffusion by endothelin A receptor blockade at high altitude. J
Appl Physiol Bethesda Md 1985 112: 20-25, 2012. doi:
10.1152/japplphysiol.00670.2011.

Carter EA, Lohse K, Sheel W, Koehle M. Sildenafil does not reliably improve
exercise performance in hypoxia: a systematic review. BM.J Open Sport — Exerc Med
5:e000526, 2019. doi: 10.1136/bmjsem-2019-000526.

Luks AM, Ainslie PN, Lawley JS, Roach RC, Simonson TS. Cardiovascular
System: Effect of HPV on exercise performance. In: Ward, Milleage and West’s High
Altitude Medicine and Physiology. CRC Press, 2021, p. 194.

Katayama K, Amann M, Pegelow DF, Jacques AJ, Dempsey JA. Effect of arterial
oxygenation on quadriceps fatigability during isolated muscle exercise. Am J Physiol
Regul Integr Comp Physiol 292: R1279-1286, 2007. doi: 10.1152/ajpregu.00554.2006.

70



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Romer LM, Haverkamp HC, Amann M, Lovering AT, Pegelow DF, Dempsey JA.
Effect of acute severe hypoxia on peripheral fatigue and endurance capacity in healthy
humans. Am J Physiol Regul Integr Comp Physiol 292: R598-606, 2007. doi:
10.1152/ajpregu.00269.2006.

Amann M, Eldridge MW, Lovering AT, Stickland MK, Pegelow DF, Dempsey
JA. Arterial oxygenation influences central motor output and exercise performance via

effects on peripheral locomotor muscle fatigue in humans. J Physiol 575: 937-952,
2006. doi: 10.1113/jphysiol.2006.113936.

Goodall S, Gonzalez-Alonso J, Ali L, Ross EZ, Romer LM. Supraspinal fatigue
after normoxic and hypoxic exercise in humans. J Physiol 590: 2767-2782, 2012. doi:
10.1113/jphysiol.2012.228890.

Subudhi AW, Olin JT, Dimmen AC, Polaner DM, Kayser B, Roach RC. Does
cerebral oxygen delivery limit incremental exercise performance? J Appl Physiol
Bethesda Md 1985 111: 1727-1734, 2011. doi: 10.1152/japplphysiol.00569.2011.

Katayama K, Goto K, Ishida K, Ogita F. Substrate utilization during exercise and
recovery at moderate altitude. Metabolism 59: 959-966, 2010. doi:
10.1016/j.metabol.2009.10.017.

Griffiths A, Shannon OM, Matu J, King R, Deighton K, O’Hara JP. The effects of
environmental hypoxia on substrate utilisation during exercise: a meta-analysis. J Int
Soc Sports Nutr 16: 10, 2019. doi: 10.1186/s12970-019-0277-8.

Griffiths A, Deighton K, Shannon OM, Matu J, King R, O’Hara JP. Substrate
oxidation and the influence of breakfast in normobaric hypoxia and normoxia. Eur J
Appl Physiol 119: 1909-1920, 2019. doi: 10.1007/s00421-019-04179-6.

Davenport HW. The ABC of Acid-Base Chemistry: The Elements of Physiological
Blood-Gas Chemistry for Medical Students and Physicians. Sixth. University of
Chicago Press, 1974.

Klocke RA. Catalysis of CO2 reactions by lung carbonic anhydrase. J App! Physiol
44: 882888, 1978. doi: 10.1152/jappl.1978.44.6.882.

Maren TH. Carbonic anhydrase: chemistry, physiology, and inhibition. Physiol Rev
47:595-781, 1967. doi: 10.1152/physrev.1967.47.4.595.

Swenson ER. Hypoxia and Its Acid—Base Consequences: From Mountains to

Malignancy. In: Hypoxia: Translation in Progress, edited by Roach RC, Hackett PH,
Wagner PD. Springer US, p. 301-323.

71



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Leaf DE, Goldfarb DS. Mechanisms of action of acetazolamide in the prophylaxis
and treatment of acute mountain sickness. J Appl Physiol 102: 1313—-1322, 2007. doi:
10.1152/japplphysiol.01572.2005.

Swenson ER. Carbonic Anhydrase Inhibitors and High Altitude Illnesses. In:
Carbonic Anhydrase: Mechanism, Regulation, Links to Disease, and Industrial
Applications, edited by Frost SC, McKenna R. Springer Netherlands, p. 361-386.

Richalet J-P. Endocrine Function. In: High Altitude: Human Adaptation to Hypoxia,
edited by Swenson ER, Bértsch P. Springer, p. 237-252.

Swenson ER. Carbonic anhydrase inhibitors and ventilation: a complex interplay of
stimulation and suppression. Eur Respir J 12: 1242-1247, 1998. doi:
10.1183/09031936.98.12061242.

Bradwell AR, Dykes PW, Coote JH, Forster PJ, Milles JJ, Chesner I, Richardson
NV. Effect of acetazolamide on exercise performance and muscle mass at high
altitude. Lancet Lond Engl 1: 1001-1005, 1986. doi: 10.1016/s0140-6736(86)91272-9.

Bradwell AR, Myers SD, Beazley M, Ashdown K, Harris NG, Bradwell SB,
Goodhart J, Imray CH, Wimalasena Y, Edsell ME, Pattinson KTS, Wright AD,
Harris SJ, Birmingham Medical Research Expeditionary Society. Exercise
limitation of acetazolamide at altitude (3459 m). Wilderness Environ Med 25: 272—
277,2014. doi: 10.1016/j.wem.2014.04.003.

Faoro V, Boldingh S, Moreels M, Martinez S, Lamotte M, Unger P, Brimioulle S,
Huez S, Naeije R. Bosentan decreases pulmonary vascular resistance and improves
exercise capacity in acute hypoxia. Chest 135: 1215-1222, 2009. doi:
10.1378/chest.08-2222.

McLellan T, Jacobs I, Lewis W. Acute altitude exposure and altered acid-base states.
Eur J Appl Physiol 57: 445451, 1988. doi: 10.1007/BF00417991.

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: 178—184, 1990.

Doherty CJ, Chang J-C, Thompson BP, Swenson ER, Foster GE, Dominelli PB.
The Impact of Acetazolamide and Methazolamide on Exercise Performance in
Normoxia and Hypoxia. High Alt Med Biol 24: 7-18, 2023. doi:
10.1089/ham.2022.0134.

72



84.

85.

86.

87.

88.

&9.

90.

91.

92.

93.

Garske LA, Brown MG, Morrison SC. Acetazolamide reduces exercise capacity and
increases leg fatigue under hypoxic conditions. J Appl Physiol Bethesda Md 1985 94:
991-996, 2003. doi: 10.1152/japplphysiol.00746.2001.

Bradbury KE, Yurkevicius BR, Mitchell KM, Coffman KE, Salgado RM, Fulco
CS, Kenefick RW, Charkoudian N. Acetazolamide does not alter endurance exercise
performance at 3,500-m altitude. J Appl Physiol Bethesda Md 1985 128: 390-396,
2020. doi: 10.1152/japplphysiol.00655.2019.

Fulco CS, Muza SR, Ditzler D, Lammi E, Lewis SF, Cymerman A. Effect of
acetazolamide on leg endurance exercise at sea level and simulated altitude. Clin Sci
Lond Engl 1979 110: 683692, 2006. doi: 10.1042/CS20050233.

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

Jonk AM, van den Berg IP, Olfert IM, Wray DW, Arai T, Hopkins SR, Wagner
PD. Effect of acetazolamide on pulmonary and muscle gas exchange during normoxic
and hypoxic exercise. J Physiol 579: 909-921, 2007. doi:
10.1113/jphysiol.2006.120949.

Schoene RB, Bates PW, Larson EB, Pierson DJ. Effect of acetazolamide on
normoxic and hypoxic exercise in humans at sea level. J Appl Physiol 55: 1772—-1776,
1983. doi: 10.1152/jappl.1983.55.6.1772.

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 Bethesda Md 1985 103:
1161-1165, 2007. doi: 10.1152/japplphysiol.00180.2007.

Maren TH, Swenson ER. A comparative study of the kinetics of the Bohr effect in
vertebrates. J Physiol 303: 535-547, 1980. doi: 10.1113/jphysiol.1980.sp013302.

Harms CA, McCLARAN SR, Nickele GA, Pegelow DF, Nelson WB, Dempsey JA.
Effect of exercise-induced arterial O2 desaturation on VO2max in women. Med Sci
Sports Exerc 32: 1101-1108, 2000.

Ernst E, Gatterer H, Burtscher J, Faulhaber M, Pocecco E, Burtscher M. Effects
of Low-Dose acetazolamide on exercise performance in simulated altitude. Int J
Physiol Pathophysiol Pharmacol 9: 127, 2017.

73



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Brechue WF, Koceja DM, Stager JM. Acetazolamide reduces peripheral afferent
transmission in humans. Muscle Nerve 20: 1541-1548, 1997. doi: 10.1002/(sici)1097-
4598(199712)20:12<1541::aid-mus9>3.0.co;2-8.

Amann M, Romer LM, Pegelow DF, Jacques AJ, Hess CJ, Dempsey JA. Effects of
arterial oxygen content on peripheral locomotor muscle fatigue. J Appl Physiol 101:
119-127, 2006. doi: 10.1152/japplphysiol.01596.2005.

Swenson ER, Maren TH. A quantitative analysis of CO2 transport at rest and during
maximal exercise. Respir Physiol 35: 129-159, 1978. doi: 10.1016/0034-
5687(78)90018-X.

Becker HM, Deitmer JW. Nonenzymatic Proton Handling by Carbonic Anhydrase II
during H+-Lactate Cotransport via Monocarboxylate Transporter 1*. J Biol Chem 283:
21655-21667, 2008. doi: 10.1074/jbc.M802134200.

Messonnier L, Kristensen M, Juel C, Denis C. Importance of pH regulation and
lactate/H+ transport capacity for work production during supramaximal exercise in
humans. J Appl Physiol Bethesda Md 1985 102: 19361944, 2007. doi:
10.1152/japplphysiol.00691.2006.

Westerblad H. Acidosis Is Not a Significant Cause of Skeletal Muscle Fatigue. Med
Sci Sports Exerc 48: 2339-2342, 2016. doi: 10.1249/MSS.0000000000001044.

Miller BF, Fattor JA, Jacobs KA, Horning MA, Navazio F, Lindinger MI, Brooks
GA. Lactate and glucose interactions during rest and exercise in men: effect of
exogenous lactate infusion. J Physiol 544: 963-975, 2002. doi:
10.1113/jphysiol.2002.027128.

Tricarico D, Barbieri M, Mele A, Carbonara G, Camerino DC. Carbonic
anhydrase inhibitors are specific openers of skeletal muscle BK channel of K+-
deficient rats. FASEB J Off Publ Fed Am Soc Exp Biol 18: 760-761, 2004. doi:
10.1096/11.03-0722fje.

Kristensen M, Hansen T, Juel C. Membrane proteins involved in potassium shifts
during muscle activity and fatigue. Am J Physiol-Regul Integr Comp Physiol 290:
R766-R772, 2006. doi: 10.1152/ajpregu.00534.2004.

Tricarico D, Mele A, Calzolaro S, Cannone G, Camerino GM, Dinardo MM,
Latorre R, Camerino DC. Emerging Role of Calcium-Activated Potassium Channel
in the Regulation of Cell Viability Following Potassium lons Challenge in HEK293
Cells and Pharmacological Modulation. PLOS ONE 8: €69551, 2013. doi:
10.1371/journal.pone.0069551.

74



104.

105.

106.

107.

108.

109.

110.

111.

Hardman JG, Limbird LE, Molinoff PB, Ruddon RW, Goodman AG. Inhibitors
of Carbonic Anhydrase [Online]. In: Goodman and Gilman’s The Pharmacological
Basis of Therapeutics. McGraw-Hill, p. 693.
https://pubchem.ncbi.nlm.nih.gov/compound/1986 [17 May 2023].

Teppema L, Berkenbosch A, DeGoede J, Olievier C. Carbonic anhydrase and
control of breathing: different effects of benzolamide and methazolamide in the
anaesthetized cat. J Physiol 488: 767777, 1995. doi:
10.1113/jphysiol.1995.sp021008.

Scalzo RL, Binns SE, Klochak AL, Giordano GR, Paris HLR, Sevits KJ, Beals
JW, Biela LM, Larson DG, Luckasen GJ, Irwin D, Schroeder T, Hamilton KL,
Bell C. Methazolamide Plus Aminophylline Abrogates Hypoxia-Mediated Endurance
Exercise Impairment. High Alt Med Biol 16: 331-342, 2015. doi:
10.1089/ham.2015.0066.

Radiloff DR, Zhao Y, Boico A, Wu C, Shan S, Palmer G, Hamilton K, Irwin D,
Hanna G, Piantadosi CA, Schroeder T. The combination of theophylline and
endothelin receptor antagonism improves exercise performance of rats under simulated
high altitude. J App! Physiol 113: 1243—1252, 2012. doi:
10.1152/japplphysiol.01622.2011.

Dayan L, Brill S, Hochberg U, Jacob G. Is adenosine a modulator of peripheral
vasoconstrictor responses? Clin Auton Res 26: 141-147, 2016. doi: 10.1007/s10286-
016-0345-y.

Subudhi AW, Evero O, Reitinger J, Davis C, Gronewold J, Nichols AJ, Van-
Houten SJ, Roach RC. Combined methazolamide and theophylline improves oxygen
saturation but not exercise performance or altitude illness in acute hypobaric hypoxia.

Exp Physiol 106: 117-125, 2021. doi: 10.1113/EP088461.

Dominelli PB, McNeil CJ, Vermeulen TD, Stuckless TJR, Brown CV, Dominelli
GS, Swenson ER, Teppema LJ, Foster GE. Effect of acetazolamide and
methazolamide on diaphragm and dorsiflexor fatigue: a randomized controlled trial. J
Appl Physiol 125: 770779, 2018. doi: 10.1152/japplphysiol.00256.2018.

Tan W, Bourbeau J, Hernandez P, Chapman K, Cowie R, FitzGerald M, Aaron
S, Marciniuk D, Maltais F, O’Donnell D, Goldstein R, Sin D, Chan-Yeung M,
Manfreda J, Anthonisen N, Tate R, Sears M, Siersted H, Becklake M, Ernst P,
Bowie D, Sweet L, Van Til L. Canadian prediction equations of spirometric lung
function for Caucasian adults 20 to 90 years of age: Results from the Canadian
Obstructive Lung Disease (COLD) study and the Lung Health Canadian Environment
(LHCE) study. Can Respir J J Can Thorac Soc 18: 321-326, 2011.

75



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Dumont L, Mardirosoff C, Tramer MR. Efficacy and harm of pharmacological
prevention of acute mountain sickness: quantitative systematic review. BMJ 321: 267—
272, 2000. doi: 10.1136/bmj.321.7256.267.

Dahlen K, Epstein DL, Grant WM, Hutchinson BT, Prien EL, Krall JM. A
repeated dose-response study of methazolamide in glaucoma. Arch Ophthalmol Chic
111 1960 96: 2214-2218, 1978. doi: 10.1001/archopht.1978.03910060516009.

Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports Exerc 14: 377—
381, 1982.

R Core Team. R: A language and environment for statistical computing. [Online]. R
Foundation for Statistical Computing: 2022. https://www.r-project.org/ [19 Apr.
2024].

Lawrence MA. ez: Easy Analysis and Visualization of Factorial Experiments
[Online]. 2016. https://cran.r-project.org/web/packages/ez/index.html [19 Apr. 2024].

Bates D, Maechler M, Bolker [aut B, cre, Walker S, Christensen RHB, Singmann
H, Dai B, Scheipl F, Grothendieck G, Green P, Fox J, Bauer A, simulate.formula)
PNK (shared copyright on, Tanaka E, Jagan M. Ime4: Linear Mixed-Effects
Models using “Eigen” and S4 [Online]. 2024. https://cran.r-
project.org/web/packages/Ime4/index.html [19 Apr. 2024].

Kuznetsova A, Brockhoff PB, Christensen RHB, Jensen SP. ImerTest: Tests in
Linear Mixed Effects Models [Online]. 2020. https://cran.r-
project.org/web/packages/ImerTest/index.html [19 Apr. 2024].

Lenth RV, Bolker B, Buerkner P, Giné-Vazquez I, Herve M, Jung M, Love J,
Miguez F, Riebl H, Singmann H. emmeans: Estimated Marginal Means, aka Least-
Squares Means [Online]. 2024. https://cran.r-
project.org/web/packages/emmeans/index.html [20 Apr. 2024].

Bakdash JZ, Marusich LR. rmcorr: Repeated Measures Correlation [Online]. 2023.
https://cran.r-project.org/web/packages/rmcorr/index.html [19 Apr. 2024].

Bradbury KE, Yurkevicius BR, Mitchell KM, Coffman KE, Salgado RM, Fulco
CS, Kenefick RW, Charkoudian N. Acetazolamide does not alter endurance exercise
performance at 3,500-m altitude. J App! Physiol 128: 390-396, 2020. doi:
10.1152/japplphysiol.00655.2019.

Birtsch P, Swenson ER. Acute High-Altitude Illnesses. N Engl J Med 368: 2294—
2302, 2013. doi: 10.1056/NEJMcp1214870.

76



123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Stringer W, Wasserman K, Casaburi R. The VCO2/VO?2 relationship during heavy,
constant work rate exercise reflects the rate of lactic acid accumulation. Eur J Appl
Physiol 72: 25-31, 1995. doi: 10.1007/BF00964110.

Hughson RL, Morrissey M. Delayed kinetics of respiratory gas exchange in the
transition from prior exercise. J Appl Physiol 52: 921-929, 1982. doi:
10.1152/jappl.1982.52.4.921.

Scheuermann BW, Kowalchuk JM, Paterson DH, Cunningham DA. V'co 2
andV e kinetics during moderate- and heavyintensity exercise after acetazolamide
administration. J Appl Physiol 86: 1534—1543, 1999. doi:
10.1152/3appl.1999.86.5.1534.

Arthurs G, Sudhakar M. Carbon dioxide transport. Contin Educ Anaesth Crit Care
Pain 5:207-210, 2005. doi: 10.1093/bjaceaccp/mki050.

Nuzzo JL. Sex differences in skeletal muscle fiber types: A meta-analysis. Clin Anat
N Y N37:81-91, 2024. doi: 10.1002/ca.24091.

Hwang K, Huan F, Kim DJ. Muscle fibre types of the lumbrical, interossei, flexor,
and extensor muscles moving the index finger. J Plast Surg Hand Surg 47: 268-272,
2013. doi: 10.3109/2000656X.2012.755988.

Tricarico D, Mele A, Conte Camerino D. Phenotype-dependent functional and
pharmacological properties of BK channels in skeletal muscle: effects of microgravity.
Neurobiol Dis 20: 296-302, 2005. doi: 10.1016/j.nbd.2005.03.011.

Kjeldsen K. Nonrenal Potassium Homeostasis: Hypokalemia and Potassium
Depletion—Role of Skeletal Muscle Potassium-Pump (Na+,K+- ATPase). In: lon
Channels and lon Pumps.: Metabolic and Endocrine Relationships in Biology and
Clinical Medicine, edited by Foa PP, Walsh MF. Springer, p. 349-372.

Maren TH. Use of inhibitors in physiological studies of carbonic anhydrase. Am J
Physiol 232: F291-297, 1977. doi: 10.1152/ajprenal.1977.232.4.F291.

Elisabeth E, Hannes G, Johannes B, Martin F, Elena P, Martin B. Effects of low-
dose acetazolamide on exercise performance in simulated altitude. Int J Physiol
Pathophysiol Pharmacol 9: 28-34, 2017.

Basnyat B, Gertsch JH, Holck PS, Johnson EW, Luks AM, Donham BP,
Fleischman RJ, Gowder DW, Hawksworth JS, Jensen BT, Kleiman RJ,
Loveridge AH, Lundeen EB, Newman SL, Noboa JA, Miegs DP, O’Beirne KA,
Philpot KB, Schultz MN, Valente MC, Wiebers MR, Swenson ER. Acetazolamide
125 mg BD is not significantly different from 375 mg BD in the prevention of acute

77



134.

135.

136.

137.

138.

139.

140.

141.

142.

mountain sickness: the prophylactic acetazolamide dosage comparison for efficacy
(PACE) trial. High Alt Med Biol 7: 17-27, 2006. doi: 10.1089/ham.2006.7.17.

Ruggiero L, Hoiland RL, Hansen AB, Ainslie PN, McNeil CJ. High-Altitude
Acclimatization Improves Recovery from Muscle Fatigue. Med Sci Sports Exerc 52:
161-169, 2020. doi: 10.1249/MSS.0000000000002100.

Savourey G, Launay J-C, Besnard Y, Guinet A, Travers S. Normo- and hypobaric
hypoxia: are there any physiological differences? Eur J Appl Physiol 89: 122—126,
2003. doi: 10.1007/s00421-002-0789-8.

Debevec T, Millet GP. Discerning normobaric and hypobaric hypoxia: significance of
exposure duration. .

Coppel J, Hennis P, Gilbert-Kawai E, Grocott MP. The physiological effects of
hypobaric hypoxia versus normobaric hypoxia: a systematic review of crossover trials.
Extreme Physiol Med 4: 2,2015. doi: 10.1186/s13728-014-0021-6.

Rosales AM, Shute RJ, Hailes WS, Collins CW, Ruby BC, Slivka DR. Independent
effects of acute normobaric hypoxia and hypobaric hypoxia on human physiology. Sci
Rep 12: 19570, 2022. doi: 10.1038/s41598-022-23698-5.

Richard NA, Sahota IS, Widmer N, Ferguson S, Sheel AW, Koehle MS. Acute
mountain sickness, chemosensitivity, and cardiorespiratory responses in humans
exposed to hypobaric and normobaric hypoxia. J Appl Physiol 116: 945-952, 2014.
doi: 10.1152/japplphysiol.00319.2013.

Bradwell AR, Myers SD, Beazley M, Ashdown K, Harris NG, Bradwell SB,
Goodhart J, Imray CH, Wimalasena Y, Edsell ME, Pattinson KTS, Wright AD,
Harris SJ, Birmingham Medical Research Expeditionary Society. Exercise
limitation of acetazolamide at altitude (3459 m). Wilderness Environ Med 25: 272—
277,2014. doi: 10.1016/j.wem.2014.04.003.

Bradwell AR, Ashdown K, Rue C, Delamere J, Thomas OD, Lucas SJE, Wright
AD, Harris SJ, Myers SD. Acetazolamide reduces exercise capacity following a 5-

day ascent to 4559 m in a randomised study. BMJ Open Sport — Exerc Med 4:
€000302, 2018. doi: 10.1136/bmjsem-2017-000302.

Boulet LM, Teppema LJ, Hackett HK, Dominelli PB, Cheyne WS, Dominelli GS,
Irwin DC, Buehler PW, Baek JH, Swenson ER, Foster GE. Attenuation of human
hypoxic pulmonary vasoconstriction by acetazolamide and methazolamide. J App!
Physiol Bethesda Md 1985 125: 1795-1803, 2018. doi:
10.1152/japplphysiol.00509.2018.

78



143. Zavorsky GS, Cao J, Mayo NE, Gabbay R, Murias JM. Arterial versus capillary
blood gases: A meta-analysis. Respir Physiol Neurobiol 155: 268-279, 2007. doi:
10.1016/.resp.2006.07.002.

79



	1.0 LITERATURE REVIEW
	1.1 Resting Physiological Responses to Hypoxia
	1.1.1 Respiratory Responses to Hypoxia
	1.1.2 Cardiovascular Responses to Hypoxia

	1.2 Exercise in Acute Hypoxia
	1.2.1 Increases in Ventilation and Associated Cardiovascular Effects
	1.2.2 Gas Exchange Impairments
	1.2.3 Potential Factors Influencing Exercise Performance

	1.3 Effects of Carbonic Anhydrase Inhibition
	1.3.1 Differences in Dosing of Carbonic Anhydrase Inhibitors

	1.4 Effects of Acetazolamide on Hypoxic Exercise Performance
	1.4.1 Influences on Ventilation and Oxygen Uptake in Hypoxic Exercise
	1.4.2 Mechanism of Muscle Fatigue

	1.5 Types of Carbonic Anhydrase Inhibitors used in Humans
	1.6 Effects of Methazolamide on Hypoxic Exercise Performance

	2.0 STUDY RATIONAL
	3.0 RESEARCH QUESTIONS AND HYPOTHESIS
	4.0 METHODS
	4.1 Ethics
	4.2 Participants
	4.3 Drug Administration
	4.4 Experimental Overview
	4.4.1 Day One: Screening, and Maximal Exercise Test
	4.4.2 Day Two: Familiarization to MVCs and Hypoxic Time Trial
	4.4.3 Day Three, Four and Five: Experimental Protocol

	4.5 Data Collection
	4.5.1 Cardiorespiratory Responses
	4.5.2 Arterialized Capillary Sample
	4.5.3 Time Trial Protocol
	4.5.4 Neuromuscular Assessment

	4.6 Data Analysis
	4.6.1 Cardiorespiratory Responses
	4.6.2 Maximal Exercise Capacity and Time Trial Performance
	4.6.3 Electromyography
	4.6.4 Blood gas data

	4.7 Statistical Analysis

	5.0 RESULTS
	5.1 Pre-Exercise Rest
	5.2 Performance Outcomes
	5.3 Cardiorespiratory Data
	5.2 Neuromuscular Fatigue
	5.3 Capillary Blood Samples
	5.4 Symptom Reporting

	6.0 DISCUSSION
	6.1 Performance Outcomes
	6.2 Physiological Mechanisms of Performance Decrement
	6.2.1 Oxygenation
	6.2.2 Carbon Dioxide Production
	6.2.3 Transport of Carbon Dioxide
	6.2.4 Peripheral Muscle Fatigue
	6.2.5 Perceptive Effort

	6.3 Implications
	6.6 Limitations and Future Considerations

	7.0 CONCLUSION

