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Background: Hypoxia and old age impair postural control and may therefore enhance the risk of accidents. We investigated whether acetazolamide, the recommended drug for prevention of acute mountain sickness, may prevent altitude-induced deterioration of postural control in older persons.
Methods: In this parallel-design trial, 95 healthy volunteers, 40 years of age or older, living <1,000 m, were randomized to preventive therapy with acetazolamide (375 mg/d) or placebo starting 24 h before and during a 2-day sojourn at 3,100 m. Instability of postural control was quantified by a balance platform with the center of pressure path length (COPL) as primary outcome while pulse oximetry (SpO2) was monitored. Effects of altitude and treatment on COPL were evaluated by ordered logistic regression. www.ClinicalTrials.gov NCT03536429.
Results: In participants taking placebo, ascent from 760 m to 3,100 m increased median COPL from 25.8 cm to 27.6 cm (odds ratio 3.80, 95%CI 2.53–5.70) and decreased SpO2 from 96% to 91% (odds ratio 0.0003, 95%CI 0.0002–0.0007); in participants taking acetazolamide, altitude ascent increased COPL from 24.6 cm to 27.3 cm (odds ratio 2.22, 95%CI 1.57–3.13), while SpO2 decreased from 96% to 93% (odds ratio 0.007, 95%CI 0.004–0.012). Altitude-induced increases in COPL were smaller with acetazolamide vs. placebo (odds ratio 0.58, 95%CI 0.34–0.99) while drops in SpO2 were mitigated (odds ratio 19.2, 95%CI 9.9–37.6).
Conclusion: In healthy individuals, 40 years of age or older, postural control was impaired after spending a night at 3,100 m. The altitude-induced deterioration of postural control was mitigated by acetazolamide, most likely due to the associated improvement in oxygenation.
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INTRODUCTION
Travel to high mountain regions is increasingly popular. Modern means of transportation allow rapid ascent to high altitudes even for untrained and older people, a growing proportion of mountain tourists. Exposure to hypobaric hypoxia at high altitude may cause adverse health effects including altitude illness (Furian et al., 2022), poor sleep (Latshang et al., 2013), psychomotor and learning impairment (Scheiwiller et al., 2022; Reiser et al., 2023) and deterioration of postural control (Stadelmann et al., 2015; Buergin et al., 2023). The latter is of particular concern as it may lead to potentially dangerous falls. Adequate postural control is the result of a complex process involving the vestibular, visual, somatosensory systems, as well as central processing and a rapid and precise response of the musculoskeletal system to any perturbances (Yoshida et al., 1988; Berry et al., 1989; Delliaux and Jammes, 2006). At high altitude, postural control is mainly impaired by hypobaric hypoxia. Acetazolamide (AZA), a drug used for prevention and treatment of acute mountain sickness (AMS) (Luks et al., 2019) is a carbonic anhydrase inhibitor which induces a metabolic acidosis via increased renal bicarbonate excretion and, thus, stimulates ventilation (Adamson and Swenson, 2017). This improves arterial oxygenation and prevents the occurrence of periodic breathing and AMS at high altitude (Graf et al., 2023). Carbonic anhydrase is also present in nervous tissue and its inhibition by AZA has been found to reduce cerebral oxygen consumption and improve the cerebral tissue oxygenation under hypoxic conditions (Wang et al., 2015).
The aim of the current randomized, placebo-controlled trial was therefore to corroborate the impairment of postural control in healthy individuals travelling to high altitude and to test the hypothesis that administration of AZA prevents the altitude-related impairment of postural control. We focused on older persons as it has been shown that advanced age is associated with worsening postural control (Era et al., 2006), in particular at high altitude (Bruyneel et al., 2017).
MATERIALS AND METHODS
Study design and setting
This study was part of a randomized, placebo-controlled, double-blinded trial evaluating the efficacy of preventive AZA treatment in reducing AMS in healthy lowlanders 40 years of age or older during a 2-day sojourn at 3,100 m (Too Ashu High Altitude Clinic, Kyrgyz Republic). Data on effects of altitude and AZA on AMS and physiologic outcomes have been reported elsewhere (Furian et al., 2022). Data on postural control, the focus of the current study, have not been published. The study was approved by the Ethics Committee of the National Center of Cardiology and Internal Medicine, Bishkek, Kyrgyz Republic (2018-10) and was registered at ClinicalTrials.gov NCT03536429. Participants gave written informed consent.
Participants
Healthy men and women, 40 years of age or older, living in Bishkek or nearby regions (Kyrgyz Republic, mean altitude 760 m) were invited to participate. Inclusion criteria were age of 40–75 years, living at a location <1,000 m and good health without any active disease.
Interventions
Participants underwent baseline measurements at the National Center for Cardiology and Internal Medicine in Bishkek at 760 m a few days before ascent by minibus within 3–5 h to the Too Ashu High Altitude Clinic at 3,100 m where they stayed for 2 days and nights. Supervised study medication intake started 1 day before and continued during the stay at high altitude. Participants received AZA or equally looking placebo capsules, 125 mg in the morning and 250 mg in the evening (total dose 375 mg daily). As in a similar study in patients with chronic obstructive pulmonary disease (Buergin et al., 2023), we choose to administer a higher dose of AZA in the evening to prevent sleep-related hypoventilation and a lower dose in the morning to avoid excessive stimulation of ventilation with dyspnea (Furian et al., 2022).
Assessments
At both altitudes, a medical history, clinical examination and pulse oximetry (SpO2, Minolta PULSOX- 300i) were obtained.
The Lake Louise questionnaire was used to assess the presence and severity of AMS. It assesses the subjectively experienced severity of 5 different symptom complexes. The scale ranges from 0 to 15 points. A score of 3 or more, including headache, is considered to indicate the presence of AMS (Roach et al., 1993).
Baseline evaluation of postural control was performed at 760 m, before study drug intake, and at 760 m, after the third dose (i.e., after a total dose of 500 mg), approximately 24 h after the first study drug intake, to assess the effect of AZA in normobaric, normoxic conditions. Further evaluations were performed in the morning after one night at 3,100 m. A balance platform (Wii Balance Board, Nintendo, Kyoto, Japan), a validated tool for assessing standing balance (Clark et al., 2010), was employed as described previously and illustrated in Figure 1 (Stadelmann et al., 2015; Muralt et al., 2018; Buergin et al., 2023). Participants performed a series of five 30-s trials of quiet standing with open eyes and both feet on the balance board with 2–3 min rest intervals. They were instructed to position their feet in a 30° angle, to keep arms beside the body and to look at a 2 cm black spot, placed on a wall at eye level at a distance of 1.5 m. A customized software (Labview 8.5 National Instruments, Austin, TX, United States) was used to calculate the primary outcome, the center of pressure path length (COPL), as well as sway velocity and amplitude in antero-posterior (AP) and medio-lateral (ML) directions.
[image: Figure 1]FIGURE 1 | Assessment of postural control by the balance platform. The commercially available Wii Balance Board (Nintendo, Kyoto, Japan) used built-in sensors to record trajectories of the center of pressure (dashed line) generated by the subject during quiet standing on both feet. Custom-built software computed the center of pressure path length (COPL, the length of the dashed line) and sway amplitudes and velocities in antero-posterior (a-p) and medio-lateral (m-l) directions during 30-s trials.
Randomization and blinding
Participants were randomly assigned to AZA or placebo treatment with a 1:1 allocation as per computer generated schedule minimizing for age (<50, 50-59 and 60–75 years) and sex (MinimPy 0.3, Distributed under the GNU GPL v3) (Saghaei, 2011).
Identically looking AZA and placebo capsules, labelled with secret codes, were prepared by an independent pharmacist. Blinding of investigators and participants was maintained until completion of data analysis.
Data analysis
The primary analysis was performed on the per-protocol population including all participants who had successful evaluations at both altitudes. To account for non-normal distribution, data were summarized by medians and quartiles. Additionally, analysis of the primary outcome, the COPL, was also performed on the intention-to-treat population defined as all randomized participants. Missing data were replaced by multiple imputations (n = 20) (White et al., 2011). The effects of altitude and medication were evaluated by ordered logistic regression on quintiles of outcomes (i.e., COPL and other indices of postural control) with the study drug as independent variable. The analyses were adjusted for sex, age, and height since older age and larger height are known to be associated with larger COPL (Muralt et al., 2018). A probability of p < 0.05 or a 95% confidence interval (CI) not overlapping an odds ratio of 1 in logistic regression analysis were considered statistically significant.
RESULTS
Ninety-five participants fulfilled the inclusion criteria and were included in the intention-to-treat analysis. In 1 participant in the placebo group and 2 participants in the AZA group, balance tests were not available at both altitudes for various reasons. Therefore, per protocol analysis was performed with the data of 92 participants (Figure 2). Demographic characteristics are outlined in Table 1. Participants had a median (quartiles) age of 53.6 (49.4, 57.4) y and a body mass index (BMI) of 27.1 (24.6, 30.1) kg/m2.
[image: Figure 2]FIGURE 2 | Participant flow.
TABLE 1 | Participants characteristics–per protocol population at 760 m.
[image: Table 1]AMS occurred in a total of 14 of 38 (37%) participants receiving placebo and in 11 of 57 (19%) receiving AZA (p < 0.05). Among these, 4 participants each from the placebo (11%) and AZA (7%) groups suffered from AMS at the time of assessment of postural control (morning after the first night at 3,100 m).
Altitude effect
In the per-protocol population, the COPL in the group treated with placebo increased with ascent from 760 to 3,100 m from a median of 25.8 to 27.6 cm. In the AZA group, the altitude-induced increase in median COPL was from 24.6 cm to 27.3 cm. These changes were statistically significant (Table 2; Figure 3). The altitude-induced COPL changes in the intention-to-treat population were similar (data not shown).
TABLE 2 | Indices of postural control and pulse oximetry at 760 m and 3,100 m in the groups assigned to acetazolamide and placebo treatment.
[image: Table 2][image: Figure 3]FIGURE 3 | Effects of ascent to high altitude (left panel) and of preventive acetazolamide treatment (right panel) on indices of postural control and pulse oximetry evaluated by ordered logistic regression. The dependent variables in these analyses were quintiles of the outcomes. Thus, the odds ratios (symbols) with their 95% confidence intervals (lines) displayed on a logarithmic x-axis scale reflect the probability of a change in outcome from one to the next higher quintile in relation to no such increase (i.e., p/[1-p]). The odds ratios are adjusted for the effects of sex, age and body height. Open circles represent the altitude-effect in the placebo group, closed circles the altitude-effect in the acetazolamide group, and squares the effects of acetazolamide vs. placebo at 3,100 m. Asterisks mark significant effects (95% confidence intervals not overlapping 1, p < 0.05).
AP sway velocity increased significantly with the ascent from 760 to 3,100 m in both groups whereas the ML sway velocity did not change in the placebo group but decreased in the AZA group (Table 2; Figure 3). AP sway amplitude did not change in the placebo group but increased significantly in the AZA group. ML sway amplitude did not significantly change with ascent to 3,100 m in any group (Figure 3).
Effect of acetazolamide on postural control
The altitude-induced increase in COPL in the AZA group was significantly smaller than in the placebo group when adjusted for age, sex, height (Table 3; Figure 3). No significant effects of AZA on the altitude-induced changes of AP and ML sway velocity and amplitude were observed (Tables 4A, B; Figure 3).
TABLE 3 | Effects of high altitude and acetazolamide on the primary outcome, the center of pressure path length. Results of ordered logistic regression analysis.
[image: Table 3]TABLE 4 | Effects of high altitude and acetazolamide on the secondary outcomes. Results of ordered logistic regression analysis.
[image: Table 4]To evaluate any effects of AZA on postural control independent of the effect of hypoxia, measurements at 760 m before and after starting the drug treatment were performed. There were no significant effects of AZA on COPL nor on AP nor ML sway velocity (Tables 3, 4).
DISCUSSION
The current randomized, placebo controlled double blind trial in healthy individuals 40 years of age or older shows that postural control is impaired after ascent from 760 m to 3,100 m as demonstrated by an increase in COPL and antero-posterior sway velocity measured on a balance platform. The altitude-induced prolongation in COPL was mitigated by preventive acetazolamide treatment in association with improved oxygenation compared to placebo.
The altitude-induced deterioration of postural control observed in the current study is consistent with observations in previous studies in younger healthy individuals and in patients with chronic obstructive pulmonary disease (Stadelmann et al., 2015; Clarke et al., 2018; Muralt et al., 2018). These data suggest that the reduced oxygen partial pressure at high altitude and the resulting hypoxia is causative for the impaired postural control even though the detailed mechanisms are unknown.
In the current study, the altitude-induced alteration in postural control was mainly reflected in a longer COPL that was related to an increased AP sway velocity and amplitude. These observations are consistent with previous studies, which also showed that altitude exposure increased the sway in anterior-posterior direction (Muralt et al., 2018; Buergin et al., 2023). It has been suggested that this may be due to the anatomical alignment of the leg and feet joints that result in a greater flexibility in the antero-posterior compared to the medio-lateral direction and to the greater sensitivity of the visual corrective input to lateral vs. antero-posterior alterations (Nordahl et al., 1998). Furthermore, the elevated respiratory rate resulting from hypoxia at high altitude may cause more movements in antero-posterior direction (Hodges et al., 2002).
Although the minimally clinically important difference in COPL and other measures of postural control is not established we assume that any altitude-induced deterioration in postural control may enhance the risk of potentially dangerous falls and mitigation of this altitude-related adverse effect by AZA seems therefore desirable.
As there is an increasing proportion of older persons among altitude travelers, we have studied individuals 40 years of age and older. Our data suggest that older age within this range had a negative effect on AP sway velocity while the COPL and medio-lateral sway velocity were not associated with age (Tables 3, 4). A worse postural control of older compared to younger mountaineers has been reported previously (Bruyneel et al., 2017; Buergin et al., 2023). Moreover, a large-scale study has shown that postural control deteriorates with increasing age even at sea level (Era et al., 2006). Although our data confirm an association of age with impairment of postural control in hypoxic conditions our conclusions cannot be extrapolated to individuals below the age of 40 years.
Eleven percent of participants in the placebo group and 7% in the AZA group suffered from AMS at the time of postural control assessment. AMS may lead to dizziness, light-headedness and ataxia (Roach et al., 1993). Because only a small proportion of our participants suffered from AMS, the potential effect of AMS on postural control independent of the effects of hypoxia per se could not be conclusively assessed. Nevertheless, previous studies have suggested that postural control can deteriorate independently of the presence of AMS (Baumgartner and Bartsch, 2002; Baumgartner et al., 2002; Clarke et al., 2018; Muralt et al., 2018). This is conceivable given the subjective nature of AMS diagnosis compared to the quantitative assessment of postural control by a balance platform. Importantly, this discrepancy may have clinical implications as they suggest that an individual may not subjectively appreciate impairment in postural control during exposure to hypoxia.
In our trial AZA mitigated the increase in COPL at high altitude although the effect seems to be modest. In a previous study performed in patients with chronic obstructive pulmonary disease of similar age as the participants in the current study, postural control was also impaired at altitude but this was not prevented by AZA treatment (Buergin et al., 2023).
We found that 500 mg AZA taken in 3 doses (125/250/125 mg) in intervals of about 12 h over the course of approximately 24 h, had no effect on postural control at 760 m. This is reassuring as Collier et al. (Collier et al., 2016) observed that intake of a single dose of 500 mg AZA resulted in impaired postural control at sea level. The absence of an adverse effect of acetazolamide on postural control near sea level in the current study might be due to the lower single doses of 125 mg and 250 mg administered over the course of approximately 24 h.
A major strength of our trial is to provide robust evidence of altitude-related deterioration of postural control in a large group of older individuals and to show that AZA mitigates this adverse effect of hypobaric hypoxia. This study was part of a larger trial investigating the efficacy of preventive AZA treatment in reducing AMS (Furian et al., 2022) and participants underwent various assessments other than just the balance board measurements including exercise tests which may have affected performance in postural control due to muscular fatigue (Paillard, 2012). Since postural control was assessed before exercise tests and because the same tests were performed at both altitudes and in both groups, it is unlikely that the various assessments have affected the conclusions.
In conclusion, postural control was impaired in healthy individuals aged 40 years or older after the first night at 3,100 m compared to 760 m. This effect was reduced by the preventive intake of AZA starting 24 h before the ascent. Since AZA also reduced AMS (Furian et al., 2022), a preventive treatment with AZA should be considered in elderly subjects travelling to high altitude in order to reduce the risk of suffering from altitude-related adverse health effects including the potential risk of falls due to impaired postural control.
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medication medication medication medication medication medication

Center of pressure 249 (20.5; 29.6) 25.8 (21.7; 29.6) 27.6 (23.1; 31L.7)** 252 (21.6; 31.0) 24.6 (21.4; 30.9) 27.3 (23.3; 32.8)*
path length, cm

Antero-posterior 0.6 (0.5 0.7) 0.6 (0.5; 0.7) 0.7 (0.6; 0.8)** 0.6 (0.5; 0.8) 0.6 (0.5 07) 0.7 (0.6; 0.8)**
sway velocity; cm/s

Antero-posterior 2.1(1.8;27) 2.1(1.7; 26) 22(1.827) 2.1 (1.7 26) 2.1 (1.8;26) 23 (1.8; 2.8)*
sway amplitude, cm

Medio-lateral sway 0.5 (0.4 05) 0.5 (0405) 0.5 (0.4 0.5) 05 (04 0.5) 04 (04; 0.5) 04 (04 05)*
velocity; cm/s

Medio-lateral sway 15(12,19) 1.3 (L1, 1.8y 14 (12, 17) 16(12,2) 1.5 (L1, 1.8) 14 (L1, 1.9)
amplitude, cm

Pulse oximetry, % 96 (96, 97) 96 (95, 97) 91 (90, 92)** 96 (95, 97) 97 (95, 97) 93 (91, 93

Medians (quartiles) of data from the per protocol population, n = 92.
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with placebo or acetazolamide, respectively.
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Dependent variable: Quintiles of the center of pressure path length (COPL)

Predictors QOdds ratio

Placebo group 760 m, without medication 1 NA NA NA
760 m, with placebo 130 026 087 t0 193 0204
3,100 m, with placebo* 379 078 25310 567 <0.001

Acetazolamide vs. placebo group | 760 m, without medication 098 027 058 0 1.67 0945
760 m, with acetazolamide 064 017 0.38 t0 109 0.101

3,100 m, with acetazolamide™* 056 015 0.33 10 094 0030

Age, years 101 002 0.98 to 105 0452
Men vs. women 047 015 0.25 10 090 0022
| Height, m 064 120 002 to 25.61 0810
144 003 13810 151 <0.001

Intercept, center of pressure path length (COPL), cm

The analysis was performed on data of the per protocol population, n = 92.
* altitude effect in the placebo group.
4 treatment offoct of scetemolanide vi: placdbio b 500G .
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Placebo

Acetazolamide

N, (% female)

Age, years
Weight, kg
Height, m
Body mass index,

kg/m*

Medians (quartiles).

92 (59%) 37 (56%)

536 529 (48.0,57.2)
(494, 57.4)

705 71.6 (63.3,79.1)
(62.8,77.2)

161 1.62 (1.57, 1.68)
(1,57, 1.68)

27.1 27.2(243,29.7)
(246, 30.1)

55 (62%)

54.2 (50.1, 58.2) ‘
689 (628, 769) ‘
1.61 (1.5, 1.68)

27.1 (246, 30.5)





OPS/images/fphys-14-1274111-t004.jpg
A: Dependent variable: Quintiles of the antero-posterior sway velocity

Predictors 0dds ratio
Placebo group 760 m, without medication 1 NA NA NA
760 m, with placebo 150 031 101 to 224 0.044
3,100 m, with placebo* 676 140 45110 10.14 <0.001
Acetazolamide vs. placebo group 760 m, without medication 0.96 027 055 to 168 0.886
760 m, with acetazolamide 076 020 04510 129 0316
3,100 m, with acetazolamide** 078 021 046 to 131 0348
Age, years 104 0.02 100 to 1.01 0.044
Men vs. women 0.42 015 02110084 0015
Height, m 057 115 001 to 3085 0780
Intercept, antero-posterior sway velocity, cm/s 142 0.03 13510 148 <0.001
‘ B: Dependent variable: quintiles of the medio-lateral sway velocity
Predictors ‘ 0dds ratio SE 95% C1 »
Placebo group ‘ 760 m, without medication 1 NA NA NA
‘ 760 m, with placebo 096 019 065 to 1.42 0843
‘ 3,100 m, with placebo* 0.90 018 061 t0 133 0.599
Acetazolamide vs. placebo group ‘ 760 m, without medication 079 028 039 to 1.60 0512
760 m, with acetazolamide 081 021 048 t0 136 0427
3,100 m, with acetazolamide** 063 017 038 t0 1.05 0.079
Age, years 097 002 092 to 1.02 0191
Men vs. Women 057 027 022t0 144 0234
7 Height, m 079 217 0.00 to 171.05 0932
Intercept, medio-lateral sway velocity at 760 m, cm/s 133 0.04 126 to 141 <0.001

The analysis was performed on data of the per protocol population, n = 92.
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