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Abstract

Background:

Acetazolamide (AZM), a carbonic anhydrase inhibitor, is widely used for conditions such as
glaucoma, acute mountain sickness (AMS), and idiopathic intracranial hypertension. While
effective, AZM’s use is often limited by frequent side effects, including paraesthesia, dysgeusia,
polyuria, and fatigue, which may be dose-dependent. Previous studies have provided limited
quantitative data, necessitating a systematic assessment of the overall risk and dose
dependence of AZM’s adverse effects.

Methods:

We conducted a systematic review of randomized controlled trials (RCTs) comparing oral AZM
to placebo in adults. Studies reporting side effects were included, while those involving non-adults,
hemodialysis patients, non-oral AZM formulations, or combined treatments were excluded.
Primary outcomes included paraesthesia, dysgeusia, polyuria, and fatigue. Data were extracted and
analyzed using the Mantel-Haenszel method,

Results:

A total of 35 studies met the inclusion criteria, encompassing diverse AZM dosages (125—4000
mg/day) and treatment durations (1-180 days). AZM significantly increased the risk of
paraesthesia (OR: 6.5, NNTH: 2.3), dysgeusia (OR: 3.2, NNTH: 18), polyuria (OR: 2.7), and

fatigue (OR: 2.3).. Secondary side effects, such as nausea, diarrhea, and drowsiness, were also
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significantly associated with AZM. Sensitivity analyses confirmed robustness, and publication bias
was not detected.

Conclusion:

AZM use is associated with a significant and dose-dependent increase in common side effects,
particularly paraesthesia, dysgeusia, and fatigue. These findings underscore the importance of
balancing efficacy with tolerability by optimizing AZM dosing. Clinicians should consider
individual patient factors, such as renal function and body weight, when prescribing AZM to
minimize adverse effects and improve adherence.

Introduction

Acetazolamide (AZM), a carbonic anhydrase (CA) inhibitor, has been utilized since the 1950s to
manage several medical conditions (1-7). It is notably effective for treating glaucoma (8, 9) and
for both the prevention (10-12) and potential treatment (13) of acute mountain sickness (AMS).
However, its use is often hindered by frequent side effects, with some studies reporting occurrence
rates as high as 80%—-100% (2, 14). Common adverse effects include paraesthesia, altered taste,
increased urination, and fatigue, which can significantly impact patient adherence and tolerability
(2, 15). It has been hypothesized that certain side effects may stem from the degree of metabolic
acidosis induced by AZM (16), a result of renal bicarbonate excretion that stabilizes within 1-2
days of treatment (17, 18). Plasma drug levels, influenced by body weight and kidney function,
are also thought to play a role (19-21).

Preliminary evidence from small-scale or observational studies has suggested that AZM’s side
effects could be dose-dependent (11, 12). This theory has driven efforts to identify the minimum
effective dose for AMS prevention. A 2012 review indicated that a daily dose of 250 mg might
offer similar effectiveness as 750 mg, albeit with a higher number needed to treat (NNT: 6 (95%
CI5to11)vs.3(95% CI3to5))(11). Notably, this review only provided limited semi-quantitative
data on four specific side effects based on five studies. For patients and clinicians to make informed
choices about AZM use, robust and quantitative risk estimates for its side effects are essential.
Furthermore, understanding whether dose adjustments are beneficial for other conditions treated
with AZM, such as idiopathic intracranial hypertension or sleep apnea, hinges on determining if

its adverse effects vary with dosage.
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Methods

This review was conducted in alignment with a predefined protocol and adhered to the PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines (22).The study
did not include patient or public involvement in its design or implementation

We included randomized controlled trials (RCTs) that assessed adult participants randomized to
receive oral AZM or placebo and reported side effects. Exclusion criteria comprised studies
involving non-human or non-adult participants, individuals unable to reliably report side effects
(e.g., intubated patients), those undergoing hemodialysis (due to significant alterations in AZM
pharmacokinetics and frequent side effects like dysgeusia, paraesthesia/neuropathy, and fatigue),
studies without reported side effect data, trials using non-oral AZM formulations (e.g., intravenous
or inhaled), and studies combining AZM with other systemic treatments, which made isolating
AZM’s effects impossible.

A comprehensive search was conducted using MEDLINE and EMBASE databases up to October
4, 2019. Additionally, references from eligible studies and key articles were reviewed. The search
strategies employed were:

MEDLINE: (Acetazolamide(Mesh) OR Acetazolamide(tiab)) AND (Randomised Controlled
Trial(ptyp) AND Placebo)

EMBASE: (‘acetazolamide’:ti, ab, kw OR ‘acetazolamide’/exp) AND (‘placebo’:ab, ti OR
‘placebo’/exp) AND (‘randomized controlled trial’/de)

No language restrictions were applied. Attempts to contact authors of two foreign-language studies
(23, 24) were unsuccessful; however, assistance from native speakers helped confirm these studies'
ineligibility (see acknowledgments).

Eligibility Assessment and Data Extraction

Two authors (CNS and AM) independently screened titles and abstracts of retrieved records, with
full-text reviews conducted to confirm eligibility based on the inclusion and exclusion criteria.
Discrepancies were resolved through discussion. Data extraction was performed using a pre-tested
Microsoft Excel form, with features like drop-down menus to reduce errors. All key data points
were rechecked for accuracy, and sensitivity analyses were conducted to evaluate the impact of
methodological decisions (e.g., imputing zeros in placebo arms when adverse events were only

reported for the AZM group).
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Collected data included participant demographics (e.g., age, gender, BMI), intervention details
(e.g., AZM dose, treatment duration, renal function adjustments (19)), relevant lab results (e.g.,
pH (16), bicarbonate (19), chloride levels (20)), and side effect occurrences (primary outcomes:
paraesthesia, dysgeusia, polyuria, fatigue). For each side effect, we documented the number of
participants experiencing it in the AZM and placebo groups, while lab data focused on mean values
post-treatment administration.

Statistical Analysis

Data Preparation: For placebo arms that served as comparators for multiple AZM doses,
participant data were evenly divided to prevent unit-of-analysis errors while enabling dose-
dependent effect assessments (11, 25). Studies with no reported events in either group were
included in the primary analysis using a continuity correction of 0.5 for all cells, assuming side
effect frequency might vary with AZM dose. Excluding these studies could disproportionately
eliminate low-dose trials, inflating risk estimates for lower doses and reducing power to detect
dose dependency (26).

Side Effect Risk: For side effects reported by three or more studies, pooled effect estimates were
calculated using the Mantel-Haenszel method with a fixed-effects model to minimize small-study
bias. Odds ratios (ORs) were used for their statistical advantages, but final results were converted
into risk ratios (RRs) and numbers needed to treat (NNT) for clearer interpretation (25, 27).
Heterogeneity was assessed using the I? statistic and categorized as low (<30%), moderate (30%—
50%), or high (>50%) (25, 28). Random-effects models were used if heterogeneity remained >30%
Results

Included Studies

A total of 53 studies were identified that discussed one or more side effects (6, 15, 29-77). Seven
additional references were located through the examination of reference lists (5, 6, 7, 68, 78—80
from one source; 12, 18 from another; and 82 and 13 from another). Among these, only two studies
(6, 7, 68) met the criteria for inclusion in this review. Two publications (6, 42) provided data from
two different treatment groups comparing varying AZM dosages to placebo, resulting in each
article contributing two studies to the analysis, 35 study were included at the end

Approximately one-third of the trial participants were women, with average ages ranging widely
from 19 to 74 years, and body mass index (BMI) values spanning from 20 to 40 kg/m?. studies
reported race distribution, with 79% of participants identified as White, 16% as Black, and 5%
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from other racial groups. Nearly half of the studies evaluated AZM's effects on acute or chronic
mountain sickness (48%), while other conditions included intraocular pressure (17%) and sleep-
disordered breathing (10%). The remaining studies examined a variety of conditions.

Around 50% of the trials actively investigated side effects, with risk of overall bias rated as low in
24% and unclear in 33% of studies. On average, 30 participants were included per AZM treatment
group, receiving a mean dosage of 542 mg/day (ranging from 125 to 4000 mg) over an average
duration of 17 days (range: 1-180 days). Renal function considerations were reported in one-third
of studies, and 7% of trials included potassium supplementation.

AZM use was associated with increased odds for the primary side effects: paraesthesias dysgeusia,
polyuria, and fatigue . The odds ratios (ORs) ranged from 1.9 to 12.3, with evidence quality
ranging from low to moderate. For paraesthesias, dysgeusia, and fatigue, meta-regression analysis
revealed a 2-3 fold increase in odds with each incremental increase in daily AZM dose (400 mg
vs. 400600 mg vs. >600 mg). However, the confidence interval (CI) for fatigue included no
increase in risk at higher doses. No dose-dependent relationship was found for polyuria .

Further subgroup analyses demonstrated a 1.5—4 fold higher risk of side effects when symptoms
were actively monitored compared to passive monitoring, although the CI for dysgeusia alone
excluded the null. For fatigue, a 1.4-fold increase in odds was observed with every 10% rise in
female participants, but the CI remained wide (0.9-2.1). Side effect risks for most outcomes
slightly increased with longer AZM use or higher cumulative doses, but effect sizes were minor,
and CIs often included the null . Overall, the risk of bias did not appear to influence these results
significantly.

The number needed to treat for harm (NNTH)—representing the number of individuals needing
treatment for one additional side effect to occur—ranged from 2.3 for paraesthesias to 18 for
dysgeusia.

AZM was associated with a 2.6—4 fold increased risk of nausea, gastroesophageal reflux disease ,
diarrhea , and depression . Additionally, the drug increased the odds of drowsiness,tinnitus,
dyspnea , and dry mouth by 2.3—4.7 times, though the lower CI occasionally included the null.
Lesser increases in dizziness and rash were observed, but with wide Cls that included the null.
Rarely reported side effects included hypokalemia, noted in studies involving doses of 500—4000
mg/day, typically in combination with hydrochlorothiazide or valsartan .Additionally, metabolic

acidosis was reported in studies involving severely ill hospitalized patients. Rare laboratory
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changes included a single case each of severe transaminitis (29) and hematologic dyscrasia (29).
Exercise tolerance appeared reduced in four studies (70, 72—74), but variations in assessment
methods prevented meaningful data pooling.

Table 1. Characteristics of studies included into quantitative analyses (n=42)

Study characteristics Mean (SD) or | Range
% (NStudies)
General
Age, years 44 (15) 19 to 74
% female 36 (29) 0 to 98
BMI, kg/m? 27 (5.6) 20 to 40
Weight, kg 75 (18) 51 to 108
Height, cm 165 (5.4) 160 to 174
Race
White 79.2 (17) 63 to 100
Black 16 (13) 0 to 30
Other 5244 Oto 11
Condition
Acute/chronic mountain sickness 48 (20) Na
Sleep disordered breathing 10 (4) Na
Ophthalmologic condition (medical) 10 (4) Na
Ophthalmologic surgery 7(3) Na
Other* 26 (11) Na
Diuretic use
Yes 12 (5) Na
Unclear/no 88 (37) Na
Query type (for side effects)
Active 52 (22) Na
Unclear/passive 48 (20) Na
Overall biasT
Low 24 (10) Na
Unclear 33 (14) Na
High 43 (18) Na
Intervention
Acetazolamide
Total daily dose}, mg 542 (371) 125 to 4000 §
Total daily dose/kg}, mg/kg 6.9 (4.6) 3.1t023
Total daily dose (categorical)
<400 mg 29 (12) Na
400-600 mg 50 (21) Na
>600 mg 21 (9) Na
Doses per day 1.8 (0.7) 1to4
Days of administration (continuous) 17 (32) 1 to 180
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Days of administration (categorical)

<3 days 26 (11) Na

3 to 7 days 40 (17) Na

>7 days 33 (14) Na

Cumulative doseq, 1000*mg*days 17 (68.3) 0.125 to 450

Renal adjustment

Yes** 31(13) Na

No 69 (29) Na

K supplementation

Standing 512 Na

As needed 2(1) Na

Unclear/no 93 (39) Na
No. subjects, acetazolamide arm 30 (25) 6to 118
No. subjects, placebo arm 29 (25) 5to 119

Mean difference | range
pH —0.07 (0.02) —0.11 to —0.02
pCO, —2.8 (2.8) —6.7t02.9
pO2 4.9 (3.4) 0.7 to 10.5
Bicarbonate —4.5(1.4) —7t0—-2.9
Chloride 3.3(0.3) 3t03.6
Sodium 0(1.4) —1to2
Potassium -0.3 (0.1) —0.5t0—0.2
Creatinine Na Na
Discussion

The analysis confirms that adverse effects like paraesthesias, dysgeusia, and potentially fatigue are
influenced by dosage levels. Severe side effects were found to be infrequent and generally limited
to specific patient groups. For example, hypokalaemia was nearly exclusively observed in
individuals concurrently taking thiazide diuretics or angiotensin-receptor blockers (29, 48),
consistent with findings from studies not included in this review (14, 16). Similarly, metabolic
acidosis was noted primarily in hospitalized patients with severe illnesses (35, 47), dyspnoea
occurred in patients with pre-existing respiratory strain (43), and fatalities were reported in
critically ill patients, such as those with HIV/cryptococcal meningitis. Additionally, one case of
severe liver enzyme elevation (transaminitis) was identified without clear contributing factors (29).
This review is valuable for several reasons. First, clinical decisions hinge on balancing risks and
benefits, yet much of the existing literature emphasizes benefits, potentially biasing judgments in
favor of interventions (84, 85). Our findings complement a previous BMJ review assessing AZM’s

effectiveness in preventing acute mountain sickness (AMS) (11), enabling a more balanced
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evaluation of the drug’s overall utility across various conditions. Second, the results offer practical
guidance for clinicians, suggesting that initiating treatment with low doses of AZM may minimize
some side effects and that dose reductions may help manage these effects if they occur. Third, our
findings reinforce prior efforts to determine the minimal effective dose of AZM for AMS
prevention (11, 42, 86) and underline the need to establish appropriate dosing for other medical
uses.

Some side effects, particularly subjective ones, are susceptible to placebo effects, as evidenced by
high event rates in placebo groups. To address this, our review focused solely on placebo-
controlled trials, but our pooled estimates for common side effects align well with observational
data (2, 16). However, the analysis did not confirm the influence of factors like renal function (19,
21), weight (21), race (2), or laboratory changes (16, 20), likely due to insufficient data, limited
power for meta-regression in small study samples, and potential confounding in observational
analyses. The observed dose dependence for paraesthesias, dysgeusia, and fatigue is supported by
several findings: randomized trials comparing 250 mg to 500750 mg doses reported higher rates
of paraesthesias and dysgeusia in the higher dose groups (6, 42), and AZM’s pharmacodynamic
effects vary with dose levels (18). For instance, lower doses (125-350 mg) primarily affect renal
carbonic anhydrase (CA), inducing metabolic acidosis and promoting steady-state ventilation,
which is crucial for AMS prevention (18, 88). At higher doses (500-1400 mg), AZM increasingly
inhibits intracellular CA, potentially exacerbating side effects like fatigue (18, 20).

Some gastrointestinal side effects appear independent of dose and may stem from local irritation,
which may improve when AZM is taken with food (16). Our findings align with prior systematic
reviews that assessed a limited range of side effects (11, 12) and observational studies reporting
similar risks for paraesthesias (10). Nonetheless, our study has limitations. Restricting the database
search to two sources may have excluded relevant studies. However, the use of widely adopted
databases and extensive reference reviews minimized this risk.

The study’s strengths include large sample sizes, a broad evaluation of side effects, and rigorous
sensitivity analyses. Limitations include the potential variability of side effects over time (63, 90),
lack of detailed time-to-event data, and limited analysis of how side effects influence therapy
adherence. Notably, adherence decisions likely involve multiple factors, including side eftect type,
severity, and psychosocial elements like partner support (91). Additionally, our findings may not

generalize to hospitalized or severely ill populations, as most data came from relatively healthy
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outpatients. Certain rare side effects, such as nephrolithiasis or AZM-induced hypoxaemia, may
have been underrepresented due to shorter trial durations.

Although focused on AZM, these findings may extend to other CA inhibitors like methazolamide
or topiramate, which exhibit distinct pharmacological profiles and tolerability (93, 95). The
complexity of CA inhibition, involving multiple isoforms, underscores the need for further
research to understand drug-specific differences and optimize clinical use (18, 93).

Conclusion

Paraesthesias are the most frequently reported side effect of AZM, potentially impacting
compliance. However, they may be less likely to lead to therapy discontinuation compared to
fatigue and gastrointestinal symptoms. Lower doses of AZM can reduce the likelihood of
paraesthesias, dysgeusia, and fatigue, while gastrointestinal symptoms may improve with food.
Severe adverse effects are uncommon and largely preventable through careful patient selection,
such as avoiding concurrent use of thiazide diuretics to mitigate hypokalaemia. By complementing
efficacy data, these findings support balanced clinical decision-making and emphasize the need to

tailor AZM dosing based on condition-specific requirements.
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