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Key messages

What is the key question?
 ► What is the risk of developing one of the common side 
effects of AZM and are these risks dose- dependent?

What is the bottom line?
 ► The numbers needed to harm for paraesthesias, 
dysgeusia, polyuria, fatigue ranged from 2 to 18. 
The risk for paraesthesias, dysgeusia and possibly 
fatigue increase with higher AZM doses.

Why read on?
 ► Based on a large number of randomised, placebo- 
controlled trials from multiple disciplines, this arti-
cle provides precise estimates in clinically relevant 
terms (number needed to harm) for various side ef-
fects including but not limited to the ones mentioned 
earlier.

AbstrAct
Introduction Acetazolamide (AZM) is used for various 
conditions (eg, altitude sickness, sleep apnoea, 
glaucoma), but therapy is often limited by its side 
effect profile. Our objective was to estimate the risk 
of commonly reported side effects based on meta- 
analyses. We hypothesised that these risks are dose- 
dependent.
Methods We queried MEDLINE/EMBASE (Medical 
Literature Analysis and Retrieval System Online/Excerpta 
Medica dataBASE) up until 04/10/2019, including any 
randomised placebo- controlled trial in which adults 
received oral AZM versus placebo reporting side 
effects. Eligibility assessment was performed by two 
independent reviewers. Data were abstracted by one 
reviewer who verified key entries at a second time point. 
For side effects reported by >3 studies a pooled effect 
estimate was calculated, and heterogeneity assessed 
via I2; for outcomes reported by >5 studies effect 
modification by total daily dose (EMbyTDD; <400 mg/d, 
400–600 mg/d, >600 mg/d) was assessed via meta- 
regression. For pre- specified, primary outcomes 
(paraesthesias, taste disturbances, polyuria and fatigue) 
additional subgroup analyses were performed using 
demographics, intervention details, laboratory changes 
and risk of bias.
results We included 42 studies in the meta- analyses 
(Nsubjects=1274/1211 in AZM/placebo groups). AZM 
increased the risk of all primary outcomes (p<0.01, 
I2 ≤16% and low- to- moderate quality of evidence for 
all)—the numbers needed to harm (95% CI; nStudies) for 
each were: paraesthesias 2.3 (95% CI 2 to 2.7; n=39), 
dysgeusia 18 (95% CI 10 to 38, n=22), polyuria 17 (95% 
CI 9 to 49; n=22), fatigue 11 (95% CI 6 to 24; n=14). 
The risk for paraesthesias (beta=1.8 (95% CI 1.1 to 
2.9); PEMbyTDD=0.01) and dysgeusia (beta=3.1 (95% CI 
1.2 to 8.2); PEMbyTDD=0.02) increased with higher AZM 
doses; the risk of fatigue also increased with higher 
dose but non- significantly (beta=2.6 (95% CI 0.7 to 9.4); 
PEMbyTDD=0.14).
Discussion This comprehensive meta- analysis of low- 
to- moderate quality evidence defines risk of common 
AZM side effects and corroborates dose dependence 
of some side effects. These results may inform clinical 
decision making and support efforts to establish the 
lowest effective dose of AZM for various conditions.

IntroDuctIon
Acetazolamide (AZM) is a carbonic anhy-
drase (CA) inhibitor that has been used 
since the 1950s for various medical condi-
tions.1–7 For example, it is highly efficacious 
in treating glaucoma,8 9 preventing10–12 -and 
possibly treating13 acute mountain sickness 
(AMS); however, side effects are common 
with some studies reporting an incidence 
of 80%–100%2 14 (especially paraesthesias, 
dysgeusia, polyuria and fatigue), which limits 
patients’ tolerance and compliance.2 15 It has 
been postulated that some of the side effects 
may be related to the amount of metabolic 
acidosis caused by AZM16 (via renal bicarbo-
nate wasting which reaches steady state within 
1–2 days17 18) and plasma drug levels that are 
affected by weight and renal function.19–21 
Based on these and other data limited by small 
numbers and/or observational nature there 
has been a notion that some of the side effects 
may be dose- dependent (see online supple-
mentary e- Table 1).11 12 This perception has 
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led to substantial efforts to find the lowest effective dose 
to prevent AMS for which a review from 2012 suggested 
250 mg/day to be similarly effective as 750 mg/day,11 
although the number needed to treat was higher for the 
lower dose (number needed to treat (NNT) 6 (95% CI 5 
to 11) vs 3 (95% CI 3 to 5)). Of note, this study provided 
only very limited, semi- quantitative information about 
four side effects based on data from five studies. However, 
informed decision making about whether to use AZM 
(and if so which dose) is based on weighing potential 
benefits against risks, and thus requires robust quantitative 
estimates for each. Furthermore, whether efforts to find 
the lowest effective dose of AZM for other conditions (eg, 
idiopathic intracranial hypertension and sleep apnoea) 
are warranted depends on whether side effects are dose- 
dependent.

Our objective is to provide precise estimates for the 
risk of developing one of the common side effects of 
AZM and to assess systematically whether this risk is dose- 
dependent. We assumed that the risk of most AZM side 
effects—unlike efficacy—is independent of the under-
lying condition for which it is used for and thus pooled 
data from trials using AZM for various conditions; we 
formally tested this assumption via meta- regression (see 
results).

MethoDs
This review was performed according to a pre- specified 
study protocol (online supplementary e- Appendix 1) 
and following PRISMA- reporting guidelines (Preferred 
Reporting Items for Systematic Reviews and Meta- 
Analyses).22

Patient and public involvement
Patients were not involved in the design or execution of 
this study.

Identification of studies
We considered any randomised controlled trial (RCT) 
in which adult subjects were randomised to oral AZM 
versus placebo reporting side effects. We excluded trials 
with subjects who were non- human, non- adult, unable 
to report side effects reliably (eg, intubated), receiving 
haemodialysis (rationale: substantial impact on phar-
macokinetics; high prevalence of dysgeusia, paraesthe-
sias/neuropathy, fatigue; inability to assess polyuria); we 
further excluded trials lacking information about side 
effects, administering AZM as a non- PO formulation (eg, 
intravenously/inhaled), or giving AZM only in combi-
nation with another systemic intervention (precluding 
isolated assessment of the AZM effect).

We searched MEDLINE and EMBASE from inception 
until 04/10/2019, and reviewed reference lists of eligible 
and other seminal articles. The final search strategies 
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 (‘rand-
omized controlled trial’/de)

We did not place any language restrictions. We 
contacted the authors of two foreign language articles23 24 
without success, but subsequently were able to determine 
the ineligibility of these reports with the help of native 
speakers (see acknowledgements section).

eligibility assessment and data abstraction
Titles and abstracts of retrieved records were screened 
independently by two authors (CNS and AM) with final 
eligibility assessment based on full- text articles applying 
above inclusion/exclusion criteria (disagreements 
resolved by discussion). Data from eligible studies were 
abstracted by CNS using a piloted Microsoft Excel form. 
To minimise the risk for data abstraction errors we utilised 
drop- down lists in Excel whenever possible and double- 
checked all abstracted key data points at a second time 
point. We further employed sensitivity analyses to assess 
the impact of any decisions made during these stages (eg, 
imputation of zeroes in placebo arms of studies that only 
reported adverse events for the AZM group).

Abstracted data included demographics of study 
participants (eg, age, gender, body mass index (BMI)), 
intervention details (eg, AZM dose, days of administra-
tion, adjustment for renal function),19 pertinent labs 
(eg, pH,16 pCO2/HCO3,

19 chloride)20 and side effects 
(primary outcomes: paraesthesias, dysgeusia, polyuria, 
fatigue). For a full list of variables and their definitions 
see the study protocol (online supplementary e- Appendix 
1) and the data set (online supplementary e- Table 2). 
For each side effect we collected the number of subjects 
who experienced that side effect at any time during the 
study’s observation period versus those who did not in 
the AZM versus placebo group; for laboratory tests we 
collected the mean value in the AZM versus placebo 
arms (following study drug administration, ie, ignoring 
change from baseline).

risk of bias assessment
Risk of bias was assessed as either low, high or unclear 
across five domains (selection, performance, detection, 
attrition, reporting) at the study level but the focus was 
on risk of bias with regard to the reported side effects, not 
the primary outcomes of the studies. Overall risk of bias 
was defined as the ‘highest’ level of bias across these five 
domains; its effect on the results was assessed by checking 
for significant effect modification via meta- regression.

statistical analysis
Data preparations: Placebo arms that served as compar-
ator for two AZM arms with different doses were divided 
evenly into halves to avoid double- counting of the control 
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group (unit of analysis error) while allowing assessment 
of effect modification by AZM dose.11 25 Studies that 
clearly stated that no events occurred in both the AZM 
and control arm were included into the primary anal-
ysis by adding a continuity correction of 0.5 to all cells 
(rationale: assuming dose dependency of side effects, 
low- dose AZM studies are more likely to have zero events 
in the intervention arms than high- dose AZM studies, 
while zero events in placebo arms are equally likely to 
occur in low and high- dose studies; thus exclusion of 
studies with zero- events in both arms would preferen-
tially exclude low- dose trials and bias the risk estimate in 
low- dose AZM trials upwards, thereby reducing power to 
detect dose dependence).26

Risk of side effects: For all side effects reported by three 
or more studies we calculated a pooled effect estimate 
using Mantel- Haenszel methodology (rationale: we used 
fixed rather than random effects model to avoid small 
study bias). All analyses were performed using ORs due 
to their favourable mathematical properties compared 
with risk ratios; however, to aid interpretability, final 
results are also reported as risk ratios (calculated 
directly from the ORs as RR=OR/(1−ACR *(1−OR)) 
where assumed control risk (ACR) is estimated from 
the overall event rate across placebo arms) and NNT 
(NNT=1/|ACR−((OR*ACR)/(1−ACR+OR*ACR))|).25 27 
Heterogeneity was quantified by the I2 statistic and arbi-
trarily categorised as low (<30%), moderate (30%–50%) 
or high (>50%)25 28; in case of I2 >30% attempts were 
made to identify and adjust for sources of heteroge-
neity, and a random effects model was used instead (if I2 
remained >30%).

Subgroup analysis: Dose dependency was assessed for all 
outcomes with a pooled effect estimate based on five or 
more studies by testing for effect modification by total daily 
dose via meta- regression (one study29 reported a total daily 
dose of 2500 mg/day vs 125–1000 mg/day in all others; to 
avoid results to be driven by this outlier we divided the 
total daily dose into a three- level categorical variable for 
the primary analyses [ie <400 mg/day, 400–600 mg/day 
and >600 mg/day were picked to include commonly used 
doses while dividing studies in roughly equal numbers]). 
In addition, in sensitivity analyses we also assessed dosage 
as a linear variable. For primary outcomes (paraesthesias, 
dysgeusia, polyuria, fatigue) we further assessed effect 
modification by days of AZM administration, cumulative 
dose, patient/study characteristics, as well as changes in 
laboratory tests.

Extensive sensitivity analyses were performed to assess 
robustness of results for primary outcomes (eg, exclu-
sion of studies with zero events in both arms and changes 
in model parameters). Publication bias was assessed via 
funnel plots and Egger’s test.

All analyses (including tests for publication bias) were 
performed using STATA V.12.1 (StataCorp) with p<0.05 
denoting statistical significance.

Quality of evidence assessment
Quality of evidence for primary outcomes was assessed 
following Grading of Recommendations Assessment, 
Development and Evaluation guidelines.

results
Included studies
We identified a total of 53 studies6 15 29–77 reporting one 
or more side effects (figure 1). Seven references were 
identified through the search of reference lists (567 68 78–80 
from,12 181 from,82 and 13 from83; only 267 68 of these 7 
met eligibility criteria and were included in this review). 
Two articles6 42 reported two treatment arms adminis-
tering different AZM doses versus a placebo control; 
thus each report contributed two studies for analyses. 
Table 1 provides an overview of the 42 studies included 
into quantitative analyses: about one third of partici-
pants in included trials were females, with a wide range 
of mean age (19–74 years) and BMI (20–40 kg/m2); race 
was only reported in five studies in which the majority of 
subjects were white (79% vs 16% black vs 5% other). The 
majority of studies assessed the impact of AZM on acute/
chronic mountain sickness (48%), intraocular pressure 
(17%), or sleep disordered breathing (SDB, 10%), with 
remainder of conditions varying widely. About half of the 
studies queried the side effects actively and were judged 
as low (24%) or unclear (33%) risk of overall bias. On 
average, there were 30 participants in each AZM arm 
(range 6–118), receiving 542 mg of AZM per day (range 
125–4000 mg) for a total of 17 days (range 1–180 days). 
Renal function was taken into account by one third of 
trials, and 7% of trials provided some form of potassium 
supplementation (online supplementary e- Table 2 in the 
online supplement provides the full data set).

Primary outcomes
AZM increased the odds for all the primary outcomes 
(paraesthesias,6 15 29–34 37–46 48–57 59 60 62–68 dysgeusia,6 29 31 32 35 37 

38 42–46 50 52 55–58 64 68 polyuria6 29 32 34 37 38 40 42–45 51 52 54 55 58 61 62 67 68 
and fatigue29 31–33 35 48 50 52 54–58 68) by 1.9–12.3 times (low- to- 
moderate quality of evidence). For paraesthesias, dysgeusia 
and fatigue the odds of side effects increased by 2–3 fold 
for each 1- step increase in total daily dose across the three 
categories (400 mg vs 400–600 mg vs >600 mg) in meta- 
regression; however, the CI for fatigue included the ‘null’ 
of no increase in side effects with higher doses. There was 
no evidence for dose dependency of polyuria (table 2 and 
online supplementary e- Appendix 2).

In further subgroup analyses, the odds of side effects 
were 1.5–4 times higher in studies querying symptoms 
actively versus unclear/passively, but only the CI for 
dysgeusia excluded the null. There odds for fatigue were 
1.4 times higher per 10% increase in the percentage of 
females but the CI was wide (0.9–2.1); furthermore, with 
the exception of paraesthesias odds were slightly higher 
with increasing AZM duration/cumulative dose but effect 
sizes were small and CIs all included the null (table 3). Of 
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Figure 1 PRISMA (Preferred Reporting Items for Systematic Reviews and Meta- Analyses) flow chart.22 Most included 
studies provided data for several side effects. Seven records were identified by screening reference lists from eligible and 
seminal articles; two reports each provided data about two studies (for details see the text). AZM, acetazolamide; GERD, 
gastro- oesophageal reflux disease.

note, there was no evidence of effect modification by risk 
of overall bias.

The number needed to treat for harm (ie, number of 
patients needed to be treated for one additional patient 
to be harmed)27 ranged from 2.3 for paraesthesias to 
18 for dysgeusia (table 4). Results were robust based on 
various sensitivity analyses and there was no evidence of 
publication bias (Egger’s p>0.05 for all; online supple-
mentary e- Appendix 2).

secondary outcomes
AZM increased the odds of nausea,29 35 43 50–54 57 61 62 68 gastro- 
oesophageal reflux disease,29 38 40 52 67 68 diarrhoea29 35 44 52 67 
and depression29 44 52 57 68 by 2.6–4 fold. Furthermore, AZM 
increased the odds of drowsiness,52 54 64 tinnitus,29 44 48 

dyspnoea29 43 53 67 and dry mouth29 48 52 by 2.3–4.7 fold 
but the lower confidence limit just included the null; 
rash29 42 44 45 48 52 54 and dizziness29 30 35 38 44 50 53 61 64 68 were 
slightly more common in AZM groups (ORs 1.7 and 1.2, 
respectively) but CIs were wide and included the null. 
There was no evidence of dose dependence for any of 
the secondary outcomes, but analyses were limited by 
small numbers of trials (n=5–12; table 2). The number 
needed to treat to cause one additional secondary side 
effect ranged from 12 for diarrhoea to 100 for dizzi-
ness (table 4). Side effects that were reported in less 
than three studies are shown in online supplementary 
e- Table 3: most notably hypokalaemia was reported in 
two studies29 48 (daily dose 500–4000 mg) occurring 
almost exclusively in the setting of concomitant therapy 
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Table 1 Characteristics of studies included into 
quantitative analyses (n=42)

Study characteristics
Mean (SD) or
% (NStudies) Range NStudies

General

Age, years 44 (15) 19 to 74 37

% female 36 (29) 0 to 98 40

BMI, kg/m2 27 (5.6) 20 to 40 11

Weight, kg 75 (18) 51 to 108 10

Height, cm 165 (5.4) 160 to 174 6

Race 5

  White 79.2 (17) 63 to 100

  Black 16 (13) 0 to 30

  Other 5.2 (4.4) 0 to 11

Condition 42

  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 42

  Yes 12 (5) Na

  Unclear/no 88 (37) Na

Query type (for side 
effects)

42

  Active 52 (22) Na

  Unclear/passive 48 (20) Na

Overall bias† 42

  Low 24 (10) Na

  Unclear 33 (14) Na

  High 43 (18) Na

Intervention

Acetazolamide

  Total daily dose‡, mg 542 (371) 125 to 4000 § 42

  Total daily dose/kg‡, 
mg/kg

6.9 (4.6) 3.1 to 23 15

  Total daily dose 
(categorical)

42

  <400 mg 29 (12) Na

  400–600 mg 50 (21) Na

  >600 mg 21 (9) Na

  Doses per day 1.8 (0.7) 1 to 4 42

  Days of administration 
(continuous)

17 (32) 1 to 180 42

  Days of administration 
(categorical)

42

  <3 days 26 (11) Na

  3 to 7 days 40 (17) Na

Continued

Study characteristics
Mean (SD) or
% (NStudies) Range NStudies

  >7 days 33 (14) Na

  Cumulative dose¶, 
1000*mg*days

17 (68.3) 0.125 to 450 42

  Renal adjustment 42

  Yes** 31 (13) Na

  No 69 (29) Na

  K supplementation 42

  Standing 5 (2) Na

  As needed 2 (1) Na

  Unclear/no 93 (39) Na

No. subjects, 
acetazolamide arm

30 (25) 6 to 118 42

No. subjects, placebo 
arm

29 (25) 5 to 119 42

Lab changes (mean difference acetazolamide − placebo)

  Mean 
difference

range NStudies

pH −0.07 (0.02) −0.11 to 
−0.02

11

pCO2 −2.8 (2.8) −6.7 to 2.9 13

pO2 4.9 (3.4) 0.7 to 10.5 9

Bicarbonate −4.5 (1.4) −7 to −2.9 7

Chloride 3.3 (0.3) 3 to 3.6 2

Sodium 0 (1.4) −1 to 2 3

Potassium −0.3 (0.1) −0.5 to −0.2 3

Creatinine Na Na 0

*'Other’ includes refractory dysuria (n=1), idiopathic intracranial 
hypertension (n=1), post- laparoscopy pain (n=1), pulmonary 
hypertension (n=1), acute respiratory failure +metabolic alkalosis 
(n=1), COPD (n=2), migraines (n=1), essential tremor (n=1) and healthy 
volunteers (n=2).
†Based on ‘highest’ bias across five domains (selection, performance, 
detection, attrition, reporting bias).
‡40 studies reported ‘total daily dose’ versus 2 reported ‘total daily 
dose per kg’; when possible both measures were estimated using 
weight/BMI from the same or similar studies (data shown in this table 
include estimated measures).
§One trial29 escalated the total daily up to 4000 mg if tolerated; for the 
analyses we used the reported mean dose of 2500 mg.
¶Cumulative dose=total daily dose × days of administration.
**No study directly adjusted the acetazolamide dose based on renal 
function, but 13 studies either included only healthy subjects or 
specifically excluded subjects with renal dysfunction.
BMI, body mass index; COPD, chronic obstructive pulmonary 
disease; No, Number of.

Table 1 Continued

with hydrochlorothiazide or valsartan29; furthermore, 
two studies35 47 reported cases of metabolic acidosis but 
patients in both studies were hospitalised and relatively 
ill (acute respiratory failure or cryptococcal meningitis). 
Other laboratory changes reported in the literature were 
rare (one case of severe transaminitis29 and one case of 
‘hematologic dyscrasia’ characterised by dropping white 
blood cell counts),29 but most studies did not routinely 
monitor blood tests. Interestingly, one study reported 
leuconychia in the setting of AZM plus naproxen at high 
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Table 2 Risk of side effects (based on OR). Dose dependency was assessed by checking for effect modification by total 
daily dose and was only significant for paraesthesias and dysgeusia. There was a trend towards higher odds for fatigue, but 
this relationship did not reach statistical significance. ORs were chosen a priori as the effect measure for primary analyses 
due to the favourable mathematical properties, but to aid interpretation table 4 shows results translated into risk ratios and 
numbers need to treat

Side effect

Acetazolamide Placebo Risk of side effect

Effect modification by total daily 
dose (<400 mg/day vs 400–
600 mg/day vs >600 mg/day)

Yes No Yes No OR (95% CI) I2 (%) N POR=1 Quality* Beta (95% CI) PEMxTDDc

Primary outcomes

Paraesthesia 542 613 81 948 12.3 (9.3 to 16) 16 39 <0.01 ⊕⊕⊕◯
Moderate

1.8 (1.1 to 2.9) 0.01

  <400 mg 221 276 49 384.5 8.4 (5.6 to 12.5) 10 13 <0.01

  400–600 mg 194 242 22 409 14.5 (9.3 to 23) 11 20 <0.01

  >600 mg 127 95 10 154.5 27.3 (12 to 63) 0 6 <0.01

Dysgeusia 84 729 10 625 4.2 (2.5 to 7.1) 0 22 <0.01 ⊕⊕◯◯
Low

3.1 (1.2 to 8.2) 0.02

  <400 mg 3 125 2 85.5 0.8 (0.18 to 3.4) 0 5 0.75

  400–600 mg 38 327 6 315 3.6 (1.8 to 7.1) 0 12 <0.01

  >600 mg 43 277 2 224.5 9.7 (3.3 to 29) 0 5 <0.01

Polyuria 157 683 54 663 1.9 (1.3 to 2.8) 0 22 <0.01 ⊕⊕◯◯
Low

1.3 (0.7 to 2.4) 0.46

Fatigue 58 342 7 375 6.5 (3.4 to 12.4) 0 14 <0.01 ⊕⊕◯◯
Low

2.6 (0.7 to 9.4) 0.14

Secondary outcomes

  Nausea 52 326 18 350 2.8 (1.6 to 4.7) 10 12 <0.01 0.8 (0.2 to 3.5) 0.77

  GERD 30 189 7 182 2.8 (1.2 to 6.3) 0 6 0.02 2.2 (0.6 to 8.2) 0.16

  Diarrhoea‡ 27 161 4 174 5.3 (2.1 to 13) 0 5 <0.01 1.6 (0.01 to 397) 0.81

  Depression 18 147 3 153 4.2 (1.5 to 11.6) 0 5 0.01 2.1 (0.04 to 108) 0.58

  Dizziness 18 266 15 267 1.2 (0.6 to 2.3) 0 10 0.65 0.8 (0.13 to 5.2) 0.82

  Rash 16 433 6 359 1.7 (0.75 to 3.8) 0 8 0.21 1.8 (0.3 to 10.4) 0.43

  Drowsiness 7 91 1 91 4.2 (0.86 to 21) 0 3 0.08 Na†

  Tinnitus 16 116 6 120 2.5 (0.99 to 6.2) 0 3 0.053 Na†

  Dyspnoea 12 111 4 112 2.7 (0.9 to 8) 0 4 0.07 Na†

  Dry mouth 5 109 1 142 4.8 (0.91 to 25) 0 3 0.07 Na†

*Quality of Evidence Assessment based on Grading of Recommendations Assessment, Development and Evaluation; only performed for primary outcomes (for 
details see online supplementary e- Table 4).
†Dose dependence was only assessed for outcomes with pooled effect estimates based on at least five studies.
‡Primary analysis for diarrhoea had a high degree of heterogeneity (OR 2.3; 95% CI 1.2 to 4.4; I2=55%, n=6, p=0.01) which was entirely driven by one study15 in 
which there were many cases of diarrhoea in the placebo group thought to be due to infectious aetiology in the setting of mountain sojourn; for the final analysis 
(results reported earlier) this study was excluded resulting in similar results without evidence of heterogeneity (thus final analysis is based on fixed model).
GERD, gastro- oesophageal reflux disease; OR, Odds ratio; PEMxTDDc, P value for the test for effect modification by total daily dose categories; POR=1, P value for the 
odds ratio.

altitude.77 Furthermore, online supplementary e- Table 
3 provides a qualitative summary of four studies70 72–74 
that overall suggest that AZM reduces exercise tolerance 
and endurance (which were assessed by very different 
methods precluding meaningful pooling of results).

DIscussIon
This comprehensive meta- analysis of low- to- moderate 
quality evidence defines the risk of common AZM side 
effects and corroborates the adverse effects paraesthesias, 
dysgeusia and possibly fatigue are dose- dependent. Severe 
side effects were rare and largely confined to subgroups 
of patients: that is, hypokalaemia almost exclusively in 

patients on thiazide diuretics or angiotensin- receptor 
blockers29 48 which is consistent with reports from non- 
included studies,14 16 metabolic acidosis in ‘sicker’ hospi-
talised patients,35 47 dyspnoea in patients that have already 
an increased work of breathing due to their underlying 
condition43; two deaths in critically ill patients receiving 
AZM in the setting of underlying HIV/cryptococcal 
meningitis, and one case of severe transaminitis without 
clear risk factor.29

These data are important for a number of reasons: 
(1) clinical decision making is based on weighing both 
risks and benefits, but most published reports focus on 
the latter thus introducing a bias in favour of using 
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interventions.84 85 To this end our study directly comple-
ments the results of a review in the BMJ11 assessing the effi-
cacy of AZM for preventing AMS, and enables a balanced 
assessment of AZM’s value across the many conditions 
that it is being used for. (2) Our results provide guidance 
for clinicians about which AZM side effects may be avoid-
able by starting of low- dose AZM, or—once occurred—
may respond to dose reduction. (3) Substantial work 
went into establishing the lowest effective AZM dose for 
preventing AMS11 42 86; our findings validate these efforts, 
and more importantly provide a strong rationale to estab-
lish the lowest effective dose for other conditions as well.

Many side effects are subjective and thus vulner-
able to a placebo effect as supported by the high event 
rates in placebo arms noted. To address this issue we 
restricted our review to placebo- controlled trials; none-
theless our pooled estimates for common side effects are 
overall very consistent with reports from observational 
studies.2 16 However, we failed to confirm effect modifica-
tion by factors reported in the literature (eg, renal func-
tion,19 21 weight,21 race,2 or lab changes)16 20; likely reasons 
include frequently missing data for these covariates, low 
power of meta- regression in cases of few (<10) included 
studies, risk for ecological fallacies when assessing patient- 
level factors87 and the observational nature of meta- 
regression (ie, potential for confounding). The latter 
issue also poses a potential threat to our findings of dose 
dependence for paraesthesias, dysgeusia and possibly 
fatigue, but our results are supported by several obser-
vations: (1) two placebo- controlled trials randomising 
patients to 250 mg versus 500/750 mg reported relatively 
more paraesthesias and dysgeusia in the higher dose AZM 
arm (results for polyuria were mixed; fatigue was not 
assessed).6 42 (2) AZM’s pharmacodynamic effects vary 
with dose18: at 1–5 mg/kg (approximately 125–350 mg) 
AZM mainly affects renal CA (resulting in a metabolic 
acidosis due to bicarbonate wasting with a compensatory 
increase in steady- state ventilation, likely a key factor for 
preventing AMS18 and improving SDB),14 88 endovascular 
CA (slightly increasing tissue acidosis and the arterial- 
alveolar carbon dioxide (CO2) gradient) and peripheral 
chemoreceptor CA (reducing response rate to CO2 fluc-
tuations, which may be another important mechanism 
through which AZM improves SDB).89 At higher doses of 
7–20 mg/kg (approximately 500–1400 mg) AZM increas-
ingly inhibits intracellular CA in non- renal tissues such 
as erythrocytes and the brain resulting in progressively 
worsening gas exchange and tissue acidosis; while these 
additional effects may be desirable to some degree in 
select patients, for example, to augment further steady- 
state ventilation via acidification of tissue surrounding 
central chemoreceptors in the brain, they likely also 
mediate some of the side effects.20 The fact that renal 
CA is fully inhibited with small doses (<400 mg) likely 
explains why there is no further increase in polyuria inci-
dence with doses beyond that. Similarly, in some but not 
all cases fatigue may be a result of the metabolic acidosis 
(secondary to bicarbonaturia due to renal CA inhibition) 
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Table 4 Risk of side effects expressed as RR and NNTH

Side effects RR (95% CI) NNTH (95% CI)

Event rate

Placebo Acetazolamide*

% % (95% CI)

Primary outcomes

  Paraesthesia 6.5 (5.6 to 7.3) 2.3 (NNTH 2 to 2.7) 7.9 51.4 (44.2 to 57.7)

  <400 mg 5.3 (4.1 to 6.6) 2.9 (NNTH 2.3 to 4.1) 7.9 41.9 (32.4 to 52.1)

  400–600 mg 7.0 (5.6 to 8.4) 2.1 (NNTH 1.7 to 2.7) 7.9 55.3 (44.2 to 66.4)

  >600 mg 8.9 (6.4 to 10.7) 1.6 (NNTH 1.3 to 2.3) 7.9 70.3 (50.6 to 84.5)

  Dysgeusia 4.0 (2.4 to 6.4) 18.3 (NNTH 10.1 to 38) 1.8 7.2 (4.3 to 11.5)

  <400 mg 0.8 (0.2 to 3.3) NNTB 275 (NNTH 24 to ∞ to NNTB 66) 1.8 1.4 (0.4 to 5.9)

  400–600 mg 3.4 (1.8 to 6.4) 22.3 (10.1 to 70.1) 1.8 6.1 (3.2 to 11.5)

  >600 mg 8.4 (3.2 to 19.1) 7.4 (3 to 25) 1.8 15.1 (5.8 to 34.4)

  Polyuria 1.8 (1.3 to 2.5) 17.0 (NNTH 9.1 to 49) 7.5 13.5 (9.8 to 18.8)

  Fatigue 5.9 (3.3 to 10) 11.1 (NNTH 6.1 to 24) 1.8 10.6 (5.9 to 18)

Secondary outcomes

  Nausea 2.6 (1.6 to 3.9) 13.0 (NNTH 7 to 37) 4.9 12.7 (7.8 to 19.1)

  GERD 2.6 (1.2 to 5.3) 16.6 (NNTH 6.3 to 141) 3.7 9.6 (4.4 to 19.6)

  Diarrhoea 4.8 (1.2 to 10.2) 11.6 (NNTH 4.8 to 229) 2.2 10.6 (2.6 to 22.4)

  Depression 4.0 (1.5 to 9.6) 17.6 (NNTH 6 to 107) 1.9 7.6 (2.9 to 18.2)

  Dizziness 1.2 (0.6 to 2.2) 100.3 (NNTH 16.3 to ∞ to NNTB 49) 5.3 6.4 (3.2 to 11.7)

  Rash 1.7 (0.8 to 3.6) 89.4 (NNTH 23 to 246) 1.6 2.7 (1.3 to 5.8)

  Drowsiness 4.1 (0.9 to 17.3) 30.1 (NNTH 5.7 to 663) 1.1 4.5 (1 to 19)

  Tinnitus 2.3 (1 to 5) 15.8 (NNTH 5.3 to 2204) 4.8 11.0 (4.8 to 24)

  Dyspnoea 2.6 (0.9 to 6.4) 18.7 (NNTH 5.3 to 299) 3.4 8.8 (3.1 to 21.8)

  Dry mouth 4.7 (0.9 to 21.4) 38.9 (NNTH 7 to 1599) 0.7 3.3 (0.6 to 15)

NNTH(/NNTB), number of patients needed to be treated for one additional patient to be harmed (or benefit).27 RR and NNTH/NNTB were 
calculated based on odds ratio and event rate in placebo arms of included trials (see methods for details).
*Calculated as placebo event rate × RR (95% CI).
GERD, gastro- oesophageal reflux disease; RR, risk ratio.

possibly explaining the lack of clear dose dependence 
in our analysis. Support for this comes from a study in 
which 15 of 24 glaucoma patients with a malaise complex 
(including fatigue, nausea, anorexia, depression, loss of 
libido) experienced partial or full relieve with sodium 
bicarbonate to treat the underlying acidosis.16 However, 
while for some conditions the acidosis is just a side effect 
(eg, glaucoma) for others it mediates the therapeutic 
effect (eg, AMS) and caution is warranted as this study 
was uncontrolled, unblinded and changes in plasma 
bicarbonate levels did not predict response. Indepen-
dent of dose, AZM may irritate gastric mucosa as some 
of the gastrointestinal side effects seem to improve when 
AZM is taken with food,16 which may explain lack of dose 
dependence for nausea in our study (although the odds 
of gastro- oesophageal reflux disease may increase with 
higher doses). (3) Our results are largely consistent with 
findings in two systematic reviews of AZM for the preven-
tion of AMS, both of which only assessed a few select side 
effects (paraesthesia, dysgeusia, polyuria in both; rash in 
one) semi- quantitatively and were limited by relatively 

small numbers of included studies,11 12 as well as another 
systematic review10 that reported similar risk of paraes-
thesia (but reported no data for other side effects). 
Another major limitation is that we may have missed some 
eligible studies by restricting our search query to only 
two databases. Regardless of this restriction several of our 
observations are reassuring: (1) we queried the two most 
widely used databases for medical research; (2) extensive 
review of reference lists including those from systematic 
reviews including other databases only revealed two addi-
tional eligible studies; (3) formal testing did not reveal 
significant evidence of publication bias.

Strengths of our study include meta- analyses based on 
large numbers of studies, evaluation of a wide range of 
side effects and robustness of results in extensive sensi-
tivity analyses. One of the limitations of our study is that 
some of the side effects may vary over time63 90; however, 
we did not find statistically significant effect modification 
by AZM duration and the primary data did not allow for 
a more detailed time- to- event analysis. Furthermore, one 
of the premises of this study was that AZM side effects can 
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limit effective therapy by reducing compliance, which is 
likely a complex decision making process involving type of 
side effect, severity, efficacy but also psychosocial factors 
such as partner support and coping skills.91 The primary 
data did not allow meaningful analyses of the relationship 
between side effects and compliance as in most studies it 
was unclear if loss to follow- up or AZM discontinuation 
was due to a side effect. However, several observations 
support this notion, for example in one of the included 
RCTs patients with paraesthesias were 2.5 times more 
likely to miss AZM doses (21% vs 8%, p=0.04)15 and some 
studies administering AZM 500–1000 mg/day report 
discontinuation rates due to side effects ranging from 
26% to 35% (primarily due to fatigue and gastrointestinal 
symptoms rather than paraesthesias),2 16 48 contrasting 
with another study in which only 8% (7/86) of patients 
were unable to tolerate a minimum dose of 125 mg/day 
(ie, 92% were able to tolerate at least a very low dose of 
125 mg for 6 months).29 Moreover, our study does not 
provide an answer as to how many patients experience 
any versus no side effects with AZM, because side effects 
tend to cluster20 and few studies report this information. 
In one study in which patients received a mean AZM dose 
of 2500 mg, 83% experienced at least one side effect with 
a median number of side effects per person of 5 (IQR 
1–22). Another potential limitation is that only one third 
of included studies used a cross- over (vs parallel group) 
design in which subjects served as their own controls. 
Finally, except for two studies35 47 of hospitalised patients, 
our results are based on relatively healthy subjects treated 
in the outpatient setting and may thus not generalise to 
‘sicker’ populations; furthermore, based on the number 
of included patients in this review, our ability to detect 
side effects was limited to events occurring about 1/1000 
patients. Similarly some side effects may be missed if they 
occur only in certain conditions: for example, in select 
patients with central sleep apnoea AZM may convert 
central to obstructive apnoeas with worse hypoxaemia92; 
in patients with reduced pulmonary reserve (eg, severe 
chronic obstructive pulmonary disease) AZM- induced 
increase in work of breathing may cause shortness of 
breath or even respiratory failure; in cirrhotic patients 
AZM may result in encephalopathy, and in subjects with 
reduced renal function (eg, elderly, diabetics) impaired 
drug clearance may result in side effects usually only seen 
with high- dose AZM such as severe metabolic acidosis. 
Also, other side effects such as nephrolithiasis (possibly 
responsive to citrate supplementation) or weight loss may 
have been under- detected due to the generally shorter 
observation period in randomised trials versus observa-
tional studies. More details about such potentially severe 
side effects in specific situations can be found in two 
recent reviews.93 94

While this review focused on AZM, many of the find-
ings may apply to other CA inhibitors such as metha-
zolamide, ethoxzolamide, topiramate, zonisamide and 
occasionally even with topical drugs like dorzolamide.93 95 
However, CA is ubiquitous across the human body and at 

least 13 different isoforms of CA exist. Thus, predicting 
the effects of CA inhibitors is complex,18 93 and small 
molecular changes between CA inhibitors may result in 
big differences in efficacy and side effects. Furthermore, 
each drug may have effects independent of CA inhibi-
tion. For example, compared with AZM, methazolamide 
has a similar affinity for the different CA isoforms but 
is more lipophilic, appears to have different effects on 
ventilation96 and may be better tolerated.97 98 Nonethe-
less, more research is needed to assess if (and how) such 
differences may translate into clinical care. Such research 
will have to take into account the different pharmacody-
namic and kinetic effects relevant to CA inhibition (eg, 
access of drugs to the target tissue, concentration of CA 
isoforms in the target tissue and the degree to which 
uncatalysed CA reactions contribute to the function that 
is targeted),99 which will differ depending on the condi-
tion of interest.

conclusIon
The most common side effects of AZM are paraesthesias 
which may reduce therapy compliance but—based on 
the literature—appear less likely to result in complete 
therapy termination than other common side effects such 
as fatigue and gastrointestinal symptoms. Paraesthesias, 
dysgeusia and possibly fatigue are likely dose- dependent 
phenomena and may thus be avoidable by using low- dose 
AZM and respond to dose reduction; on the other hand, 
some gastrointestinal symptoms may reflect local irrita-
tion and thus be ameliorated by administering AZM with 
food. In select cases, side effects may alternatively be miti-
gated by use of an alternative CA inhibitor or bicarbonate 
supplementation. Severe side effects are rare and can 
largely be avoided by careful patient selection (eg, hypo-
kalaemia occurs almost exclusively in patients co- treated 
with thiazide diuretics or angiotensin receptor blockers). 
This review complements data about AZM efficacy, thus 
facilitating a more balanced assessment of AZM’s clin-
ical value. Observed partial dose dependence further 
supports efforts to establish the lowest effective AZM 
dose for the various conditions in which it is used (which 
likely rely on different pharmacodynamic effects); thus 
different conditions may require different doses.
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