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Aims Acetazolamide, an inhibitor of proximal tubular sodium reabsorption, leads to more effective decongestion in acute
heart failure (AHF). It is unknown whether acetazolamide alters serum sodium and potassium levels on top of loop
diuretics and if baseline values modify the treatment effect of acetazolamide.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods
and results

This is a pre-specified sub-analysis of the ADVOR trial that randomized 519 patients with AHF and volume overload
in a 1:1 ratio to intravenous acetazolamide or matching placebo on top of standardized intravenous loop diuretics.
Mean potassium and sodium levels at randomization were 4.2± 0.6 and 139± 4 mmol/L in the acetazolamide arm
versus 4.2± 0.6 and 140± 4 mmol/L in the placebo arm. Hypokalaemia (<3.5 mmol/L) on admission was present in
44 (9%) patients and hyponatraemia (≤135 mmol/L) in 82 (16%) patients. After 3 days of treatment, 44 (17%) patients
in the acetazolamide arm and 35 (14%) patients in the placebo arm developed hyponatraemia (p= 0.255). Patients
randomized to acetazolamide demonstrated a slight decrease in mean potassium levels during decongestion, which
was non-significant over time (p= 0.053) and had no significant impact on hypokalaemia incidence (p= 0.061). Severe
hypokalaemia (<3.0 mmol/L) occurred in only 7 (1%) patients, similarly distributed between the two treatment arms
(p= 0.676). Randomization towards acetazolamide improved decongestive response irrespective of baseline serum
sodium and potassium levels.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Conclusions Acetazolamide on top of standardized loop diuretic therapy does not lead to clinically important hypokalaemia or
hyponatraemia and improves decongestion over the entire range of baseline serum potassium and sodium levels.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Graphical Abstract

Sodium and potassium changes during decongestion with acetazolamide. CI, confidence interval; hypoK, hypokalaemia; hypoNa, hyponatraemia.
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Introduction
The Acute Decompensated heart failure with Volume OveR-
load (ADVOR) trial has demonstrated that the addition of intra-
venous acetazolamide to standardized intravenous loop diuretics
in patients with volume overload and acute heart failure (AHF)
improves diuretic efficacy and results in a higher incidence of suc-
cessful decongestion, ultimately leading to a shorter length of stay.1

Electrolyte imbalances are commonly encountered during AHF
admissions and its occurrence might lead to reduced diuretic
intensity and residual congestion.2–4 Hyponatraemia is associated
with an increased risk of adverse events including prolonged
hospital stay and a higher risk of readmission and all-cause mor-
tality.4–6 The pathophysiology of hyponatraemia in AHF is more
often impaired water excretion, rather than sodium depletion
while hypokalaemia is most commonly associated with kaliuresis
associated with diuretic use.2,4 Hypokalaemia-associated risks
include potentially life-threatening arrhythmias, warranting close
monitoring during diuretic use.2,7,8 Loop diuretics, which have
a class I recommendation (level of evidence C) to treat volume
overload in AHF independent of left ventricular ejection fraction,
can induce or worsen these electrolyte disturbances.8–10 For
patients with apparent loop diuretic resistance after dose esca-
lation, current guidelines endorse the addition of a thiazide-like
diuretic with a class IIa recommendation, level of evidence B.8,11

However, thiazide-like diuretics, targeting the sodium–chloride
cotransporter in the distal convoluted tubules, may exacerbate
the risk for hypokalaemia and hyponatraemia and are associated
with a higher risk for all-cause mortality in observational data.12

Limited information is available about the impact of acetazo-
lamide on serum sodium and potassium levels. Therefore, the ..
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.. current pre-specified analysis of the ADVOR trial aims to deter-
mine (i) the influence of sodium and potassium alterations on
admission on the treatment effect of acetazolamide, and (ii) the
effect of acetazolamide on serum sodium and potassium levels dur-
ing decongestion.

Methods
Trial design and population
The methods and the results of the ADVOR trial (NCT03505788) have
been published previously.1,13 Briefly, patients enrolled were adults
who were admitted for AHF. Patients were required to have N-terminal
pro-B-type natriuretic peptide (NT-proBNP) >1000 pg/ml or B-type
natriuretic peptide >250 pg/ml with at least one clinical sign of volume
overload (i.e. ascites, pleural effusion, or oedema) despite oral main-
tenance therapy with at least 40 mg of furosemide (or an equivalent
dose) for at least 1 month.13 The main exclusion criteria included
acetazolamide maintenance therapy, treatment with sodium–glucose
cotransporter 2 inhibitors, systolic blood pressure <90 mmHg, or
an estimated glomerular filtration rate <20 ml/min/1.73 m2.13 Par-
ticipants were randomly assigned to treatment with an intravenous
bolus of acetazolamide (500 mg once daily) or matching placebo
added to standardized loop diuretic therapy (twice oral home dose
intravenously daily) in a 1:1 fashion upon randomization and during
the next 2 days. The use of a thiazide diuretic was discontinued
according to the study protocol.13 It was recommended that patients
received 3 g of intravenous magnesium supplements daily during
decongestion with intravenous diuretics. The primary endpoint was
successful decongestion within 3 days, based on the absence of clinical
signs of fluid overload (oedema, pleural effusion, ascites) other than
a trace oedema with a urine output of at least 3.5 L after 2 days
of treatment. Other pre-defined endpoints included the combined

© 2023 European Society of Cardiology.
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1312 S. Dhont et al.

endpoint of death from any cause and rehospitalization for heart
failure within 3 months of follow-up. The study was approved by all
local ethics committees and all participants provided written informed
consent.

Sodium and potassium serum levels
Blood samples including sodium and potassium levels were collected
per protocol at randomization (baseline= day 0), day 1, day 2, day
3 and 3 months thereafter.13 There were no sodium or potassium
concentration inclusion or exclusion criteria. Patients were cate-
gorized as having hyponatraemia (≤135 mmol/L) or hypernatraemia
(>145 mmol/L) and hypokalaemia (<3.5 mmol/L) or hyperkalaemia
(>5.0 mmol/L). In case of serum potassium levels <4 mmol/L during
the treatment phase, it was recommended to add 40 mmol of potas-
sium chloride to the maintenance infusion (data not collected in case
report form) in both treatment arms.13 Neurohumoral blockers (e.g.
renin–angiotensin system blockers, sacubitril/valsartan, beta-blockers,
and mineralocorticoid receptor antagonists) were continued at the
same or lower dosage at the discretion of the treating physician until
the end of the treatment phase. Dose increase of neurohormonal
blockers was not allowed during the treatment phase apart from min-
eralocorticoid receptor antagonists in case of hypokalaemia despite
intravenous potassium supplement.

Statistical analysis
Data are expressed as mean± standard deviation for normally dis-
tributed continuous variables or median (interquartile range) if
otherwise. Absolute and relative frequencies are used to present
categorical data. Comparisons between groups were performed using
variable t-tests, χ2 test, Kruskal–Wallis test or Mann–Whitney U
test as appropriate. The comparative analysis of the occurrence of
electrolyte imbalances was conducted across various time intervals
between the two treatment arms. In addition, linear mixed-effects
models with repeated measures over time were performed to assess
changes in serum sodium and potassium levels during the acute treat-
ment phase (from randomization to day 3) according to treatment
group allocation (acetazolamide vs. placebo). Fixed effects included
the treatment allocation, time and the time× treatment interaction,
the model included a random effect intercept. The primary endpoint
(binary) was evaluated using a generalized linear-mixed model, which
included a fixed-treatment effect and random intercept to calculate
odds ratios and 95% confidence intervals (CI). For subgroup analysis,
e.g. treatment effect according to potassium or sodium categories,
categories were entered in the model as an interaction term with
the treatment effect. Time-to-event analysis using Cox proportional
hazard models was used to determine the effects of baseline hypona-
traemia or hypokalaemia on all-cause mortality and heart failure
readmissions. Moreover, a time-to-event analysis was performed for
treatment-induced hypokalaemia on day 3 to all-cause mortality and
readmissions for heart failure within 3 months. All outcome analyses
were covariate-adjusted. Covariates were chosen based on the differ-
ences in baseline characteristics and clinical relevance, including age,
sex, maintenance dose of furosemide, left ventricular ejection fraction,
systolic blood pressure, estimated glomerular filtration rate, and the
use of mineralocorticoid receptor antagonists. All statistical tests
were two-tailed and used a significance level of α= 0.05. Statistical
analyses were performed using IBM SPSS Statistics 22 (IBM, Chicago,
IL, USA). ..
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.. Results
Patients
Mean potassium level on admission was 4.2± 0.6 mmol/L in
the acetazolamide arm versus 4.2± 0.6 mmol/L (p= 0.676) in
the placebo arm. Mean sodium levels were 139± 4 versus
140± 4 mmol/L (p= 0.081). Baseline characteristics stratified by
hyponatraemia and hypokalaemia categories are summarized in
Table 1; 82 (16%) participants had a baseline sodium level of
≤135 mmol/L, of whom 17 (3%) had a baseline serum sodium
<130 mmol/L (Figure 1). A total of 44 (9%) patients had a baseline
potassium level<3.5 mmol/L, of whom 6 (1%) were<3.0 mmol/L.
At randomization, only 17 (3%) patients were treated with a
thiazide diuretic, mainly as an antihypertensive agent, which was
discontinued according to the study protocol.13 Patients with
hyponatraemia had a higher maintenance dose of furosemide
prior to randomization, were more often on mineralocorticoid
receptor antagonists and had a higher systolic blood pressure.
Moreover, baseline serum osmolality was significantly lower in
patients with hyponatraemia. Patients with hypokalaemia used a
higher maintenance dose of furosemide and were more likely to
have chronic kidney disease.

Effect of acetazolamide on serum sodium
The distributions into the defined sodium categories at base-
line (day 0), day 3 and 3 months thereafter are illustrated in
Figure 1, while numerical data are displayed in online supplemen-
tary Table S1. The changes in sodium levels exhibited over time
as illustrated in Figure 2. Mean sodium serum level on day 3 was
139± 4 mmol/L in the acetazolamide arm versus 139± 4 mmol/L in
the placebo arm (p= 0.102). Compared to values at admission (day
3 vs. day 0), serum sodium levels declined with 0.1± 0.3 mmol/L
in the acetazolamide arm compared to 0.3± 0.4 mmol/L in the
placebo arm (p= 0.199). Three months after randomization,
sodium levels were 139± 4 and 139± 4 mmol/L, respectively
(p= 0.804). Despite numerical difference in sodium values at ran-
domization, there was no difference in the change of sodium over
time according to treatment allocation (treatment× time interac-
tion p= 0.961). The overall group difference in sodium during the
treatment phase was 0.68 mmol/L (95% CI 0.06–1.30, p= 0.030),
which was related to the numerical difference at baseline and
not related to a differential change in sodium during treatment as
indicated by the treatment× time interaction (p= 0.961). Figure 1

depicts no significant discrepancy in the distribution of sodium
categories.

Effect of acetazolamide on serum
potassium
The distributions into the defined potassium categories at base-
line (day 0), day 3 and 3 months thereafter are illustrated in
Figure 1, while numerical data are displayed in online supple-
mentary Table S1. The mean values over time are plotted in
Figure 2. In linear mixed effect model taking all repeated mea-
surements during the treatment phase into account, potassium

© 2023 European Society of Cardiology.
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Sodium and potassium changes during decongestion with acetazolamide 1313

Table 1 Patients baseline characteristics according to sodium level ≤135 mmol/L and potassium level <3.5 on
admission

Parameter Na ≤135 mmol/L
(n= 82)

Na >135 mmol/L
(n= 437)

p-value K <3.5 mmol/L
(n= 44)

K ≥3.5 mmol/L
(n= 459)

p-value

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Age (years) 77± 9 78± 9 0.268 77± 9 78± 9 0.239
Male sex 51 (62%) 274 (63%) 0.931 29 (66%) 286 (62%) 0.637
Heart rate (bpm) 79±19 77± 18 0.307 75±17 78± 18 0.192
SBP (mmHg) 127± 21 121± 18 0.015 129± 22 126± 21 0.332
DBP (mmHg) 72±13 71±12 0.272 74±13 72± 13 0.436
Weight (kg) 83± 20 85± 22 0.056 89± 27 84± 21 0.098
Congestion score 5 (3–6) 4 (3–5) 0.199 5 (3–6) 4 (3–5) 0.199
Pleural effusion 41 (50%) 218 (53%) 0.560 16 (36%) 246 (54%) 0.089
Ascites 9 (11%) 37 (9%) 0.235 5 (11%) 39 (8%) 0.779
Oedema score 0.099 0.071

No or trace oedema 3 (4%) 38 (9%) 1 (2%) 39 (8%)
Up to ankle 9 (11%) 64 (15%) 2 (5%) 69 (15%)
Up to knee 35 (43%) 193 (44%) 20 (45%) 205 (45%)
Above the knee 35 (43%) 142 (32%) 21 (48%) 146 (32%)

Maintenance dose-furosemide
equivalents (mg)

90 (40–200) 60 (40–100) 0.005 80 (40–200) 60 (40–100) 0.016

LVEF (%) 45±16 43± 15 0.190 47±15 43± 15 0.052
NT-proBNP (pg/ml) 7187

(3589–12 804)
5659

(2940–10 625)
0.100 6020

(2944–10 570)
6091

(3035–10 896)
0.789

NYHA class 0.201

II 10 (12%) 56 (13%) 0.859 2 (5%) 62 (14%)
III 49 (60%) 247 (57%) 29 (66%) 258 (56%)
IV 23 (28%) 134 (31%) 13 (29%) 139 (30%)

Sodium (mmol/L) 132± 4 140± 3 <0.001 140± 5 140± 4 0.241

Potassium (mmol/L) 4.2± 0.6 4.3± 0.6 0.359 3.22± 0.2 4.3± 0.5 <0.001

HCO3 (mmol/L) 26± 4 25± 4 0.026 28± 4 26± 4 0.020
Chloride (mmol/L) 94± 5 102± 4 <0.001 98± 6 101± 5 0.009
Albumin (g/L) 39± 5 39± 5 0.982 37± 5 39± 5 0.083
Serum osmolality (mmol/kg) 287± 15 299±10 <0.001 295±11 298±15 0.195
eGFR (ml/min/1.73 m2) 44±18 43± 18 0.532 50± 20 43± 18 0.011

eGFR <60 ml/min/1.73 m2 66 (80%) 356 (81%) 0.470 31 (70%) 376 (82%) 0.045
Comorbidities

History of AF 62 (76%) 314 (72%) 0.485 33 (75%) 332 (72%) 0.705
Diabetes 41 (50%) 204 (47%) 0.630 17 (39%) 219 (48%) 0.249
Arterial hypertension 55 (67%) 334 (76%) 0.095 33 (75%) 342 (75%) 0.943
Peripheral arterial disease 17 (21%) 84 (19%) 0.762 6 (14%) 91 (20%) 0.320
COPD 16 (20%) 85 (19%) 0.990 7 (16%) 89 (19%) 0.575
Malignancy 11 (13%) 46 (11%) 0.119 4 (10%) 52 (11%) 0.733

Treatment
ACEi/ARB/ARNI 39 (48%) 230 (53%) 0.399 22 (50%) 238 (52%) 0.814
Beta-blocker 52 (76%) 357 (82%) 0.200 33 (75%) 373 (81%) 0.314
MRA 45 (55%) 171 (39%) 0.008 15 (34%) 191 (42%) 0.332
Digoxin 8 (10%) 26 6%) 0.201 3 (7%) 32 (7%) 0.987
ICD 12 (15%) 67 (15%) 0.872 5 (11%) 73 (16%) 0.472
CRT 11 (13%) 50 (11%) 0.611 7 (13%) 57 (12%) 0.274

Values are expressed as mean ± standard deviation, n (%), or mean (interquartile range).
ACEi, angiotensin-converting enzyme inhibitor; AF, atrial fibrillation; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor–neprilysin inhibitor; COPD, chronic
obstructive pulmonary disease; CRT, cardiac resynchronization therapy; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; ICD, implantable
cardioverter-defibrillator; K, potassium; LVEF, left ventricular ejection fraction; MRA, mineralocorticoid receptor antagonist; Na, sodium; NT-proBNP, N-terminal pro b-type
natriuretic peptide; NYHA, New York Heart Asociation; SBP, systolic blood pressure.
All statistical tests were two-tailed and used a significance level of α= 0.05 are in bold.

© 2023 European Society of Cardiology.
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1314 S. Dhont et al.

Figure 1 Distribution of serum sodium and potassium categories at baseline (day 0), day 3 and 3 months after randomization.

was numerically lower in the acetazolamide arm than the placebo
arm (difference= 0.08 mmol/L, 95% CI 0.015–0.16, p= 0.018),
with a change in potassium over time being more pronounced in
the acetazolamide arm (time× treatment interaction p= 0.053).
The mean potassium serum level on day 3 was 3.8± 0.5 mmol/L
in the acetazolamide arm versus 4.0± 0.5 mmol/L in the placebo
arm (p= 0.014). Compared to values at admission (day 3 vs.
day 0), serum potassium levels declined with 0.4± 0.3 mmol/L in
the acetazolamide arm and 0.2± 0.2 mmol/L in the placebo arm ..
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. (p= 0.022). Three months after randomization, potassium levels
were 4.4± 0.6 and 4.5± 0.7 mmol/L, respectively (p= 0.667).
Regarding the distribution of the pre-defined potassium cate-
gories: mild hypokalaemia (3–3.5 mmol/L) was more frequent on
day 3 compared to baseline (16% vs. 9%, p= 0.004) irrespective of
treatment allocation, with no significant differences between the
treatment allocation on day 3 (p= 0.061) and 3 months after ran-
domization (p= 0.257). Potassium levels <3.0 mmol/L occurred in
only 7 (1%) patients and was similarly distributed between patients

© 2023 European Society of Cardiology.
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Sodium and potassium changes during decongestion with acetazolamide 1315

Figure 2 Sodium and potassium serum changes over time according to treatment allocation with associated p-value for treatment× time
interaction. D0, day 0 (baseline); D1, day 1; D2, day 2; D3, day 3.

Table 2 Trial endpoints according to baseline hyponatraemia (≤135 mmol/L) and hypokalaemia (<3.5 mmol/L)
irrespective of treatment allocation

Endpoint OR/HR (95% CI) p-value OR/HRa (95% CI) p-value
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Hyponatremia ≤135 mmol/L
Primary endpoint (successful decongestion within 3 days) 0.68 (0.40–1.18) 0.172 0.73 (0.42–1.27) 0.259
Successful decongestion at discharge 0.59 (0.39–1.12) 0.183 0.75 (0.32–1.23) 0.282
Mortality and HF readmissions at 3 months 1.59 (1.07–2.40) 0.027 1.35 (0.91–2.02) 0.081

All-cause mortality at 3 months 1.90 (1.11–3.24) 0.019 1.76 (1.02–3.05) 0.044
HF readmissions at 3 months 1.64 (0.99–2.70) 0.063 1.37 (0.82–2.26) 0.238

Hypokalaemia <3.5 mmol/L
Primary endpoint (successful decongestion within 3 days) 0.83 (0.40–1.73) 0.622 0.85 (0.40–1.76) 0.656
Successful decongestion at discharge 0.71 (0.33–1.54) 0.385 0.78 (0.37–1.60 0.500
Mortality and HF readmissions at 3 months 0.82 (0.41–1.50) 0.461 0.82 (0.43–1.57) 0.819

All-cause mortality at 3 months 0.98 (0.34–2.10) 0.710 0.95 (0.38–2.39 0.912
HF readmissions at 3 months 0.86 (0.33–1.74) 0.519 0.75 (0.33–1.74) 0.509

CI, confidence interval; HF, heart failure; HR, hazard ratio; OR, odds ratio.
All statistical tests were two-tailed and used a significance level of α= 0.05 are in bold.
aAdjusted for age, sex, maintenance dose of furosemide, left ventricular ejection fraction, systolic blood pressure, estimated glomerular filtration rate, and use of
mineralocorticoid receptor antagonists.

assigned to placebo or acetazolamide (1% and 2%, respectively,
p= 0.676).

Impact of sodium and potassium
on treatment effects of acetazolamide
Hypokalaemia (<3.5 mmol/L) on admission, irrespective of treat-
ment allocation, was not associated with any clinical outcome
including successful decongestion within 3 days, all-cause mortality,
and heart failure readmissions within 3 months, either in unadjusted ..

..
..

..
..

..
..

..
..

..
..

..
..

..
. or adjusted analyses corrected for differences in baseline charac-

teristics (Table 2). Treatment-induced hypokalaemia (<3.5 mmol/L)
in both treatment arms on day 3 did not affect all-cause mor-
tality and/or heart failure readmissions within 3 months (online
supplementary Table S2). Baseline hyponatraemia (≤135 mmol/L),
irrespective of treatment allocation, was not associated with the
occurrence of decongestion endpoints (successful decongestion
within 3 days and at discharge) but was associated with a higher
odds ratio for the combined endpoint of all-cause mortality
and heart failure readmission within 3 months (p= 0.027 and

© 2023 European Society of Cardiology.
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1316 S. Dhont et al.

Table 3 Treatment effect of acetazolamide on different endpoints according to baseline potassium and sodium
categories

Variable Placebo Acetazolamide OR/HR (95% CI) Adjusted OR/HRa (95% CI) p for interaction
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Successful decongestion within 3 days after randomization, n (%)
Overall 79 (31) 108 (42) 1.77 (1.18–2.63) 1.80 (1.19–2.61) 0.005

0.004a

K<3.5 mmol/L 5 (2) 12 (5) 3.44 (0.82–14.59) 3.51 (0.74–16.76) 0.714
0.757aK 3.5–5.0 mmol/L 68 (26) 83 (32) 1.53 (0.98–2.40) 1.53 (0.97–2.29)

K>5 mmol/L 6 (2) 13 (5) 2.65 (0.65–10.85) 1.80 (0.38–8.61)
Na ≤135 mmol/L 9 (3) 16 (6) 1.61 (0.58–4.76) 1.48 (0.48–4.54) 0.763

0.228aNa 136–145 mmol/L 67 (26) 88 (34) 1.83 (1.74–2.86) 1.80 (1.19–2.74)
Na>145 mmol/L 3 (1) 4 (2) 1.72 (1.54–14.26) 1.12 (0.03–6.54)

Successful decongestion at discharge, n (%)
Overall 145 (63) 190 (78) 1.70 (1.14–2.53) 1.88 (1.09–3.23) 0.009

0.023a

K<3.5 mmol/L 10 (4) 16 (6) 2.23 (0.54–9.32) 1.07 (0.19–5.95) 0.835
0.857aK 3.5–5.0 mmol/L 123 (47) 155 (60) 2.08 (0.89–3.31) 2.02 (1.27–3.23)

K>5 mmol/L 12 (5) 19 (7) 2.88 (0.65–12.70) 1.88 (0.37–9.70)
Na ≤135 mmol/L 16 (6) 35 (14) 3.71 (1.37–10.03) 4.39 (1.40–13.83) 0.355

0.321aNa 136–145 mmol/L 123 (47) 149 (58) 2.10 (1.32–3.36) 2.06 (1.28–3.30)
Na>145 mmol/L 6 (2) 6 (2) 0.67 (0.06–5.29) 0.55 (0.11–4.62)

All-cause mortality or rehospitalization for heart failure during 3 months of follow-up, n (%)
Overall 72 (28) 76 (30) 1.07 (0.78–1.48) 1.08 (0.78–1.50) 0.667

0.638a

K<3.5 mmol/L 7 (3) 6 (8) 0.82 (0.54–1.25) 0.75 (0.56–1.22) 0.074
0.120aK 3.5–5.0 mmol/L 56 (22) 58 (22) 1.06 (0.73–1.54) 1.03 (0.71–1.50)

K>5 mmol/L 9 (3) 12 (5) 0.98 (0.49–1.98) 0.96 (0.41–1.78)
Na ≤135 mmol/L 14 (5) 17 (7) 1.24 (0.61–2.50) 1.50 (0.70–3.20) 0.739

0.752aNa 136–145 mmol/L 56 (22) 56 (22) 1.08 (0.75–1.56) 0.98 (0.67–1.24)
Na>145 mmol/L 3 (1) 3 (1) 0.50 (0.20–3.24) 0.38 (0.26–3.24)

CI, confidence interval; HR, hazard ratio; K, potassium; OR, odds ratio.
All statistical tests were two-tailed and used a significance level of α= 0.05 are in bold.
aAdjusted for age, sex, maintenance dose of furosemide, left ventricular ejection fraction, systolic blood pressure, estimated glomerular filtration rate, and use of
mineralocorticoid receptor antagonists.

p= 0.019, respectively). When adjusted for differences in base-
line characteristics, only the association with all-cause mortality
remained significant (p= 0.044) (Table 2). Table 3 reports the treat-
ment effect of acetazolamide according to baseline sodium and
potassium categories. As displayed in Table 3, no statistical treat-
ment effect modification was found according to all subgroups of
sodium and potassium at baseline. In addition, patients assigned to
acetazolamide had a shorter length of stay versus patients assigned
to placebo (8.8 [8–9.5] days vs. 9.9 [9.1–10.8] days, p= 0.016).
No statistical treatment effect modification was found according
to sodium levels on the length of stay (p for interaction= 0.155,
*adjusted= 0.191) and potassium (p for interaction= 0.707,
adjusted= 0.729). Figure 3 illustrates the relation between baseline
serum sodium and potassium levels reflected as a continuous
variable according to the treatment effect of acetazolamide for the
primary endpoint reflected as a restricted cubic spline.

Discussion
In this pre-specified analysis of the ADVOR trial, we found that
intravenous acetazolamide on top of loop diuretics was not ..
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..

..
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..
..
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..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. associated with clinically meaningful rates of hyponatraemia or
hypokalaemia compared with loop diuretics alone. Moreover, alter-
ations in sodium and potassium levels did not affect the deconges-
tive treatment effect of acetazolamide or its potential to reduce
length of stay (Graphical Abstract). These data provide reassurance
that the upfront use of acetazolamide together with loop diuretics
in order to achieve decongestion in acute decompensated heart
failure can be administered in a safe manner also with regard to
sodium and potassium levels.

Loop diuretics increase potassium loss due to augmented
distal tubular sodium reabsorption in exchange for potassium
excretion.14 Acetazolamide further increases distal tubular sodium
flow (natriuresis) by reducing proximal tubular sodium reabsorp-
tion.1 Therefore, the combinational use of both agents has the
theoretical risk to induce significant hypokalaemia. Hypokalaemia
lengthens the action potential and expands QT dispersion,
thereby increasing the risk of ventricular arrhythmia.2,15,16 The
risk increases steeply with potassium levels below 3 mmol/L,
termed severe hypokalaemia.2 In addition, more severe potassium
decline (>15%) during hospitalization for AHF is an independent
and strong predictor for 180-day all-cause mortality.17,18 In the

© 2023 European Society of Cardiology.
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Sodium and potassium changes during decongestion with acetazolamide 1317

Figure 3 Splines of risk for the primary endpoint (successful decongestion within 3 days) according to baseline sodium and potassium levels.

ADVOR trial, patients who were allocated to acetazolamide in
addition to loop diuretic therapy exhibited marginally lower mean
potassium levels during decongestion in contrast to those assigned
to placebo. These findings highlight the importance of closely
monitoring electrolyte levels in the acute phase of decongestion.
Nonetheless, the decline observed in potassium levels from base-
line in the acetazolamide arm was not considerable (an average
of −0.4 mmol/L at day 3) and was over time not statistically
significant when compared to the placebo group (p= 0.053).
Additionally, this reduction did not lead to a significant increase ..

..
..

..
..

..
..

..
..

..
..

..
..

..
. in the incidence of hypokalaemia (<3.5 mmol/L). Moreover,

potassium levels <3.0 mmol/L were only present in 7 (1%)
patients, similarly distributed between the two groups and
treatment-induced hypokalaemia did not affect any outcome. This
coincided with more initiation of mineralocorticoid receptor
antagonist which was encouraged by the study protocol, partly
due to the increase in aldosterone secretion with potassium
suppletion.13,19 Although, some patients might have received
intravenous potassium supplements which was not captured by
the case report form.

© 2023 European Society of Cardiology.
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1318 S. Dhont et al.

Figure 4 Prevalence of hypokalaemia in different diuretic trials during treatment. D3, day 3; NR, not reported.

In order to enhance comparability with other diuretic trials,
the prevalence of hypokalemia is presented in Figure 4 and online
supplementary Table S3. The Diuretic Optimization Strategies
Evaluation (DOSE) trial found a comparable outcome regarding
severe hypokalaemia (<3.0 mmol/L), which was observed in 1% of
the total patient population.20 Importantly, this is in contrast to
the effect of thiazide-like diuretics on serum potassium levels in
the CLOROTIC trial, which demonstrated a high prevalence of
hypokalaemia, defined as ≤3.0 mmol/L (41% vs. 16%, p< 0.001)
within the first days of daily use of hydrochlorothiazide.21 Indeed,
agents like thiazides, which work distal in the nephron, can induce
significant kaliuresis, as per sodium ion lost 2–3 ions of potassium
are excreted, which is especially pronounced in high aldosterone
states like AHF.22,23 Importantly, in a propensity-matched analysis
of real-world use of thiazides on top of loop diuretics, thiazides,
but not high-dose loop diuretics, were independent predictors of
the occurrence of hyponatraemia and hypokalaemia with a strong
association towards a higher risk for all-cause mortality.12

Hyponatraemia is the most common electrolyte disorder in
patients presenting with AHF, which results from impaired water
excretion (dilutional) rather than sodium loss.4,8,24 Major deter-
minants are increased arginine vasopressin release for any plasma
osmotic pressures (stimulated by angiotensin II) and reduced renal
tubular flow, which impairs the ability of the kidneys to excrete free
water.4 To antagonize these detrimental effects in order to improve
free water excretion, one should try to facilitate solute flow in the ..
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.. distal parts so that the distal nephron can dilute urine to an osmo-

lality as low as 10-fold of serum.4 Adding acetazolamide elegantly
fits in this pathophysiology, especially in the case of prolonged loop
diuretic administration because the latter prevents renal medullar
osmotic build-up which reduces concentrating ability in the collect-
ing ducts even more.4,25 There was a non-significant trend toward
lower baseline sodium levels in the acetazolamide arm, which was
no longer present during follow-up, which might be explained by
the fact that acetazolamide might facilitate the ability of the kidneys
to excrete free water to help correct dilutional hyponatraemia.

Finally, despite the comorbid AHF population in the ADVOR
trial, we did not observe any significant treatment effect modifi-
cation or harm of acetazolamide according to baseline serum and
potassium categories, both in covariate adjusted and unadjusted
analysis. Therefore, the upfront use of acetazolamide on top of
loop diuretic therapy is considered safe irrespective of the base-
line sodium and potassium alterations and these baseline values do
not alter the treatment effect of acetazolamide to achieve more
successful decongestion in AHF.

Limitations
Several limitations of this sub-analysis should be acknowledged.
First, while acetazolamide did not lead to significant changes in
sodium and potassium during acute use, we do not have data
to extrapolate this to its chronic use. Second, the protocol

© 2023 European Society of Cardiology.
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Sodium and potassium changes during decongestion with acetazolamide 1319

recommended the utilization of 500 ml dextrose solution includ-
ing 3 g magnesium sulphate every 24 h and some patients might
have received intravenous potassium supplements. Magnesium is
essential for the proper functioning of the sodium/potassium pump
and hypomagnesaemia potentiates the arrhythmogenic effect of
hypokalaemia and they frequently co-exist.7

Conclusion
Acetazolamide on top of intravenous loop diuretic therapy is a safe
strategy with respect to sodium and potassium serum homeostasis.
The addition of acetazolamide improved diuretic efficacy across the
entire serum sodium and potassium spectrum, ultimately leading
to more successful decongestion and shorter length of stay in a
comorbid decompensated AHF population irrespective of baseline
sodium or potassium.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Funding
This study (KCE-17001) is independent research funded by Belgian Health
Care Knowledge Centre under the KCE Trials Program. The views
expressed in this publication are those of the author(s) and not necessarily
those of Belgian Health Care Knowledge Centre which did not influence
the analysis or reporting of the trial.
Conflict of interest: none declared.

References
1. Mullens W, Dauw J, Martens P, Verbrugge FH, Nijst P, Meekers E, et al.; ADVOR

Study Group. Acetazolamide in acute decompensated heart failure with volume
overload. N Engl J Med. 2022;387:1185–95.

2. Ferreira JP, Butler J, Rossignol P, Pitt B, Anker SD, Kosiborod M, et al. Abnormal-
ities of potassium in heart failure: JACC state-of-the-art review. J Am Coll Cardiol.
2020;75:2836–50.

3. Rossignol P, Coats AJ, Chioncel O, Spoletini I, Rosano G. Renal function,
electrolytes, and congestion monitoring in heart failure. Eur Heart J Suppl.
2019;21:M25–31.

4. Verbrugge FH, Steels P, Grieten L, Nijst P, Tang WHW, Mullens W. Hyponatremia
in acute decompensated heart failure: depletion versus dilution. J Am Coll Cardiol.
2015;65:480–92.

5. Waikar SS, Mount DB, Curhan GC. Mortality after hospitalization with mild,
moderate, and severe hyponatremia. Am J Med. 2009;122:857–65.

6. Holland-Bill L, Christiansen CF, Heide-Jørgensen U, Ulrichsen SP, Ring T,
Jørgensen JOL, et al. Hyponatremia and mortality risk: a Danish cohort study
of 279 508 acutely hospitalized patients. Eur J Endocrinol. 2015;173:71–81.

7. Zeppenfeld K, Tfelt-Hansen J, de Riva M, Winkel BG, Behr ER, Blom NA,
et al. 2022 ESC Guidelines for the management of patients with ventricular ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. arrhythmias and the prevention of sudden cardiac death. Eur Heart J. 2022;43:
3997–4126.

8. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Böhm M, et al.
2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart
failure: developed by the Task Force for the diagnosis and treatment of acute
and chronic heart failure of the European Society of Cardiology (ESC). With the
special contribution of the Heart Failure Association (HFA) of the ESC. Eur J Heart
Fail. 2022;24:4–131.

9. Ter Maaten JM, Valente MAE, Damman K, Hillege HL, Navis G, Voors AA. Diuretic
response in acute heart failure – pathophysiology, evaluation, and therapy. Nat
Rev Cardiol. 2015;12:184–92.

10. Felker GM, Ellison DH, Mullens W, Cox ZL, Testani JM. Diuretic therapy
for patients with heart failure: JACC state-of-the-art review. J Am Coll Cardiol.
2020;75:1178–95.

11. Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, Byun JJ, Colvin MM, et al. 2022
AHA/ACC/HFSA Guideline for the management of heart failure: a report of the
American College of Cardiology/American Heart Association Joint Committee
on Clinical Practice Guidelines. Circulation. 2022;145:E895–E1032.

12. Brisco-Bacik MA, Ter Maaten JM, Houser SR, Vedage NA, Rao V, Ahmad T, et al.
Outcomes associated with a strategy of adjuvant metolazone or high-dose loop
diuretics in acute decompensated heart failure: a propensity analysis. J Am Heart
Assoc. 2018;7:e009149.

13. Mullens W, Verbrugge FH, Nijst P, Martens P, Tartaglia K, Theunissen E, et al.
Rationale and design of the ADVOR (Acetazolamide in Decompensated Heart
Failure with Volume Overload) trial. Eur J Heart Fail. 2018;20:1591–600.

14. Mullens W, Damman K, Harjola VP, Mebazaa A, Brunner-La Rocca HP, Martens P,
et al. The use of diuretics in heart failure with congestion – a position statement
from the Heart Failure Association of the European Society of Cardiology. Eur
J Heart Fail. 2019;21:137–55.

15. Skogestad J, Aronsen JM. Hypokalemia-induced arrhythmias and heart failure:
new insights and implications for therapy. Front Physiol. 2018;9:1500.

16. Tromp J, ter Maaten JM, Damman K, Metra M, Dittrich HC, Ponikowski P,
et al. Serum potassium levels and outcome in acute heart failure (data from the
PROTECT and COACH trials). Am J Cardiol. 2017;119:290–6.

17. Salah K, Pinto YM, Eurlings LW, Metra M, Stienen S, Lombardi C, et al. Serum
potassium decline during hospitalization for acute decompensated heart fail-
ure is a predictor of 6-month mortality, independent of N-terminal pro-B-type
natriuretic peptide levels: an individual patient data analysis. Am Heart J.
2015;170:531–542.e1.

18. Kok W, Salah K, Stienen S. Serum potassium levels during admissions for acute
decompensated heart failure: identifying possible threats to outcome. Am J Cardiol.
2018;121:141.

19. Bauer JH, Gauntner WC. Effect of potassium chloride on plasma renin activity
and plasma aldosterone during sodium restriction in normal man. Kidney Int.
1979;15:286–93.

20. Felker GM, Lee KL, Bull DA, Redfield MM, Stevenson LW, Goldsmith SR,
et al.; NHLBI Heart Failure Clinical Research Network. Diuretic strategies in
patients with acute decompensated heart failure. N Engl J Med. 2011;364:
797–805.

21. Trullàs JC, Morales-Rull JL, Casado J, Carrera-Izquierdo M, Sánchez-Marteles M,
Conde-Martel A, et al.; CLOROTIC Trial Investigators. Combining loop with
thiazide diuretics for decompensated heart failure: the CLOROTIC trial. Eur
Heart J. 2023;44:411–21.

22. Sorensen MV, Grossmann S, Roesinger M, Gresko N, Todkar AP, Barmettler G,
et al. Rapid dephosphorylation of the renal sodium chloride cotransporter in
response to oral potassium intake in mice. Kidney Int. 2013;83:811–24.

23. Hoorn EJ, Nelson JH, McCormick JA, Ellison DH. The WNK kinase network regu-
lating sodium, potassium, and blood pressure. J Am Soc Nephrol. 2011;22:605–14.

24. Romanovsky A, Bagshaw S, Rosner MH. Hyponatremia and congestive heart
failure: a marker of increased mortality and a target for therapy. Int J Nephrol.
2011;2011:732746.

25. Escudero VJ, Mercadal J, Molina-Andújar A, Piñeiro GJ, Cucchiari D, Jacas A, et al.
New insights into diuretic use to treat congestion in the ICU: beyond furosemide.
Front Nephrol. 2022;2:14.

© 2023 European Society of Cardiology.

 18790844, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejhf.2863 by U

niversiteitsbibliotheek, W
iley O

nline L
ibrary on [08/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Sodium and potassium changes during decongestion with acetazolamide -- A pre-specified analysis from the ADVOR trial
	Introduction<?xmltex?><0:query0:id="Q1" 0:lwPstyle="AQ" ><0:p>AUTHOR: Please note references have been renumbered in sequential order. Please check</0:p></0:query>
	Methods
	Trial design and population
	Sodium and potassium serum levels
	Statistical analysis
	Results
	Patients
	Effect of acetazolamide on serum sodium
	Effect of acetazolamide on serum potassium
	Impact of sodium and potassium on treatment effects of acetazolamide
	Discussion
	Limitations
	Conclusion
	Supplementary Information
	Funding
	References

