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Introduction: Alkalosis is a common acid-base disturbance in intensive care unit (ICU) patients. We

evaluated the epidemiology of metabolic alkalosis developing during admission to the ICU and its

relationship with outcome.

Methods: Multicentre, retrospective cohort study of admissions to 12 ICUs in Queensland, Australia from

January 1st, 2015 to December 31st, 2021. We excluded readmissions, patients with metabolic alkalosis

within the first 24 h and those with ICU length of stay (LOS) �48 h. The primary outcome was the

cumulative incidence of metabolic alkalosis during admission, and secondary outcomes were the

frequency of potential underlying causes. Multivariable analyses, including adjustment for immortal

time bias, were used to explore its relationship with mortality.

Results: Of 24,676 eligible admissions, 8889 (36%) developed metabolic alkalosis during their stay in the

ICU. The median time to first development was four days in the ICU (interquartile range 3–6 days). The

most common potential causes were diuretics (28%) and steroids (24%), but no cause could be identified

in more than 40% of cases. After adjustment for immortal time bias, patients with metabolic alkalosis
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ntroduction

Metabolic alkalosis is considered the most common acid-base
isorder encountered in intensive care unit (ICU) patients, as
emonstrated in a retrospective review of more than 100,000
rterial blood gases [1]. It frequently occurs in the context of a
ixed acid-base disturbance following several days of therapy in

ntensive care. Potential contributory factors include therapies for
hock, acidemia, fluid overload, respiratory failure, bowel obstruc-
ion, and renal failure [2,3].

Severe alkalosis can lead to major adverse clinical sequelae,
ncluding tetany, seizures, cardiac arrhythmias, and delirium.
esser degrees of alkalosis are still associated with potentially
eleterious effects, including inhibition of respiratory drive and

eftward shifting of the oxygen-hemoglobin dissociation curve
4,5]. It has been linked with increased patient mortality and
rolonged ICU length of stay (LOS), although not all studies have
emonstrated this association [6–10].

There is a paucity of data evaluating factors contributing to the
evelopment of alkalosis in the ICU, and conflicting evidence
egarding its effect on mortality. In this study, we examined the
ncidence and potential causes of metabolic alkalosis developing in
ritically unwell patients during their ICU admission. We also
imed to clarify the relationship between metabolic alkalosis and
ortality.

ethods

tudy design

Multicenter, retrospective cohort study utilizing data extracted
rom electronic clinical information systems.

etting

Data was obtained from 12 closed model ICUs in Queensland,
ustralia, which utilize an electronic medical record, accessed via

he Queensland Critical Care Research Network (QCCRN) [11].
hese sites include 5 tertiary, 3 outer metropolitan, and 4 regional

CUs, which provide intensive care to the majority of Queensland’s
dult population. The dataset was available for admissions from
anuary 1st, 2015, to December 31st, 2021.

opulation

The study population consisted of all patients aged �18 years
ith a calculated standard base excess (SBE) <4 mmol/L in the first

4 h (i.e., no metabolic alkalosis on arrival to ICU). SBE was chosen

oping during admission as SBE �4 mmol/L at any time after the
first 24 h [13].

Admissions with an ICU LOS �48 h were excluded, as well as
readmissions for the same patient and cases with critical missing
data. The ICU length of stay >48 h criterion was selected to define a
truly critically ill population and exclude low-risk patients who
would be relatively unlikely to develop metabolic alkalosis (for
example, those requiring brief post-operative monitoring or
support).

Patients with chronic respiratory acidosis may have a baseline
compensatory metabolic alkalosis, which is not apparent on
admission due to acidosis associated with their acute disease
process. The elevated SBE in these individuals arguably represents
a return to baseline rather than a true ‘‘ICU-acquired alkalosis’’. As
it is not possible to identify and exclude these individuals using
admission blood gases alone, we performed two sensitivity
analyses:

Excluding all patients with a history of chronic lung
disease according to ICD coding and APACHE-II respiratory
comorbidities

Excluding all patients with respiratory failure identified as a
cause of alkalosis (see definition under outcomes below).

Data sources

Data from patient electronic medical records was collected
from all sites using the eCritical MetaVision clinical information
system. Further data was obtained from the Australia and New
Zealand Intensive Care Society (ANZICS) Centre for Outcome and
Resource Evaluation (CORE) Adult Patient Database (APD),
Queensland Hospital Admitted Patient Data Collection, and linkage
to the Queensland Registry of Births, Deaths and Marriages.
Admission diagnoses were categorized by APACHE diagnostic
group, and comorbidities were classified according to the Charlson
Comorbidity Index (CCI). Laboratory testing and reference ranges
were standardized across all sites by the statewide diagnostic
pathology service.

Outcomes

The primary outcome was the cumulative incidence and timing
of metabolic alkalosis developing during ICU admission. As a
secondary outcome, we assessed the incidence of potential
underlying causes, defined by meeting the following criteria prior
to the development of alkalosis [2,5,7,14,15]:

– Diuretic use: minimum 2 doses of total >80 mg intravenous
furosemide equivalent

– Steroid use: total minimum equivalent to 100 mg prednisone or

were seen to have increased mortality rates. However, it was not an independent predictor of outcome

after adjusting for disease severity and comorbidities using multivariable analysis.

Conclusion: Metabolic alkalosis develops commonly in the ICU, but its association with increased

mortality may be attributable to other confounding factors. Further research is required to elucidate its

underlying causes and whether treatments to correct alkalosis improve outcomes.
�C 2025 The Author(s). Published by Elsevier Masson SAS on behalf of Société Française d’Anesthésie et de

Réanimation (SFAR). This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
o define the population of interest as it is most reflective of the
etabolic component of acid-base balance, while bicarbonate

evels can be influenced by both respiratory and metabolic
isturbance. It was calculated using the formula SBE =
0.0307 � PaCO2 � 10(pH – 6.105)] – 24.8 + [16.2 � (pH – 7.40)]
12]. We defined clinically significant metabolic alkalosis devel-
2

any fludrocortisone administration
– High gastrointestinal losses (upper or lower gastrointestinal

tract): >750 mL per 24 h period
– Respiratory failure: two blood gases at least 24 h apart with

pCO2 > 50 mmHg
– Bicarbonate administration of �100mmol

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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Additional secondary outcomes were the relationship between
alkalosis and 90-day all-cause mortality, and ICU and hospital
lengths of stay.

Statistical analysis

Continuous data is presented as median (IQR) or mean (SD)
according to its distribution. We conducted survival analyses
considering the potential for immortal time bias as alkalosis
develops at variable time points during admission. Unadjusted
analyses were performed using Kaplan-Meier curves with log-rank
testing.

For adjusted analyses, a flexible parametric survival model
was created as described by Royston and Parmar [16]. APACHE III
score, diagnostic category, and Charlson Comorbidity Index (CCI)
were chosen as confounders a priori. The baseline hazard was
modelled on the log hazard scale with 6 knots, and surviving
patients were censored at 90 days. To relax the proportional
hazard assumption, the diagnostic groups and CCI were inter-
acted with the spline function of the log time to allow the
coefficients to vary with time. The APACHE III score was modelled
using restricted cubic splines with 4 knots, and CCI was
categorized into 4 groups.

To explore the relationship between the severity of alkalosis
and mortality, a second model was created where the maximal
calculated base excess was entered as a continuous variable
using a restricted cubic spline with 4 knots. The model
incorporates time to maximal base excess, and maximal base
excess interacts with time. Otherwise, it is identical to the first
model. To facilitate interpretation, marginal survival curves were
estimated using regression-based standardization. Model per-
formance was assessed using Harrell’s C-index and visual
inspection of calibration plots at 30, 60, and 90 days. There
were only two patients with missing data for the regression
modelling, and these two patients were hence excluded from the
modelling.

Data was analysed using Stata/IC 16.1 (Stata Statistical
Software: Release 16. College Station, TX: StataCorp LP 2020).
User-written packages stpm3, standsurv, and sommersd were
utilised in the analyses [17–19].

Results

There were a total of 89,116 admissions during the study
period, of which 24,676 were eligible for inclusion in the final
analysis. A flowchart of the reasons for patient exclusion is shown
in Fig. 1, and a description of the population characteristics is in
Table 1. Of the study population, 8889 (36%) developed metabolic
alkalosis during their stay in the ICU. Patients who developed
metabolic alkalosis had similar APACHE-III scores to those who did
not develop alkalosis, but a higher frequency of mechanical
ventilation (90% vs. 71%). Fig. 2 depicts mean SBE and pH for the
whole population over time, and the median time to development
of alkalosis was four days (interquartile range 3–6 days). The
incidence of alkalosis plateaued from day 10 of admission.

Patient outcomes are listed in Table 2. Alkalotic patients were
seen to have a slightly increased duration of mechanical
ventilation, as well as ICU and hospital LOS. Although unadjusted
mortality was similar, after accounting for immortal time bias, the
alkalosis group is seen to have significantly reduced survival (log-
rank test P-value < 0.001) as shown in the Kaplan-Meier curves in
Fig. 3 as well as Supplementary Fig. S1, which depicts survival
curves stratified by maximal base excess.

Potential causes of metabolic alkalosis are described in
Table 3. Diuretics were seen to be the most frequent contributory
factor, present in 28% of cases. We identified a single factor in
3255 cases (37%), two potential causes in 1683 cases (19%), and
three or more in 692 cases (8%). In a high number of cases (43%), no
causal factors were identified. Fig. 4 depicts Kaplan-Meier survival
curves stratified by the cause of alkalosis, and patients with
respiratory acidosis are seen to have the highest mortality.

Multivariable analyses

After adjustment for baseline severity of illness, there was no
significant association between the development of metabolic
alkalosis and mortality (Fig. 5). Estimated standardized survival
according to maximum SBE level is shown in Fig. 6 and the
supplementary material (Fig. S2). The graphs suggest that a
maximal SBE of around 3 mmol/L was associated with the best
survival (82.2%, 95% confidence interval 81.6–83.0 %), but the
Fig. 1. Flowchart of patient selection.
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raph plateaued rapidly, and a minimal decrement in survival was
oted with increasing SBE levels. By comparison, at a maximal SBE
f 10 mmol, the estimated 90-day survival is 81.3% (95%
onfidence interval 79.7–82.9 %).

Results of the sensitivity analysis, excluding patients with
chronic respiratory disease and a respiratory cause of alkalosis, are
presented in Supplementary Figs. S3-S4 and S5-S6, respectively.
The overall trends were consistent across all the populations

able 1
opulation characteristics.

No alkalosis (n = 15,787) Alkalosis (n = 8889) Overall (N = 24,676)

Age 58 (�17) 57 (�17) 58 (�17)

Female 6290 (38%) 3361 (38%) 9651 (38%)

Charlson comorbidity index
<4 8926 (57%) 5279 (59%) 14,205 (58%)

4�5 3651 (23%) 2002 (23%) 5653 (23%)

6�7 1751 (11%) 888 (10%) 2639 (11%)

>7 1459 (9%) 720 (8%) 2179 (9%)

Diagnostic groups
Cardiovascular 4959 (31%) 2536 (29%) 7495 (31%)

Gastrointestinal 1959 (12%) 947 (11%) 2906(12%)

Metabolic 1170 (7%) 627 (7%) 1797 (7%)

Neurological 2101 (13%) 1240 (14%) 3341 (14%)

Respiratory 1532 (10%) 978 (11%) 2510 (10%)

Sepsis 1614 (10%) 830 (9%) 2444 (10%)

Trauma 1541 (10 %) 1295 (15%) 2836 (11%)

Other 911 (6%) 436 (3%) 1347 (5%)

APACHE-III
Score 56 (41�76) 57 (42�76) 56 (42�76)

Mean predicted mortality 19% (�24) 20% (�23) 19% (�23)

Blood gas with highest SBE
SBE 0.5 (�2.7) 7.1 (�3.1) 2.9 (�4.3)

pH 7.42 (�0.06) 7.46 (�0.05) 7.44 (�0.06)

HCO3 25 (�2.6) 31 (�3.0) 27 (�4.0)

PCO2 39 (�6.6) 45 (�7.9) 41 (�7.6)

Anion gap 5.7 (�3.1) 4.9 (�3.4) 5.5 (�3.2)

Ventilation
Invasive 11,277 (71%) 7957 (90%) 19,234 (78%)

Non-invasive 663 (4%) 557 (6%) 1220 (5%)

Renal replacement therapy 2108 (13%) 1249 (14%) 3357 (14%)

Acetazolamide use 64 (0.4%) 766 (9%) 830 (3%)

esults are presented as n (%), mean (� standard deviation), or median (interquartile range).

BE = Standard base excess.

Fig. 2. Development of metabolic alkalosis over time.

able 2

Fig. 3. Kaplan Meier survival curves with adjustment for immortal time bias.
nadjusted outcomes in patients with and without alkalosis.

Non-alkalosis (n = 15,787) Alkalosis (n = 8889) Overall (n = 24,676)

90-day mortality 2405 (15%) 1249 (14%) 3654 (15%)

ICU length of stay (days) 4 (2�6) 5 (3�10) 4 (2�7)

Hospital length of stay (days) 11 (7�19) 14 (8�24) 12 (7�20)

Days free of ventilation until day 30 28 (24�29) 24 (19�27) 27 (22�29)

4
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evaluated. Calibration plots of all multivariable models can be
found in Supplementary Figures S7-S12.

Discussion

metabolic alkalosis, with some studies considering pH and others
focusing on bicarbonate levels [1,2,9,20]. Our study also specifically
excludes patients who were already alkalotic on admission to the
ICU. It may also be related to patients’ illness trajectory, as the time
delay before the development of metabolic alkalosis in the ICU may
indicate that it occurs during the recovery phase after critical
illness. It is possible that if we had access to blood gas results
following discharge to the ward, we may have seen more patients
develop alkalosis than were detected with the available data.

Diuretics and steroids were the most frequently identified
factors that may have contributed to the development of metabolic
alkalosis. Only one prior study has investigated possible causes of
alkalosis in ICU patients, which was a retrospective analysis using
the Multiparameter Intelligent Monitoring in Intensive Care II
(MIMIC-II) database [2]. The most common causes in their
population were diuretic usage, alkali administration, COPD, and
gastrointestinal losses. Other associations included hypokalemia,
hypernatremia, and hypoalbuminemia, with the majority of
patients (58%) having 3 or more potential risk factors. Of note,
for 40% of the cases in our study, no identifiable cause was found
despite similar risk factors to Liborio’s analysis. In this study, we
have deliberately omitted electrolyte disorders as primary
‘‘causes’’, as they have a complex interplay with acid-base status
and can be both contributory to and the result of alkalosis.
Derangements in sodium and potassium levels are also an
intermediate in the causal pathway between diuretic use and
acid-base disorders. Hypokalemia was around twice as frequent as
hypernatremia in the study by Liborio, but we note that this is
unlikely to be a primary cause of alkalosis unless severely depleted,
which occurs infrequently following ICU admission, as potassium
levels should be routinely monitored and corrected [22].

Multiple authors have reported associations between alkalosis
and higher patient morbidity and mortality [2,6–8]. By contrast,
one Swedish study looking at patients with severe sepsis and septic
shock found no association between metabolic alkalosis and
mortality [9]. We observed that the relationship between alkalosis
and outcome was subtle and nuanced, as it is more frequent in
patients with greater illness severity, but patients must also
survive long enough to develop it. Without careful adjustment,

Table 3
Potential contributory factors for the development of metabolic alkalosis.

Potential causes of alkalosis N (%)

Respiratory failure 1686 (19%)

Diuretic use 2489 (28%)

Steroid use 2151 (24%)

Gastrointestinal losses 828 (9%)

Bicarbonate administration 501 (6%)

Multiple causes identified 1932 (22%)

No cause identified 3794 (43%)

Fig. 4. Kaplan-Meier survival curves stratified by cause of alkalosis.

Fig. 5. Standardized (marginal) survival curves based on multivariable analysis.

*Adjusted for Apache III score, diagnostic category, and Charlson Comorbidity

Index.

Fig. 6. Association between maximal base excess and standardized mortality at

90 days.
Metabolic alkalosis was a common acid-base disturbance in this
population, occurring in over one-third of patients, generally after
four or more days of admission. Our observed rate of alkalosis was
lower than some studies conducted in hospitalized patients, where
it has been reported in up to 51% of cases [20,21]. The variation may
be partially explained by the differing thresholds used to define
5

mortality can appear similar or even slightly lower in the alkalosis
group due primarily to immortal time bias [23]. We found that
alkalosis was strongly associated with mortality after adjustment
for immortal time bias, but this was predominantly accounted for
by patients’ underlying disease severity. Alkalosis was not an
independent predictor of risk after multivariable analysis, adjust-
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ng for the current illness and patient comorbidities. When
onsidering the severity of alkalosis, a maximal SBE of around

 mmol/L was associated with slightly greater survival. However,
he difference in absolute mortality is very small compared to the

ost severely alkalotic patients, and these differences may still be
ue to residual confounding. Baseline mortality rates were higher

n patients with respiratory diseases, but the sensitivity analyses,
xcluding individuals whose alkalosis may have occurred purely as
ompensation for respiratory acidosis, produced similar trends to
he primary models.

trengths and limitations

Strengths of our study include the relatively large sample size,
hich we believe to be the largest cohort to date evaluating
etabolic alkalosis in intensive care patients. The population was

ourced from mixed medical and surgical ICUs in regional and
etropolitan locations, making the results generalizable to a

elatively wide population.
The study is subject to the inherent limitations of retrospective

ohort studies, such as errors in data collection and coding, and the
nability to adjust for confounding variables that are either
nrecorded or unknown. The results may not be applicable to
atients managed in health care systems that differ substantially

rom Australian ICUs. We were also limited in that information was
nly available from intensive care records, and we did not have
ccess to pathology results or blood gases obtained before or after
dmission to the ICU.

onclusion

Metabolic alkalosis is a common acid-base disturbance among
ritically ill patients in Queensland ICUs, occurring most frequently
fter the fourth day of admission. Alkalosis was associated with
ncreased mortality rates, but after controlling for underlying
llness severity, it was not an independent predictor of outcome.
he most common contributory factors identified were steroids
nd diuretics, but in a large proportion of patients, an underlying
ause was not identified. Further study may be required to clarify
he determinants of metabolic alkalosis in the ICU and whether
pecific treatment improves outcome.
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