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Objective: Knowledge of intensive care unit (ICU) acquired hypernatremia (ICU-AH) has been hampered
by the absence of granular data and confounded by variable definitions and inclusion criteria.
Design: Multicentre retrospective cohort study.
Setting: Twelve ICUs in Queensland (QLD), Australia.
Participants: Adult patients admitted to ICU from 2015 to 2021. Only the first ICU admission was
considered, and we categorised patients into mild (146e150 mmol$L�1), moderate (151e155 mmol$L�1)
and severe (>155 mmol$L�1) ICU-acquired hypernatremia.
Main outcome measure: We aimed to study the prevalence of ICU-AH, patient characteristics, trajectory,
risk factors, and outcomes.
Results: Data from 55,255 ICU admissions were included in the analysis, of which 4146 (7.5 %) patients
had ICU-AH. These were subcategorised into mild (n ¼ 2,670, 4.8 %), moderate (n ¼ 1,073, 1.9 %) and
severe (n ¼ 403, 0.73 %) forms. Median time to diagnosis was 4 (2e6) d after ICU admission, while
median time to peak serum sodium level was 5 (3e8) d. The median maximum sodium level across the
cohort was 149 (147e152) mmol$L�1. The sodium correction rate was 1 mmol$L�1 per day, taking a
median of 3 d (1e5) for sodium levels to return below 145 mmol$L�1. APACHE III score, invasive
ventilation, fever, and diuretic use on the day before hypernatremia were independent risk factors for
moderate or severe ICU-AH. After adjusting for confounders, all levels of hypernatremia were inde-
pendently associated with an increased risk of 30-d in-hospital mortality.
Conclusions: In a large multicentric study of critically ill patients, ICU-acquired hypernatremia occurred
in one in eight admissions after a median of four days in the ICU and was preceded by identifiable and
Queen Elizabeth II Jubilee Hospital, 360 Troughton Road, Coopers Plains, Brisbane, Queensland, Australia. Tel.:

A. Nasser).

B.V. on behalf of College of Intensive Care Medicine of Australia and New Zealand. This is an open access article under
g/licenses/by-nc-nd/4.0/).

mailto:ahmad.nasser@health.qld.gov.au
www.sciencedirect.com/science/journal/14412772
http://www.elsevier.com/locate/ccrj
https://doi.org/10.1016/j.ccrj.2024.09.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ccrj.2024.09.003
https://doi.org/10.1016/j.ccrj.2024.09.003


A. Nasser et al. / Critical Care and Resuscitation 26 (2024) 303e310304
modifiable risk factors. If severe, its correction was slow, and normalisation was delayed. After adjusting
for other factors, all levels of hypernatremia were an independent risk factor for 30-d in-hospital
mortality.

© 2024 The Authors. Published by Elsevier B.V. on behalf of College of Intensive Care Medicine of
Australia and New Zealand. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction 2.3. Data sources
Hypernatremia, defined as sodium levels above 145 mmol$L�1,
is a relatively common electrolyte disturbance in clinical settings.1

Its prevalence in hospital patients has been reported at around
0e2 %, but in Intensive Care Unit (ICU) patients, its prevalence
appears to range from 6 to 47 %.1e5 In this regard, in 2016, a large
Dutch study reported a gradual shift in dysnatremia in ICUs, where
over two decades, the prevalence of hyponatremia was halved
while that of hypernatremia almost doubled from 13 % to 24 %.6

Hypernatremiamay be related to net sodium gain from increased
intake and/or reduced losses. However, it is most commonly due to
net electrolyte-free water deficit due to reduced water intake and/or
increased losses1,2 or both. This is particularly problematic in criti-
cally ill patients who are often unable to manage their fluid intake
because of mechanical ventilation or altered consciousness, thus
increasing the risk of ICU-acquired hypernatremia (ICU-AH).7

Hypernatremia is dangerous. It has been associated with a wide
range of complications, including disturbed glucose utilisation,
impaired gluconeogenesis, rhabdomyolysis, neurological deterio-
ration, cardiomyopathy, and increased hospital and ICU length of
stay.1 Some studies have reported an independent association with
increased mortality of up to 30e48 %.1,2 However, while there are
several studies of hypernatremia in ICU, many did not consider its
varying degrees of severity or account for confounding varia-
bles.7e10 Furthermore, there was significant variation in the cutoff
sodium levels and the day of ICU admission used by different
research groups to diagnose hypernatremia.7 As a result, some of
the conclusions drawn from these studies may not be truly repre-
sentative of the whole ICU population in a given healthcare juris-
diction, thereby limiting their external validity.

Accordingly, we used a statewide ICU database in Queensland,
Australia, to determine the prevalence, patient characteristics,
trajectory, risk factors and outcomes for ICU-AH in an Australian
ICU setting.

2. Materials and methods

2.1. Study design

We conducted a large multicentre statewide (Queensland,
Australia) retrospective cohort study of patients with ICU-acquired
hypernatremia.

2.2. Study population

We included patients from twelve ICUs across Queensland,
Australia. All adult ICUpatients admitted between the 1st of January
2015 and the 31st of December 2021were included in the study, and
only the first ICU admission was considered. Patients with no so-
dium measurements or with preexisting hypernatraemia (sodium
levels >145 mmol$L�1) on the first day of ICU admission were
excluded.

To avoid confounding variables, we also excluded patients
transferred from other ICUs, under palliative care, or with a neuro-
logical, trauma, fulminant liver failure or post-cardiac arrest diag-
nosis, where hypernatremia might represent a therapeutic
intervention aimed at decreasing cerebral oedema.
We accessed routinely collected data from the statewide eCrit-
ical MetaVisionTM (iMDsoft, Boston, MA, USA) clinical information
system, including patients’ demographics, admission diagnosis,
laboratory data, medications, clinical observations and fluid bal-
ance.11e15 The Australia and New Zealand Intensive Care Society
(ANZICS) Centre for Outcome and Resource Evaluation (CORE)
Adult Patient Database (APD) was used to extract data on the
severity of illness and outcome prediction.14,16,17 The dosage of
various vasopressor agents was standardised using the noradren-
aline equivalent score (Supplemental Table S1).18

2.4. Definitions

ICU-acquired hypernatremia (ICU-AH) was defined as a sodium
level above 145 mmol$L�1, which was not present on admission
and, therefore, was acquired after ICU admission. ICU-AH was
further subcategorised into mild (146e150 mmol$L�1), moderate
(151e155 mmol$L�1) and severe (>155 mmol$L�1). Fever on the
day before its occurrence was defined as the presence of a recorded
body temperature �38 �C.

2.5. Outcomes

The primary outcome of this study was the prevalence of ICU-
acquired hypernatremia and its subgroups: mild, moderate, and
severe.

Secondary outcomes were patient characteristics, timing, and
risk factors.

Exploratory outcomes were the trajectory of serum sodium
correction and the association of hypernatremia with hospital
mortality.

The primary outcome was computed from the total number of
patients, including those with the highest serum sodium level in
the hyponatremic range (<135 mmol$L�1). Secondary analyses
were performed excluding such patients. Similarly, patients with
hypernatremia on their first sodium measurement on ICU admis-
sion were excluded.

2.6. Statistical analysis

Baseline characteristics are reported as absolute values with
percentages for categorical variables or median with the inter-
quartile interval for quantitative variables. A linear mixed model
was used to study the daily maximum serum sodium evolution
across time. The model included a fixed effect for time, capturing
the general trend in sodium concentration over time. Additionally,
random effects were incorporated to allow for individual de-
viations from the overall pattern. Specifically, random intercepts
and slopes for a time were modelled at the subject level, allowing
each individual to have a unique baseline sodium concentration
and rate of change over time. Furthermore, an additional random
intercept was included for time, accounting for variability across
the time points that were not explained by individual differences.
Logistic regression models were fitted to assess moderate or se-
vere ICU-acquired hypernatremia risk factors and hospital mor-
tality. The first model was performed in the population of patients
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who experienced ICU-acquired hypernatremia, while the latest
was applied to the overall cohort. Multivariable models were built
using a full pre-specification method.19,20 Correlation and inter-
action were carefully checked within the final models. Results are
given as odds ratios with 95 % confidence intervals (OR, 95 % CI).
Statistical analyses were performed using R version 4.4.0 (R
Foundation for Statistical Computing, Vienna, Austria) with the
packages 'dplyr’, 'ggplot20, 'ggpubr’, 'gtsummary’, 'survey’, ‘nlme’
and 'mice’.
2.7. Missing data management

To handle missing data of baseline characteristics within our
dataset, we used multiple imputations to create ten plausible
substitute datasets and combined their estimates in a way that
maintained statistical power and reduced bias. The amount of
missing data for key variables is shown in Supplementary Table S2.
Table 1
Baseline characteristics.

Characteristic Overall
N ¼ 55,255a

Normal
N ¼ 46,412a

Demographic
Age e year 62 (49e72) 62 (49e72)
Sex female 20,749 (38) 17,266 (37)
Body mass index e kg.m-2 28 (24e33) 28 (24e33)
Body surface area e m2 1.95 (1.78e2.12) 1.95 (1.78e2.12)
Admission
Hospital length of stay pre-ICU

admission e hours
14 (6e46) 14 (6e45)

Admission source
Emergency department 13,065 (24) 10,193 (22)
Operating Theatre 33,375 (60) 29,672 (64)
Other hospital 2147 (3.9) 1658 (3.6)
Unknown 10 (<0.1) 8 (<0.1)
Ward 6,658 (12) 4881 (11)

Hospital type
Metropolitan 5403 (9.8) 4,249 (9.2)
Rural/Regional 6,462 (12) 4,907 (11)
Tertiary 43,390 (79) 37,256 (80)

Medical/Surgical admission
Medical 21,742 (39) 16,624 (36)
Surgical 33,513 (61) 29,788 (64)
Elective surgery 24,570/33,513 (73) 22,568/29,788 (76

Comorbidities
Chronic respiratory disease 2,247 (4.1) 1,788 (3.9)
Chronic cardiovascular disease 1,997 (3.6) 1,657 (3.6)
End stage kidney disease 1,211 (2.2) 945 (2.0)
AIDS/HIV 28 (<0.1) 23 (<0.1)
Cancer with metastasis 1,767 (3.2) 1501 (3.2)
Chronic liver disease 1,232 (2.2) 821 (1.8)
Immunosuppression 4,658 (8.4) 3,751 (8.1)
Haemopathy 1,054 (1.9) 820 (1.8)
Prognostic scores
APACHE III risk of death 0.05 (0.02e0.13) 0.04 (0.01e0.11)
APACHE III Score 51 (39e65) 50 (38e63)
Total SOFA score 4.0 (2.0e7.0) 4.0 (2.0e7.0)
Day of ICU admission
Max serum creatinine at day one, mmol.L�1 80 (63e110) 79 (63e105)
Max white count cells at day one, x109.L�1 12 (9e17) 12 (9e17)
Max serum lactate at day 1 mmol$L-1 1.80 (1.20e2.80) 1.80 (1.20e2.70)
Minimum pH at day one 7.32 (7.26e7.36) 7.32 (7.27e7.36)
Max bilirubin at day one, mmol.L�1 15 (11e21) 15 (11e20)
Max noradrenaline equivalent

dose at day one
0.04 (0.01e0.11) 0.04 (0.01e0.10)

Invasive ventilation at day one 29,642 (54) 25,224 (54)
Renal replacement therapy at day 1 1,406 (2.5) 1079 (2.3)

AIDS: Acquired Immunodeficiency Syndrome; APACHE-III: Acute Physiology and Chronic
IQR: interquartile range; kg.m-:2 kilogram per meter;2 m2 ¼ meter,2 SD: standard deviat
litre; mmol.L�1: millimoles per litre.

a Continuous variables are presented as mean ± SD or median (Q1-Q3). Categorical va
2.8. Statement of ethics

The studywas approved, and a consentwaiverwas granted by the
Metro South Hospital and Health Service Human Research Ethics
Committee (HREC) under the reference number HREC/2022/QMS/
82024.
3. Results

3.1. Baseline characteristics

From the 1st of January 2015 to the 31st of December 2021, we
collected data from 74,851 index ICU admissions from 12 ICUs. After
removing those who met the exclusion criteria, we studied 55,255
patients (Supplemental Fig. S1). Their baseline characteristics are
shown in Table 1. The median age was 62 yrs, and 20,749 (38 %)
were female. Most patients had a surgical admission (n ¼ 33,513,
ICU-Acquired Hypernatremia Hyponatremia
N ¼ 4,697a

Mild N ¼ 2,670a Mod N ¼ 1,073a Severe N ¼ 403a

61 (47e72) 62 (49e70) 60 (49e70) 64 (51e73)
1,058 (40) 411 (38) 161 (40) 1853 (39)
28 (24e33) 28 (24e34) 28 (25e34) 27 (23e32)
1.94 (1.77e2.12) 1.96 (1.78e2.13) 1.96 (1.75e2.16) 1.89 (1.72e2.07)

8 (3e32) 8 (3e30) 8 (3e36) 15 (6e72)

1004 (38) 409 (38) 151 (37) 1308 (28)
954 (36) 344 (32) 119 (30) 2,286 (49)
217 (8.1) 99 (9.2) 42 (10) 131 (2.8)
1 (<0.1) 0 (0) 0 (0) 1 (<0.1)
494 (19) 221 (21) 91 (23) 971 (21)

457 (17) 161 (15) 72 (18) 464 (9.9)
279 (10) 105 (9.8) 36 (8.9) 1135 (24)
1,934 (72) 807 (75) 295 (73) 3,098 (66)

1,709 (64) 725 (68) 283 (70) 2,401 (51)
961 (36) 348 (32) 120 (30) 2,296 (49)

) 371/961 (39) 111/348 (32) 44/120 (37) 1,476/2296 (64)

191 (7.2) 48 (4.5) 24 (6.0) 196 (4.2)
91 (3.4) 34 (3.2) 11 (2.7) 204 (4.3)
13 (0.5) 5 (0.5) 3 (0.7) 245 (5.2)
2 (<0.1) 0 (0) 0 (0) 3 (<0.1)
49 (1.8) 20 (1.9) 4 (1.0) 193 (4.1)
108 (4.0) 68 (6.3) 38 (9.4) 197 (4.2)
276 (10) 96 (8.9) 41 (10) 494 (11)
74 (2.8) 34 (3.2) 15 (3.7) 111 (2.4)

0.15 (0.05e0.34) 0.22 (0.09e0.43) 0.24 (0.10e0.48) 0.07 (0.03e0.19)
66 (51e83) 74 (57e89) 74 (60e90) 54 (41e68)
7.0 (5.0e10.0) 8.0 (5.0e10.0) 9.0 (5.0e11.0) 3.0 (1.0e6.0)

92 (68e139) 98 (72e150) 112 (75e170) 84 (63e129)
13 (9e18) 14 (9e19) 14 (10e19) 13 (9e18)
2.60 (1.50e4.60) 2.80 (1.70e5.10) 3.10 (1.90e5.50) 1.70 (1.20e2.70)
7.27 (7.18e7.34) 7.24 (7.16e7.32) 7.24 (7.14e7.33) 7.34 (7.28e7.39)
16 (11e26) 18 (12e29) 19 (12e30) 16 (11e24)
0.09 (0.03e0.19) 0.13 (0.04e0.25) 0.12 (0.05e0.27) 0.05 (0.01e0.12)

1,988 (74) 851 (79) 308 (76) 1,271 (27)
93 (3.5) 39 (3.6) 24 (6.0) 171 (3.6)

Health Evaluation-III; HIV: Human Immunodeficiency Virus; ICU: intensive care unit;
ion; SOFA: Sequential Organ Failure Assessment; mmol.L�1: micromoles per litre; L:

riables are presented as n/N (%).
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61 %), and sepsis was the leading condition among medical ad-
missions (n ¼ 10,857; 56 %). The median Acute Physiology and
Chronic Health Evaluation III score (APACHE) was 51. On the day of
ICU admission, 29,642 (54 %) patients were invasively ventilated,
23,974 (43 %) were on vasopressor support, and 1406 (2.5 %) were
on renal replacement therapy.
3.2. Prevalence of hypernatremia

Overall, 4146 (7.5 %) patients experienced at least one episode of
ICU-acquired hypernatremia. Of these, 2670 (4.8 %) patients were
mild,1073 (1.9 %) patients weremoderate, and 403 (0.73 %) patients
were severe ICU-AH (Fig. 1). An analysis that included patients who
had only one ICU admission (Supplemental Fig. S4) and another
that included all ICU admissions (Supplemental Fig. S5) displayed
similar results.

The median maximum sodium level across the cohort was 149
(147e152) mmol$L�1. The prevalence of hypernatremia was stable
from 2015 to 2019 but increased from 6.8 % to 9.4 % from 2020 to
2021 (p < 0.001 for change in slope) (Supplemental Fig. S2). This
increase was mainly driven by an increase in the mild hyper-
natremia category.
3.3. Trajectory of hypernatremia

ICU-acquired hypernatremia was first diagnosed at a median of
day 4 (2e6) after ICU admission, while the peak serum sodiumwas
reached on day 5 (3e8). The course of hypernatremia correction is
displayed in Fig. 2. After the first day of hypernatremia, the
correction rate was �1 mmol$L�1 per day according to the linear
mixed model, and the median duration of hypernatremia was 3
d (1e5). Patients with severe and moderate ICU-acquired hyper-
natremia experienced a longer median duration of hypernatremia
of 7 d (4e10) and 5 d (3e8), respectively, compared to 2 d (1e3) for
those with mild hypernatremia. The distribution of residuals with
Fig. 1. Frequency distribution plot of ma
the QQ-plot is provided in the supplemental material
(Supplemental Fig. S6).

Daily maximum serum sodium levels were associated with the
daily maximum chloride level with a steeper slope among those
with severe hypernatremia (Supplemental Fig. S3).

3.4. Risk factors for moderate or severe ICU-acquired
hypernatremia

For 4135 (99.7 %) patients, information about the day before the
first hypernatremia day was available. Before the first onset of
hypernatremia, 81 % of patients were invasively ventilated, 35 %
had at least one fever episode, 41 % were exposed to diuretics, and
the median volume of crystalloid administered was 1262 ml (692-
1952).

As shown in Table 2, on multivariable analysis, chronic liver
disease (OR ¼ 1.57, 95 % CI [1.18 to 2.09]), diuretic use (OR ¼ 1.26,
95 % CI [1.08 to 1.48]), the amount of crystalloid fluid given
(OR¼ 1.03 per 500ml, 95 % CI [1.00 to 1.07]), sepsis (OR¼ 1.35, 95 %
CI [1.16 to 1.57]), invasive ventilation (OR ¼ 1.83, 95 % CI [1.52 to
2.20]) and fever on the previous day (OR ¼ 1.57, 95 % [1.37 to 1.81])
were independently associated with increased risk of moderate or
severe hypernatremia. The unadjusted logistic regression model is
shown in the Supplemental Table S3.

3.5. Association of ICU-acquired hypernatremia with 30-day
hospital mortality

Kaplan Meier survival plots displayed a gradual increase in 30-
d hospital mortality (Fig. 3) according to the severity of hyper-
natremia. After adjustment for multiple confounders by the Logistic
regression model, mild, moderate, and severe ICU-acquired
hypernatremia were all independently associated with a progres-
sively increasing risk of 30-day hospital mortality (OR ¼ 1.61, 95 %
CI [1.40 to 1.86], OR ¼ 2.44, 95 % CI [2.04 to 2.92], and OR ¼ 3.61,
95 % CI [2.78 to 4.7], respectively) (Table 3).
ximum serum sodium levels in ICU.
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4. Discussion

4.1. Key findings

We analysed granular data from over 50,000 unique patient
admissions to the ICU and found several key findings. First, ICU-
acquired hypernatremia occurs in >7 % of ICU patients. Second, we
found that the peak level of hypernatremia occurred on day five.
Table 2
Factors associated with moderate or severe ICU-acquired hypernatremia on unadjusted

Variable N

Chronic liver disease 4,1
Diabetes 4,1
Sepsis 4,1
Fever the day before the first hypernatremia day 4,1
Diuretics use the day before the first hypernatremia day 4,1
Urine output the day before the first hypernatremia day - per 500 ml 4,1
APACHE Score III 4,1
Crystalloid fluid - per 500 ml 4,1
Type of admission 4,1
Medical
Surgical

Invasive mechanical ventilation on the day before the first hypernatremia day 4,1

APACHE-III: Acute Physiology and Chronic Health Evaluation-III; CI: Confidence Interval
Only patients who experienced ICU-acquired hypernatremia were included in the model.
to the absence of complete information of the day before hypernatremia onset. All 4135 re
patients as information for the day before the first hypernatremia day was considered no
hypernatremia) was 1470.
Third, we found that the correction of hypernatremia was slow at
only 1 mmol$L�1 per day. Fourth, we found that the duration of
hypernatremia was greater in moderate and severe cases, taking
over 5 d to be corrected to normal levels. Fifth, we identifiedmultiple
risk factors associated with the development of ICU-acquired
hypernatremia, including modifiable ones. Finally, after adjustment
for confounders, we found that all levels of hypernatremia were
associated with an increased risk of hospital mortality.
and multivariable logistic regression.

Unadjusted Multivariable

OR 95 % CI p-value OR 95 % CI p-value

35 1.83 1.39 to 2.42 <0.001 1.57 1.18 to 2.09 0.002
35 1.01 0.74 to 1.38 0.93 1.00 0.72 to 1.38 >0.99
35 1.62 1.41 to 1.85 <0.001 1.35 1.16 to 1.57 <0.001
35 1.71 1.50 to 1.95 <0.001 1.57 1.37 to 1.81 <0.001
35 1.44 1.27 to 1.64 <0.001 1.26 1.08 to 1.48 0.004
35 1.05 1.03 to 1.08 <0.001 1.01 0.99 to 1.04 0.37
35 1.01 1.01 to 1.01 <0.001 1.01 1.01 to 1.01 <0.001
35 1.06 1.03 to 1.09 <0.001 1.03 1.00 to 1.07 0.044
35

e e e e

0.82 0.72 to 0.94 0.005 0.92 0.79 to 1.06 0.26
35 2.00 1.67 to 2.39 <0.001 1.83 1.52 to 2.20 <0.001

; ml: milliliter; OR: Odds Ratio.
11 patients with ICU-Acquired hypernatremia were excluded from this analysis due
maining observations have been included. No imputationwas performed on these 11
t missing at random. The total number of events (moderate or severe ICU-acquired
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Fig. 3. Kaplan Meier survival curve for 30-day hospital mortality according to ICU-acquired hypernatremia severity.

Table 3
Factors related to hospital mortality by unadjusted and multivariable logistic regression.

Characteristic Unadjusted Multivariable

OR 95 % CI p-value OR 95 % CI p-value

Age - per 10 years 1.42 1.38, 1.46 <0.001 1.30 1.26, 1.34 <0.001
Chronic respiratory disease 2.97 2.60, 3.40 <0.001 2.26 1.93, 2.65 <0.001
Chronic liver disease 4.84 4.14, 5.67 <0.001 2.35 1.94, 2.85 <0.001
Immunosuppression 2.83 2.56, 3.14 <0.001 1.15 0.99, 1.33 0.060
Hematological cancer 4.96 4.22, 5.85 <0.001 1.34 1.08, 1.67 0.009
ICU-AH sodium category
Normal e e e e

Mild 3.70 3.29, 4.17 <0.001 1.61 1.40, 1.86 <0.001
Mod 6.36 5.46, 7.40 <0.001 2.44 2.04, 2.92 <0.001
Severe 9.64 7.74, 12.0 <0.001 3.61 2.78, 4.70 <0.001

Sepsis 6.01 5.52, 6.55 <0.001 1.71 1.53, 1.90 <0.001
Metastatic cancer 1.67 1.39, 2.01 <0.001 1.49 1.19, 1.87 <0.001
Invasive mechanical ventilation on the day of ICU admission 1.19 1.10, 1.29 <0.001 1.10 1.00, 1.22 0.062
APACHE Score III 1.06 1.06, 1.06 <0.001 1.05 1.04, 1.05 <0.001
Chronic cardiovascular disease 1.75 1.48, 2.08 <0.001 1.18 0.97, 1.44 0.10
Type of admission
Medical e e

Surgical 0.59 0.53, 0.66 <0.001

APACHE-III: Acute Physiology and Chronic Health Evaluation-III; CI: Confidence Interval; OR: Odds Ratio, mmol.L�1: millimoles per litre.
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4.2. Relationship to literature

The prevalence of ICU-acquired hypernatremia varied in the
literature, dependent on the timing and definitions used and was
based on a limited number of large studies. A large retrospective
Dutch study reviewing data from 80,571 patients collected over 21
yrs (1992e2012) from two ICUs reported that the prevalence of
hypernatremia increased over a 21-y study period from 13 % to
24 %, with severe hypernatremia increasing from 0.7 to 6.3 %.6 Such
findings suggest a much higher prevalence than that observed in
our cohort and demonstrate the pervasiveness of this condition.
However, the Dutch investigators did not exclude patients who had
hypernatraemia before the ICU admission nor those with inten-
tional therapeutic high sodium targets, such as head trauma pa-
tients. They, however, reported that overall mortality increased
over the 21-y study period from 13 % to 16 % and that extremes of
high and low sodium levels were significantly associated with
mortality following a U-shaped relationship.6 They did not report
on the use of fluids or diuretics, did not account for or adjust for risk
factors, and did not report the rate of sodium correction. Thus, our
study is the first to identify modifiable risk factors for hyper-
natremia, its slow correction and its adjusted association with
mortality.

A study by Waite et al. reviewed data from 207,702 patients
from 344 ICUs in the US over a 2-y period and reported a hyper-
natremia prevalence of 4.3 %.7 However, this study did not report
data on fluids or diuretics use and limited inclusion criteria to pa-
tients with sodium >149 mmol$L�1 and only after 48 h of ICU
admission. Our study showed that mild ICU-acquired hyper-
natremia (sodium 146e150 mmol$L�1) patients represented >60 %
of all cases, implying thatmany patients would have beenmissed in
such a study. However, our findings that patients developed
hypernatremia after a median of 4 days and peaked on day 5
aligned with the study by Waite et al., who reported sodium levels
>149 mmol$L-1 after a median of 5 days post-ICU admission7 and,
once again, demonstrating the pervasive occurrence of this condi-
tion. This study also reported that, after controlling for illness
severity and ICU-related conditions, ICU-acquired hypernatremia
was an independent predictor of mortality and ICU length of stay,
with a higher risk of mortality for the more severe hypernatremia.7

Our results confirm such findings in the Australian setting. How-
ever, the US investigators could only adjust for risk factors at
admission and were unable to correct for events that occurred the
day before the development of hypernatremia.

Ten years ago, an Australian study reviewed 10 years of ANZICS
data and included 436,209 ICU patients. It reported that high levels
of admission sodium were not associated with increased mortal-
ity.21 However, this study relied on admission sodium values and
focused only on patients with respiratory diagnoses. Such patients
likely did not have ICU-acquired hypernatremia, the subject of our
investigation, which, as we show in our study, occurs on average
four days after admission. Finally, they had no information available
on the trajectory of hypernatremia or modifiable risk factors.
Finally, several studies reported that hypernatremia was common
among COVID-19 patients and was associated with increased
mortality.22e25 We are the first to report on the increased preva-
lence of hypernatremia during the period of the COVID-19
pandemic in Australia.

4.3. Study implications

Our findings imply that, in Queensland (and likely elsewhere in
Australia), ICU-acquired hypernatremia occurs in more than 7 % of
patients. These also imply that the overall sodium correction rate in
such patients is slow. In addition, they imply that crystalloid fluid
administration, fever, and diuretic use are potentially modifiable
factors for its occurrence. Finally, our data imply that there is an
independent increase in mortality risk for all levels of hyper-
natremia and that such risk progressively increases with greater
severity. As such, they provide a rationale for controlled studies of
interventions aimed at the prevention and correction of hyper-
natremia prior to becoming moderate or severe.

4.4. Strengths and limitations

Our study has several strengths. First, we collected seven years
of data from a large cohort of ICU patients across the state of
Queensland. This makes our data likely to be a robust representa-
tion of the overall ICU population in Australia and other resource-
rich countries. Second, we used comprehensive granular data
prospectively stored in a clinical database and then electronically
extracted for the study. This helped to alleviate data errors and
minimised potential recall bias. Third, our diagnosis of hyper-
natremiawas clearly defined, andwe categorised it by severity. This
allowed us to study the association of different severity categories
of hypernatremia. Moreover, for the first time, we were able to
study the rate of correction of such hypernatremia and to demon-
strate the slow rate of such correction. Finally, because of such
granular data, we were able to adjust outcomes for major con-
founding variables, thus determining the independent association
of hypernatremia with mortality.

We acknowledge some limitations. First, this was a retrospective
study, and the quality of our results is reliant on the quality of the
stored data. However, data were prospectively collected in the clin-
ical database and routinely audited by independent clinical and
technical staff to ensure its quality. Second, a few ICUs in Queensland
did not use the electronic database for data collection. These were
relatively smaller units, and given our vast sample size, their data
would not materially alter our results. Third, the data were collected
from several ICUs of different sizes and possibly different patient
cohorts. This might pose the risk of a slight difference in practice;
however, it also represents real-world clinical practice, making our
data more realistic and representative of the general population.
Fourth, our study was not designed to detect detailed data about the
types of fluids administered, which could have contributed to the
development of hypernatremia. Finally, our study is observational in
design. Thus, the associations observed cannot be used to infer
causality and are only hypothesis generating.

5. Conclusion

We conducted a largemulticentric study using detailed electronic
medical record-embedded data and found that ICU-acquired
hypernatremia is common in critically ill patients and typically oc-
curs on the fourth day of ICU admission. Moreover, diuretic use, fluid
administration and fever are risk factors for its development, sug-
gesting that measures could be taken to decrease risk. In addition,
once hypernatremia occurs, its correction is slow, particularly when
severe. Finally, after adjusting for multiple risk factors, all severities
of hypernatremia are independently associated with an increased
risk of mortality. These hypothesis-generating observations provide
the necessary epidemiologic background and rationale for designing
and powering interventional studies aimed at decreasing the prev-
alence and severity of ICU-acquired hypernatremia.
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