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Abstract
Background Hypernatremia is a major electrolyte disorder associated with death among critically ill patients. Glucocorticoid 
therapy may cause hypernatremia in refractory septic shock patients, but the association between glucocorticoid and intensive 
care unit (ICU)-acquired hypernatremia (IAH) remains unclear. The aim of this study was to clarify whether glucocorticoid 
administration was associated with IAH.
Methods This was a nested case–control study using data from an established cohort including 121 IAH cases identified 
from 1756 patients who were admitted to ICU in a tertiary care facility in Japan. We included patients who were admitted 
with a normal range of serum sodium concentrations (130–149 mEq/L) from January 1, 2013 to December 31, 2015 and 
remained in ICU for ≥ 2 days. Hypernatremia was defined as serum sodium concentration ≥ 150 mEq/L. Each case was 
matched to one control.
Results Multivariable conditional logistic regression revealed high-dose glucocorticoid {odds ratio (OR), 4.15 [95% con-
fidence interval (CI) 1.29–13.4]}, acute kidney injury (AKI) [OR, 2.72 (95% CI 1.31–5.62)], and osmotic diuretics [OR, 
3.44 (95% CI 1.41–8.39)] to be significantly associated with IAH. The contents and amounts of fluid infusion were not 
significantly associated with IAH. There were also significant duration–response effects between duration of glucocorticoid 
use and IAH; however, pulse glucocorticoid administration was not associated with IAH.
Conclusion In this nested case–control study, we demonstrated a significant association between IAH and high-dose gluco-
corticoid with significant duration–response effects. Serum sodium concentrations should be monitored carefully in critically 
ill patients administered prolonged high-dose glucocorticoid.

Keywords Hypernatremia · Intensive care unit · Glucocorticoid · Epidemiology · Nested case–control study · Incidence 
density sampling

Introduction

Hypernatremia is one of the major electrolyte disorders 
associated with death among critically ill patients. Previous 
studies have shown that intensive care unit-acquired hyper-
natremia (IAH) was an independent predictor of increased 
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mortality [1–5]. Hypernatremia causes many adverse effects 
such as neurologic dysfunction and decreased left ventricu-
lar contractility that might lead to prolonged duration of 
mechanical ventilation and delayed weaning [6–8]. Thus, 
the prevention of hypernatremia in critically ill patients is 
crucial.

Hypernatremia is caused by electrolyte-free water deple-
tion resulting from defective urinary concentration or 
increased insensible and enteral losses, in addition to inad-
equate water intake or fluid management [9, 10]. Previous 
studies have revealed that mannitol, renal insufficiency, 
mechanical ventilation, sepsis, hypokalemia, and sodium 
bicarbonate are the risk factors for IAH [2, 4]. Insensible 
water loss is caused by hyperventilation, high body tempera-
ture, or under mechanical ventilation. Urinary concentrating 
defects are caused by impaired water reabsorption in the 
collecting duct and by osmotic diuresis.

Osmotic diuresis can lead to a significant loss of electro-
lyte-free water and is caused by osmotic diuretics such as 
mannitol and glycerol, glucose, and urea. Osmotic diuresis is 
also caused by urea, and it can be observed in patients with 
sepsis, respiratory failure, and other catabolic states [11].

Glucocorticoid treatment leads to an increase in the levels 
of blood urea nitrogen (BUN) via catabolism. Overproduc-
tion of BUN plays an important role in osmotic diuresis. A 
systematic review revealed that glucocorticoid therapy was 
associated with hypernatremia among patients with refrac-
tory septic shock [12]. Another retrospective cohort study 
showed that steroid therapy was associated with intensive 
care unit (ICU)-acquired hypernatremia (IAH), although the 
authors did not provided any definition, duration, or dosages 
of steroid treatment involved, including whether or not pulse 
treatment of glucocorticoids was administered [4]. Thus, 
the relation between glucocorticoid and IAH has largely 
remained unclear.

Herein, we aimed to examine whether glucocorticoid 
administration was associated with IAH using a nested 
case–control study design, which can minimize the selec-
tion bias.

Methods

Study population, setting, and definitions

This study was a nested case–control study using data from 
an established cohort. The cohort was established for the 
purpose of exploring electrolyte disorders in patients admit-
ted to the ICU of a tertiary referral hospital from January 1, 
2013 through December 31, 2015 [13]. The cohort included 
1756 adult patients (≥ 18 years old) whose length of stay 
in the ICU was > 2 days, and whose serum sodium con-
centrations were 130–149 mEq/L on ICU admission. We 

excluded patients whose initial sodium concentration results 
were missing and brain-dead patients admitted to the ICU 
for planed organ donation. The ICU at our institution man-
ages both medical and surgical ICU patients and is staffed 
by non-intensivists.

If a patient was admitted to the ICU more than once dur-
ing a hospital admission, data were obtained from the first 
ICU admission that was longer than 2 days in duration or 
from the admission during which the patient developed IAH. 
Patients who developed hypernatremia outside of the ICU 
were not classified as IAH.

Hypernatremia was defined as serum sodium concentra-
tion ≥ 150 mEq/L. We defined that IAH as hypernatremia 
occurring ≥ 12 h after ICU admission in patients with nor-
mal serum sodium at ICU admission. Patients who devel-
oped hypernatremia within the first 12 h of ICU admission 
were excluded. Glucocorticoids administered in this study 
included prednisolone, methylprednisolone, dexamethasone, 
betamethasone, and hydrocortisone. According to the report 
of the European League Against Rheumatism, high-dose 
glucocorticoid is defined as > 30 mg prednisone equivalent 
per day, and pulse therapy consists of > 250 mg prednisone 
equivalent per day for one or a few days [14]. We considered 
the cumulative amount and duration of glucocorticoid as 
administered in ICU before developing IAH.

Study design

In this study, we used a nested case–control design in which 
the controls were sampled from the risk set by incidence 
density sampling [15]. The date from ICU admission to IAH 
diagnosis for each case was the index date. The same index 
date from ICU admission for each case was assigned to each 
of the matched controls, which had to be alive, have stayed 
in the ICU, and had not developed IAH, to ensure simi-
lar follow-up times between cases and controls. Using this 
approach, the risk set of a given case consisted of all sub-
jects at risk. By this definition, another case was a potential 
control if he developed IAH in later date. We sampled one 
control within each risk set. We used the Stata software and 
the “sttocc” procedure to implement these steps [16].

Data collection

The following data were recorded: diagnosis on ICU admis-
sion, age, sex, vital signs, the Glasgow Coma Scale (GCS) 
score, and the Acute Physiology And Chronic Health Eval-
uation II (APACHEII) score [17] on the ICU admission; 
biochemical variables; ICU exposures such as mechanical 
ventilation or renal replacement therapy; complications 
developed in ICU, such as sepsis or acute kidney injury 
(AKI); medications including glucocorticoid; and the con-
tents of infusion fluid in ICU. The main diagnosis on ICU 
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admission was classified into the following categories: car-
diovascular disease, gastrointestinal disease, neurological 
disease sepsis, respiratory disease, and others. Cardiovas-
cular disease included heart diseases, post-cardiac surgery, 
and vascular diseases other than cerebrovascular disease. 
The neurological disease category included cerebrovascular 
disease, traumatic head injury, refractory status epilepticus, 
and encephalopathy.

Sepsis is defined as life-threatening organ dysfunction 
caused by a dysregulated host response to infection. Organ 
dysfunction was represented by an increase in the Sepsis-
related Organ Failure Assessment (SOFA) score of 2 points 
or more [18]. AKI was defined in accordance with the Kid-
ney Disease: Improving Global Outcome guidelines [19].

Parameters were recorded in cases in the period between 
the ICU admission and the first date of hypernatremia in the 
ICU, and in controls using an equivalent time period. Elec-
trolytes and nutrients of the infusion fluid (such as sodium, 
potassium, glucose, and amino acids) were calculated from 
chart data obtained 24 h before development of hyperna-
tremia. For patients who developed hypernatremia on the 
day following admission to ICU, data were obtained from 
the previous 12 h, and the values doubled. Urine output was 
calculated similarly. Infusion fluid contained the fluid from 
both parenteral and enteric nutrition, but did not included 
elements taken orally.

Statistical analysis

Clinical characteristics were compared between the IAH and 
non-IAH cases using the Wilcoxon signed-rank test for con-
tinuous variables and the McNemar Chi-squared test or exact 
McNemar’s test for categorical variables, as appropriate. 
Continuous variables were expressed as median [interquar-
tile range (IQR)], and categorical variables were expressed 
as number and proportion, as appropriate.

To identify predictors of IAH, cases were compared 
to controls using conditional logistic regression analysis 
to allow a comparison in the same matched set. Poten-
tial covariates and confounders with IAH were identified 
using clinical knowledge and data from the literature [2, 
4]. We performed two multivariable analyses. Model 1 was 
adjusted for age, gender, APACHEII score, sepsis, AKI, use 
of osmotic diuretics, use of loop diuretics, use of high-dose 
glucocorticoid, use of a mechanical ventilator, initiation of 
renal replacement therapy, and emergency operations prior 
to admission. Model 2 was adjusted for the same variables as 
Model 1, plus the amount and the contents of infusion fluid 
present the day before developing IAH.

We also examined dose–response and duration–response 
effects of glucocorticoid on IAH. Here, we defined “dose” 
as the presence or absence of pulse glucocorticoid admin-
istration, because cumulative doses of glucocorticoid were 

dependent on the presence or absence of pulse administra-
tion. We did not examine the effects of the total amount 
or initial dosage of glucocorticoid. We also defined “dura-
tion” as the duration of glucocorticoid administration from 
ICU admission to the development of IAH. We examined 
the duration of glucocorticoid as both continuous and cat-
egorical variables, which were classified as no use, ≥ 1 
to < 3 days, ≥ 4 to < 6 days, and ≥ 7 days. We considered 
those not administered any glucocorticoids as the reference 
category. The trend in the outcome with respect to the dura-
tion of glucocorticoid administration was examined statisti-
cally by scoring no use as 0 and glucocorticoid-adminis-
tration with 1–3, 4–6, and 7 days or more as 1, 2, and 3, 
respectively; the resulting scores were then included in the 
regression model.

Finally, we also compared the differences in clinical char-
acteristics and contents of fluid infusion between IAH cases 
associated with glucocorticoid and those without.

The statistical significance was set at p < 0.05. All statisti-
cal analyses were conducted using Stata version 14.1 (Stata 
Corp., College Station, TX, USA; https ://www.stata .com).

Results

Characteristics of cases and controls

A total of 121 IAH cases and 121 controls were extracted 
from the cohort to construct this nested case–control study. 
Baseline characteristics, treatment exposures, complica-
tions, and outcomes in ICU are summarized in Table 1. ICU 
treatment exposures and complications were obtained from 
the data before the date of IAH development in cases and 
from the equivalent date in controls. Baseline levels of the 
APACHEII score (median 19 versus 16, p = 0.0053), BUN 
(median 23 versus 19 mg/dL, p = 0.0020) and CRP (median 
2.43 versus 0.70 mg/dL, p = 0.014) were significantly higher, 
while the GCS scale was significantly lower among IAH 
cases (median 12 versus 15, p < 0.001). Baseline levels of 
serum sodium concentration were not significantly differ-
ent between IAH cases and controls (median 142 versus 
141 mEq/L, p = 0.17). AKI and administration of tolvap-
tan were significantly more frequent in cases compared to 
controls (66.1% versus 43.0%, p = 0.0011, 3.3% versus 0%, 
p = 0.046, respectively). The frequency of administration 
of osmotic diuretics was not significantly higher in cases 
compared to controls (36.4% versus 25.6%, p = 0.069) and 
as was for loop diuretics (40.5% versus 30.6%, p = 0.090), 
but was higher among IAH case administration of high-dose 
glucocorticoid was significantly more frequent in IAH cases 
compared to controls (19% versus 9.9%, p = 0.034), and the 
duration of glucocorticoid administration was significantly 
longer (median 5 versus 3 days, p = 0.014). However, the 

https://www.stata.com
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Table 1  Baseline characteristics, complications, exposures, and interventions in ICU and outcomes

Continuous data are median (IQR). Categorical data are n values (%)
BMI body mass index, APACHE Acute Physiology And Chronic Health Evaluation, AKI acute kidney injury, GI gastrointestinal, ICU intensive 
care unit
a From ICU admission to the day before IAH
b Administered 24 h before IAH
c p < 0.05

Category Variable Cases (n = 121) Controls (n = 121) p value

Diagnosis on admission Cardiovascular disease 16 (13.2) 29 (24.0) 0.060
Gastrointestinal disease 5 (4.1) 7 (5.8) 0.75
Neurological disease 45 (37.2) 36 (29.8) 0.24
Respiratory disease 13 (10.7) 16 (13.2) 0.69
Sepsis 29 (24.0) 16 (13.2) 0.041c

>Others 13 (10.7) 17 (14.1) 0.57
Baseline characteristics Age, years 71 (61, 78) 70 (60, 77) 0.29

Male, n (%) 85 (70.3) 79 (65.3) 0.37
Dementia, n (%) 14 (11.6) 12 (9.9) 0.68
Glasgow Coma Scale score 12 (4, 15) 15 (11, 15)  < 0.001c

APACHEII score 19 (13, 24) 16 (11, 22) 0.0053c

BMI, kg/m2 20.1 (17.7, 23.5) 21.2 (18.2, 23.1) 0.96
BUN, mg/dL 23 (15, 45) 19 (13, 28) 0.0020c

Cr, mg/dL 1.05 (0.72, 1.77) 0.94 (0.69, 1.4) 0.23
Na, mEq/L 142 (138, 144) 141 (139, 143) 0.17
CRP, mg/dL 2.43 (0.15, 12.9) 0.70 (0.09, 6.5) 0.014c

Complicationsa AKI, n (%) 80 (66.1) 52 (43.0) 0.0011c

GI bleeding, n (%) 7 (5.8) 5 (4.1) 0.56
Sepsis, n (%) 45 (37.2) 33 (27.3) 0.096

Interventionsa Renal replacement therapy, n (%) 9 (7.4) 17 (14.1) 0.088
Mechanical ventilation, n (%) 86 (71.1) 79 (65.3) 0.26
Emergency surgery, n (%) 27 (22.3) 24 (19.8) 0.61

Glucocorticoida High-dose glucocorticoid, n (%) 23 (19.0) 12 (9.9) 0.034c

Pulse administration, n (%) 5 (4.1) 7 (5.8) 0.77
Duration of administration, days 5 (3, 8) 3 (3, 7) 0.014c

Duration, category 0.052
1–3 days 8 (34.8) 7 (58.3)
4–6 days 5 (21.7) 2 (16.7)
7 days– 10 (43.5) 3 (25)

Medication other than Osmotic diuretics, n (%) 44 (36.4) 31 (25.6) 0.069
Glucocorticoida Loop diuretics, n (%) 49 (40.5) 37 (30.6) 0.090

Torvaptan, n (%) 4 (3.3) 0 (0) 0.046c

Sodium bicarbonate, n (%) 13 (10.7) 7 (5.8) 0.16
Electrolytes and  nutrientsb Infusion fluid, L/day 2.20 (1.50, 3.00) 2.0 (1.25, 2.80) 0.031c

Urine output, L/day 1.89 (1.17, 2.80) 1.39 (0.72, 2.10) 0.001c

Sodium, mEq/day 172.9 (77, 297) 119.4 (55, 218)  < 0.001c

Potassium, mEq/day 9.5 (0, 20) 14.4 (3.6, 21) 0.17
Glucose, g/day 34.4 (2.5, 133) 28.6 (11.7, 117) 0.63
Nitrogen, g/day 0 (0, 4.7) 0 (0, 4.7) 0.59

Outcomes Length of ICU, days 9 (5, 15) 7 (4, 15) 0.10
28 day mortality, n (%) 42 (35.0) 17 (14.1)  < 0.001c
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frequency of pulse steroid administration was not statisti-
cally different between IAH cases and controls (4.1% versus 
5.8%, p = 0.77).

In the analysis of urine output and the contents of infu-
sion fluid 24 h before IAH development, patients with IAH 
had more urine output (median 1.89 versus 1.39 L/day, 
p = 0.001) and were administered higher amounts of infu-
sions (median 2.20 versus 2.00 L/day, p = 0.031) and sodium 
intake (median 172.9 versus 119.4 mEq/day, p < 0.001), 
while there were no statistically significant differences in the 
amount of glucose and nitrogen between cases and controls.

Risk factors of intensive care unit‑acquired 
hypernatremia

The results of univariate and multivariable conditional logis-
tic regression analysis are shown in Table 2. In the multivari-
able analysis, AKI, the use of high-dose glucocorticoid, and 
the use of osmotic diuretics were independently significant 
factors associated with IAH. While the odds ratio (OR) of 
AKI was significantly high, that of renal replacement ther-
apy was significantly low. Sepsis was not significantly asso-
ciated with IAH.

Dose–response association between glucocorticoid 
administration and intensive care unit‑acquired 
hypernatremia

Table 3 shows that the duration of glucocorticoid admin-
istration had a strong independent effect on the risk of 
IAH. Multivariable conditional logistic regression analysis 

showed a significant association between the outcome and 
the duration of glucocorticoid administration expressed 
as a continuous value {OR, 1.21 [95% confidence (CI) 
1.01–1.45], p = 0.039}, and as a categorical value (p-value 
for trend = 0.009). These results suggested that the risk of 
IAH increased almost linearly with the duration of glucocor-
ticoid administration. On the other hand, administration of 
pulse glucocorticoid treatment was not significantly associ-
ated with IAH.

Characteristics and fluid infusion 
differences observed in glucocorticoid 
and non‑glucocorticoid‑treated patients

The clinical characteristics of patients in glucocorticoid- 
and non-glucocorticoid-treated groups are compared in 
Tables S1 and S2. The baseline clinical severity (APACHEII 
score) was not significantly different (median 22 versus 19, 
p = 0.44), while the levels of CRP and GCS on ICU admis-
sion were higher (median 9.62 versus 1.67 mg/dL, p = 0.048 
and 15 versus 11, p = 0.028, respectively), and the levels of 
sodium and mean blood pressure were lower among glu-
cocorticoid-related cases (median 139 versus 142 mEq/L, 
p = 0.0018 and 75.7 versus 98.7 mmHg, p = 0.025, respec-
tively). In comparison to the laboratory data on the day 
of IAH, the level of BUN was significantly higher among 
glucocorticoid-related cases (median 51 versus 33.5 mg/
dL, p = 0.042). The BUN/Cr ratio was also significantly 
higher among glucocorticoid-related cases [39.6 mg/dL 
(IQR, 27.0–47.4) versus 27.0 mg/dL (IQR, 16.7–38.2), 
p = 0.0068].

Table 2  Factors associated with IAH

GC glucocorticoid, CI confidence interval, APACHE Acute Physiology And Chronic Health Evaluation, AKI acute kidney injury
a Adjusted for age, gender, APACHEII score
b p < 0.05
c Including pulse administration

Univariate Multivariate model  1a Multivariate model  2a

OR (95% CI) p value OR (95% CI) p value OR (95% CI) p value

AKI 2.22 (1.36–3.63) 0.002b 2.76 (1.39–5.47) 0.004b 2.72 (1.31–5.62) 0.007b

Sepsis 1.60 (0.92–2.80) 0.099 1.00 (0.46–2.17) 1.00 0.86 (0.38–1.95) 0.72
High-dose  glucocorticoidc 2.38 (1.04–5.43) 0.040b 3.52 (1.20–10.3) 0.022b 4.15 (1.29–13.4) 0.017b

Osmotic diuretics 1.68 (0.95–2.97) 0.072 3.25 (1.42–7.45) 0.005b 3.44 (1.41–8.39) 0.007b

Loop diuretics 1.63 (0.92–2.89) 0.093 1.28 (0.61–2.72) 0.52 1.41 (0.63–3.15) 0.40
Ventilation 1.44 (0.76–2.72) 0.27 0.92 (0.40–2.11) 0.85 0.82 (0.31–2.17) 0.70
Renal replacement therapy 0.47 (0.19–1.14) 0.096 0.20 (0.062–0.64) 0.007b 0.20 (0.052–0.75) 0.017b

Emergency surgery 1.19 (0.61–2.31) 0.61 1.08 (0.44–2.62) 0.87 0.93 (0.37–2.39) 0.89
Infusion fluid, L 1.23 (1.02–1.48) 0.030b – – 1.11 (0.75–1.64) 0.60
Sodium, /10 mEq 1.03 (1.01–1.05) 0.003b – – 1.02 (0.98–1.06) 0.27
Glucose, /10 g 1.00 (0.98–1.04) 0.59 – – 1.01 (0.95–1.08) 0.73
Nitrogen, /g 0.97 (0.89–1.07) 0.55 – – 0.91 (0.76–1.08) 0.28
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The volume and contents of infusion fluid and urine vol-
umes are shown in Fig. 1. Urine output in glucocorticoid-
related cases was not significantly different, but the total 
amounts of fluid infusion and sodium loads were signifi-
cantly less than those in non-glucocorticoid-related cases. 
In glucocorticoid-related cases, the amounts of glucose and 
nitrogen were higher than in non-glucocorticoid-treated 
cases.

The median date of onset of glucocorticoid-related IAH 
cases was later than non- glucocorticoid-related IAH cases 
(median 9 versus 4 days, p < 0.001). The duration of hyper-
natremia was longer in glucocorticoid-related IAH cases 
than non-glucocorticoid-related IAH cases (median 5 versus 
2 days, p = 0.033). The length of ICU stay was longer in glu-
cocorticoid-related IAH cases than in non-glucocorticoid-
related IAH cases (median 13 versus 8 days, p = 0.0019).

Discussion

This study, conducted in an established cohort of critically 
ill patients, found that high-dose glucocorticoid treatment 
was significantly associated with IAH, more specifically 
there was a duration–response association with glucocorti-
coid administration and development of IAH. This study is 
the first to demonstrate the association between glucocorti-
coid and IAH by using a nested case–control study.

We compared the clinical characteristics, medical inter-
ventions, and complications of IAH cases and controls 
using a nested case–control study. This approach con-
sisted of an observational study design using case–control 

matched  subjects within an established cohort, which 
allows minimization of selection bias. This approach also 
allows the assessment of drug exposure that changes over 
time. Thus, we were able to evaluate the administration of 
glucocorticoids as a time-varying exposure of interest. In 
addition, aligning the index date with cases and controls 
allowed us to take into consideration the contents of the 
infusion fluid administered on the day before the onset of 
IAH, which was crucial for the investigation of electrolyte 
abnormalities. The ORs represent the unbiased estimates 
of incidence rate ratio from a person–time cohort study. 
In addition, the nested case–control design has the advan-
tage of allowing statistically efficient analysis of data from 
a cohort with substantial savings of time and costs [20]. 
Thus, with this method, we could examine more detailed 
clinical parameters including medications and the contents 
of infusion fluid a day before IAH onset.

A previous study reported that the factors associated 
with hypernatremia were sepsis, hypokalemia, hypoalbu-
minemia, renal dysfunction, use of mannitol and use of 
sodium bicarbonate in a conventional case–control study 
design [2]. However, conventional case–control studies are 
prone to selection biases compared to the nested case–con-
trol design. Moreover, the authors did not consider glu-
cocorticoid therapy as candidate risk factor of IAH. Dar-
mon et al. reported that IAH was associated with male 
gender, greater disease severity at ICU admission, septic 
shock, acute respiratory failure, coma, and use of steroids 
[4]. Though the study suggested that the use of steroids 
was significantly associated with IAH, the authors did not 

Table 3  Influence of 
glucocorticoid administration 
on the risk of IAH

GC glucocorticoid, CI confidence interval, APACHE Acute Physiology And Chronic Health Evaluation, 
AKI acute kidney injury
a Adjusted for age, gender, APACHEII score, sepsis, AKI, use of osmotic diuretics, use of loop diuretics, 
use of high-dose glucocorticoid, use of mechanical ventilator, initiation of renal replacement therapy, and 
emergency operation prior to admission
b Reference category is not administered GC
c p < 0.05
d p values for trend tests examine whether increased duration of GC administration associate with increased 
odds ratios (duration categories were coded 0, 1, 2, and for increasing the duration of GC administration)

Univariate Multivariatea

OR (95% CI) p value OR (95% CI) p value

GC pulse  administrationb

 With pulse 0.97 (0.29–3.25) 0.965 0.79 (0.17–3.66) 0.76
 Without pulse 4.23 (1.41–12.8) 0.010c 10.0 (2.33–43.3) 0.0020c

Duration of GC in ICU 1.17 (1.00–1.36) 0.051 1.21 (1.01–1.45) 0.039c

Duration (category)b

1–3 days 1.46 (0.50–4.28) 0.49 1.97 (0.49–7.90) 0.34
4–6 days 2.50 (0.49–12.9) 0.27 3.82 (0.44–33.1) 0.22
7 days– 8.79 (1.07–72.0) 0.043c 14.1 (1.35–147) 0.027c

Test for trend 0.015d 0.009d
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discuss the dose–response or duration–response effects, 
nor did they propose the mechanism involved.

Osmotic diuresis due to urea is an important cause of 
hypernatremia observed in the ICU [11]. Patients lose 
hypotonic fluid in the urine due to the osmotic urea diure-
sis induced by urea. At the same time, clinicians replaced 
these losses using isotonic fluids, which are hypertonic 
compared to the urine. Urea diuresis is a subtype of sol-
ute diuresis induced by non-electrolytes. Known causes 
include exogenous urea loading, protein or amino acid 
loading, hypercatabolic states, post-rhabdomyolysis, mas-
sive hematoma including gastrointestinal bleeding, diu-
retic phase of acute tubular necrosis, and post-obstructive 
diuresis [21]. In the present study, the levels of BUN 
and BUN/Cr were higher among glucocorticoid-related 
IAH cases, though osmotic diuresis due to urea could 
not be directly demonstrated because of lack of sufficient 
information about urinalysis. This may indicate that the 

glucocorticoid-related IAH cases were in a hypercatabolic 
state. In our results, the distribution of sodium intake was 
so wide that we could not completely deny the effect of 
sodium intake, although sodium intake was not signifi-
cantly associated with IAH. However, we focused more on 
what we supposed that a hypercatabolic state could cause 
hypernatremia.

Glucocorticoid can induce hypernatremia not only by 
enhancing sodium retention, but also by increasing electro-
lyte-free water loss. It has been shown that patients, as well 
as experimental animals, exhibit polyuria in the presence 
of excess glucocorticoid hormones [22–24]. Experimental 
models have showed that excessive glucocorticoids leads 
to a urinary concentrating defect via downregulation of 
urea transporters, but not of aquaporin channels [25]. Most 
patients who need to be treated with glucocorticoids are 
in a hypercatabolic state characterized by respiratory fail-
ure and sepsis; glucocorticoid therapy may accentuate the 

Fig. 1  Urine output and infusion fluid 24 h before the onset of IAH in 
glucocorticoid-related IAH cases and non-glucocorticoid-related IAH 
cases. a Urine volume (mL/day), b fluid volume (mL/day), c sodium 

(mEq/day), d potassium (mEq/day), e Glucose (g/day), and f nitrogen 
(g/day). *p < 0.05
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pathological mechanism of urea diuresis in these patients 
and can cause hypernatremia as a consequence.

In terms of dose–response effects, use of pulsed gluco-
corticoid was not associated with IAH; rather, glucocor-
ticoid without pulsed doses was significantly associated 
with IAH. There are two possible reasons for this. Firstly, 
pulse-administered glucocorticoid medications, such as 
methylprednisolone and dexamethasone, have relatively 
low mineralocorticoid activity, thus it may be unlikely that 
sodium retention occurred. Secondly, pulse administration 
may suppress inflammation earlier than high-dose gluco-
corticoid without pulse administration. On the other hand, 
longer duration of glucocorticoid exposure may maintain 
the systemic catabolic state longer and thus trigger urea-
induced osmotic diuresis. Our results show that the longer 
you administer glucocorticoid, the higher is the possibility 
of developing IAH in the patient. From our results, the OR 
will increase by approximately 21% for each day the duration 
of glucocorticoid treatment is extended.

There are several limitations to this study. First, due to 
the retrospective nature of the study, there were numerous 
missing values in urine chemistry data. Furthermore, this 
was a single-center study, which can reduce the general-
izability of the results. Urinary electrolytes could only be 
obtained in full from fewer than 20 patients of the cases 
group. We were thus unable to analyze the concentrations of 
urinary electrolytes fully. As a result, we could not estimate 
how many patients developed osmotic diuresis. Secondly, 
there is a possibility that we may have underestimated the 
number of IAH patients because we obtained the data only 
from those patients who remained in the ICU for more than 
2 days. Whatever treatment patients had received in ICU, 
once they were discharged from the ICU, we were unable 
to determine whether they developed hypernatremia. Thus, 
we may have missed those patients exhibiting hypernatremia 
after being discharged from the ICU. Misclassification of 
potential IAH cases can be yielded in a different mechanism. 
Study participants were only decided by whether the maxi-
mum sodium concentration exceeded 150 mEq/L during 
the ICU stay. Even if the peak sodium concentrations were 
within the range below 149, some patients would have had 
larger changes in concentration. Since glucocorticoid-related 
hypernatremia developed at a relatively later phase in the 
ICU in this study, this misclassification may attenuate the 
true effect of GC on developing IAH, which can enhance the 
true effect and support robust conclusion (i.e., bias toward 
the null hypothesis). Third, this study adopted high-dose 
glucocorticoid as > 30 mg prednisone equivalent per day 
regardless of patient body mass. This may have misclassified 
underweight individuals (e.g., those who were taking moder-
ate dose of steroid, but less than 30 mg prednisone equiva-
lent per day) into the GC naive group. However, we con-
sidered that this was an undifferenciated misclassification, 

since the median body mass index in the both groups was not 
significantly different. Fourth, our results showed that renal 
replacement therapy could reduce the possibility of IAH. 
This study design did not allow us to exclude patients who 
underwent renal replacement therapy because they were not 
necessarily done at baseline. Finally, the case–control study 
design is susceptible to biases; however, we have minimized 
potential biases by using a nested case–control design.

Conclusions

In the present study, we clearly demonstrated that high-dose 
glucocorticoid is strongly associated with IAH. When we 
administer high-dose glucocorticoid to critically ill patients, 
close monitoring of their serum sodium concentrations 
should be required especially when glucocorticoid is admin-
istered for longer periods.
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