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Abstract 

Currently the development of ICU-acquired hypernatremia (IAH) is almost 

exclusively attributed to the extrinsic iatrogenic factors ‘too much salt and too 

little water’. However, also intrinsic mechanisms including impaired renal 

cation excretion and severity of illness have been suggested to play a role. To 

identify the determinants of IAH we designed a prospective controlled study 

investigating sodium and fluid balances in ICU-patients as well as other 

possible IAH-related factors.  

To investigate this all patients with an anticipated length of stay ICU >48 

hours and with an urinary catheter in place were included. Patients with 

hypernatremia on admission and/or on renal replacement therapy were 

excluded. Patients without IAH were compared with patients with borderline 

hypernatremia (≥ 143mmol/l, IAH 143) and  more severe hypernatremia (≥ 

145mmol/l, IAH 145).  

We included 89 patients, of which 51% developed IAH 143 and 29% more 

severe hypernatremia (≥ 145mmol/l, IAH 145). Sodium intake was high in all 

patients. Fluid balances were slightly positive and comparable between 

groups. Patients with IAH 145 were more severely ill on admission and during 

admission their sodium intake was higher, they had higher cumulative sodium 

balances, higher serum creatinine and higher copeptin. According to the free 

water clearance all patients conserved water. On multivariate analysis 

baseline serum creatinine was an independent risk factor for the development 

of IAH 143 (OR 1.014, 95% CI 1.003-1.026, p = 0.01) and IAH 145 (OR 1.013, 

05% CI 1.004-1.023, p <0.01). Also copeptin levels remained significant (OR 

1.008, 95% CI 1.001-1.015, p = 0.03) for IAH 143 and IAH 145 (OR 1.011, 95% 

CI 1.003-1.018, p <0.01). Sodium intake remained only significant for patients 

with IAH 145 (OR 1.002, 95% CI 1.001-1.004, p = 0.01).  

 

Conclusions 

IAH was associated with positive sodium balance, renal function impairment 

and a higher free water clearance in spite of elevated copeptin. This is 

consistent with a relative urinary concentration deficit. Thus, our data support 

the hypothesis that IAH is due to the combination of higher sodium intake and 

a urinary concentration deficit, as a manifestation of the renal impairment 

elicited by severe illness.  

 



 

Samenvatting 

Doorgaans wordt het ontstaan van hypernatriëmie bij intensive care patiënten 

(IAH) toegeschreven aan de extrinsieke iatrogene factoren ‘teveel zout en te 

weinig water’. Er lijken echter ook intrinsieke factoren een rol te spelen, zoals 

verminderde renale kationexcretie en ernst van ziekte. Om deze en andere 

determinanten van IAH nader te onderzoeken voerden wij een prospectieve 

observationele studie uit. Hierin werden water- en zoutbalans bij intensive 

care patiënten en andere mogelijke aan het ontstaan van IAH bijdragende 

factoren onderzocht. Dit werd gedaan door alle patiënten met een 

urinecatheter en een verwachte IC-opnameduur van langer dan 48 uur te 

includeren. Patiënten met hypernatriëmie bij opname en patiënten die 

nierfunctievervangende therapie ondergingen werden geëxcludeerd. 

Patiënten zonder IAH werden vergeleken met patiënten met milde 

hypernatriëmie (≥ 143mmol/l, IAH 143) en met patiënten met ernstigere 

hypernatriëmie (≥ 145mmol/l, IAH 145). Er werden 89 patiënten 

geïncludeerd, van wie 51% IAH 143 ontwikkelde en 29% IAH 145. Alle 

patiënten kregen veel natrium toegediend. De vochtbalans was gemiddeld 

licht positief en vergelijkbaar tussen groepen. Patiënten met IAH 145 waren 

bij opname zieker, kregen gedurende de opname meer natrium, de 

cumulatieve natriumbalans was hoger, ze hadden een hogere 

serumcreatinineconcentratie en hogere copeptinespiegels. Berekening van de 

vrijwaterklaring liet zien dat in alle groepen patiënten water vasthielden. 

Multivariate analyse liet zien dat de serumcreatinineconcentratie bij opname 

onafhankelijk geassocieerd is met het ontstaan van IAH 143 (OR 1.014, 95% CI 

1.003-1.026, p = 0.01) en IAH 145 (OR 1.013, 05% CI 1.004-1.023, p <0.01). 

Ook de copeptinespiegel bleef significant voor zowel IAH 143 (OR 1.008, 95% 

CI 1.001-1.015, p = 0.03) als voor IAH 145 (OR 1.011, 95% CI 1.003-1.018, p 

<0.01). Natriuminname bleek alleen onafhankelijk geassocieerd met het 

optreden van IAH 145 (OR 1.002, 95% CI 1.001-1.004, p = 0.01).  

 

Conclusie 

IAH is geassocieerd met een positieve natriumbalans, verminderde nierfunctie 

en een verhoogde vrijwaterklaring ondanks een verhoogde copeptinespiegel. 

Dit past bij een relatief concentratiedefect van de nier. Hiermee wordt de 

hypothese ondersteund dat IAH ontstaat door een combinatie van hoge 

natriuminname en een renaal concentratiedefect als uiting van een aantasting 

van de nierfunctie bij ernstige ziekte.   



 

Introduction 

The evolution of hypernatremia in critically ill patients is a common problem. 

Hypernatremia is classically defined as a serum sodium concentration (sNa) of 

≥ 145mmol/l, with a reported incidence during ICU stay between 3 and 17%1-

4. In a recent study in long-stay ICU patients we reported an incidence of ICU-

acquired hypernatremia (IAH) as high as 32%5. IAH is associated with 

increased morbidity  and mortality6,7. Even borderline hypernatremia (sNa ≥ 

143mmol/l) is associated with worse outcome4. Factors that possibly 

contribute to the development of IAH can be divided in patient-related 

(intrinsic) and iatrogenic (extrinsic) factors. Most authors suggest a causal and 

almost exclusive role for extrinsic factors in the development of IAH, i.e. 

sodium overload and water depletion8-14. However, current literature is 

restricted by small sample-size studies with limited sets of variables and lack 

of proper control groups12-18. More recently, intrinsic factors, including 

impaired renal cation excretion and severity of illness, have also been 

suggested to play a role8,19. Such extension to the current IAH paradigm (‘too 

much salt and too little water’) has potential therapeutic consequences, since 

the current treatment for IAH is almost fully restricted to enteral or parenteral 

water suppletion20. Therefore, to identify the determinants of IAH we designed 

a prospective controlled study to investigate sodium and fluid balances in ICU-

patients, as well as other possible IAH-related factors.  

 

Methods  

Design and setting 

This prospective single-center controlled observational study was performed 

in a 20-bed mixed medical and surgical ICU in a tertiary teaching hospital. 

Primary aim of this study was to compare sodium and fluid balances in 

patients that did and did not develop IAH. We hypothesized that we would not 

find differences in these balances between groups. In line with the reported 

association between borderline hypernatremia and impaired outcome we 

defined IAH as a sNa of ≥143mmol/l (IAH 143) 4. Secondary aims of the study 

were to compare sodium and fluid balances between patients that did or did 

not develop more profound IAH with a sNa ≥145mmol/l (IAH 145), to identify 

other factors that contribute significantly to the development of IAH, and to 

explore mechanistic processes that are involved in the development of IAH.  
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In a previous study we demonstrated that most patients develop IAH after a 

median of 3 days 5. Therefore, only patients with an expected length of stay 

(LOS) ICU ≥ 48 hours were included in the current study. Exclusion criteria 

were based on circumstances that could possibly interfere with standard 

electrolyte handling or with the performance of proper balance 

measurements. An overview of in- and exclusion criteria are listed in Table 1. 

After initial enrolment patients were a priori excluded from the study in case 

of an unplanned ICU discharge or death < 48 hours, or in case of renal 

replacement therapy. The ethical committee (Regionale Toetsingscommissie 

Patiëntgebonden Onderzoek Leeuwarden, the Netherlands) waived the need 

for informed consent (nWMO 212) and the study was registered at 

clinicaltrials.gov (NCT03093766). The study was funded by a local research 

fund from the Medical Centre Leeuwarden (MCL).  

 

Table 1: In- and exclusion criteria 

 

Inclusion Exclusion 

Age ≥ 18 years AND 

Expected length of ICU-stay >48  

   hours AND 

Urinary catheter in place 

sNa on admission ≥ 143mmol/l 

Other electrolyte disturbance as  

   reason for ICU admission 

Previous ICU admission in the last 30  

   days 

Transferal from another ICU 

Current dependency on or expected  

   start of renal replacement therapy 

 

Data collection 

An overview of collected data can be found in Table 2. Data collection started 

directly after ICU-admission, including blood samples and daily 24-hour urine. 

In addition, sNa and serum potassium measurements were performed 

routinely at least three times daily by point-of-care testing (POCT, ABL800 

AutoCheck®, Radiometer Medical ApS, Brønshøj, Denmark). Copeptin was 

measured by automated immunofluorescent assay (Copeptin proAVP 

KRYPTOR, Thermo Fisher Scientific, B∙R∙A∙H∙M∙S GmbH, Henningsdorf, 

Germany). Bioelectrical impedance  measurements (BIA 101 Anniversary 

Akern®, SMT medical GmbH, Wuerzburg, Germany) were performed daily in 

the first 3 days of ICU-admission and subsequently every third day. The 

remaining non-routine measurements were performed twice a week. 
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Occasionally, samples of other body fluids (sweat, faeces, abdominal fluid) 

were collected to quantify its sodium concentration (electronic supplemental 

material, ESM). Data collection continued until ICU-discharge and did not 

interfere with usual care. All data were stored in an anonymized database. 

Fluid balances were not corrected for insensible loss. Calculations of fractional 

sodium excretion (FEna), fractional urea excretion (FEurea), free water 

clearance (FWC) and electrolyte free water clearance (EFWC) were performed 

according to the following equations.  

 

Equation 1: A) Fractional sodium excretion and B) fractional urea excretion 

 

A 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑜𝑑𝑖𝑢𝑚 𝑒𝑥𝑐𝑟𝑒𝑡𝑖𝑜𝑛 (𝐹𝐸𝑛𝑎) =
𝑢𝑟𝑖𝑛𝑎𝑟𝑦 𝑠𝑜𝑑𝑖𝑢𝑚 𝑥 𝑠𝑒𝑟𝑢𝑚 𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒

𝑠𝑒𝑟𝑢𝑚 𝑠𝑜𝑑𝑖𝑢𝑚 𝑥 𝑢𝑟𝑖𝑛𝑎𝑟𝑦 𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒
 

 

B 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑢𝑟𝑒𝑎 𝑒𝑥𝑐𝑟𝑒𝑡𝑖𝑜𝑛 (𝐹𝐸𝑢𝑟𝑒𝑎) =
𝑢𝑟𝑖𝑛𝑎𝑟𝑦 𝑢𝑟𝑒𝑎 𝑥 𝑠𝑒𝑟𝑢𝑚 𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒

𝑠𝑒𝑟𝑢𝑚 𝑢𝑟𝑒𝑎 𝑥 𝑢𝑟𝑖𝑛𝑎𝑟𝑦 𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑖𝑛𝑒
 

 

 

Equation 2: A) Free water clearance and B) electrolyte free water clearance 

 

A 

𝐹𝑟𝑒𝑒 𝑤𝑎𝑡𝑒𝑟 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 (𝐹𝑊𝐶)

= 𝑢𝑟𝑖𝑛𝑎𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙 min⁄ ) 𝑥 (1 − 
𝑢𝑟𝑖𝑛𝑒 𝑜𝑠𝑚𝑜𝑙𝑎𝑙𝑖𝑡𝑦

𝑠𝑒𝑟𝑢𝑚 𝑜𝑠𝑚𝑜𝑙𝑎𝑙𝑖𝑡𝑦
) 

 

B 

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑓𝑟𝑒𝑒 𝑤𝑎𝑡𝑒𝑟 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 (𝐸𝐹𝑊𝐶) = 

𝑢𝑟𝑖𝑛𝑎𝑟𝑦 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙 min⁄ ) 𝑥 (1 −  
𝑢𝑟𝑖𝑛𝑒 𝑠𝑜𝑑𝑖𝑢𝑚+𝑢𝑟𝑖𝑛𝑒 𝑝𝑜𝑡𝑎𝑠𝑠𝑖𝑢𝑚

𝑠𝑒𝑟𝑢𝑚 𝑠𝑜𝑑𝑖𝑢𝑚
) 

 

  



 

Table 2: Collected data, divided by data category 

 

Category Variables 

Demographic data 

Admission data 

 

 

Baseline parameters 

 

 

Daily measurements 

 

 

 

 

 

 

 

Measurements twice per 

week 

Age, gender, medical and drug history 

Diagnosis, severity of illness scores, length,  

   weight, bioelectrical impedance  

   measurements 

Electrolytes in serum and urine, serum  

   creatinine, serum urea, C-reactive protein,  

   white blood cell count, copeptin 

Amount and composition of total enteral and  

   parenteral intake, fluid excretion and its  

   separate components (urine, stool,  

   gastric retentions, drains), electrolytes in  

   serum and 24-hour urine, serum creatinine,  

   serum urea, C-reactive protein,  

   white blood cell count, weight, bioelectrical  

   impedance analysis1  

Additional electrolytes (calcium, magnesium,  

   inorganic phosphate), copeptin 
1 Measurement performed daily in the first 3 days of admission, thereafter 

every third day 

 

Statistical analysis 

Given the explorative character of the present study a true sample size 

calculation seemed inapplicable. A sample size of 90 patients was deemed 

sufficient in accordance with a previous study with similar inclusion criteria 

and an incidence of IAH 143 of 49% 5. In case of exclusion after initial 

enrolment a new patient was a priori included in the study. 

 

Data are presented as median [IQR] unless stated otherwise. Statistical 

analysis was performed with SPSS 24 and 25 (IBM, New York, USA). Based on 

the non-normal distribution of data non-parametric tests were used for 

comparison between groups. For comparison of percentages a Fisher’s exact 

test was used. Bivariate correlations for non-parametric data are expressed as 

Spearman’s rho (ρ). All primary and secondary outcomes are described for the 

first 5 study days. After this period groups became too small for meaningful 

analyses. A multivariate binary logistic regression model was constructed 
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with all variables with a p-value < 0.25 in the preparatory univariate analyses. 

A backward elimination with a  confidence interval of 95% and a probability 

for stepwise entry of 0.05 and removal 0.10 was performed. In accordance 

with the number of included patients a maximum of 5 variables were included 

in the model.  

 

Results 

Baseline characteristics 

Patients were included between August 2017 and April 2018. Out of 433 

patients with an anticipated LOS ICU > 48 hours, 155 patients met all criteria 

and were initially enrolled in the study; 89 patients were included in the final 

analysis (Fig. 1). Baseline characteristics of patients with IAH 143 are 

displayed in Table 2. Baseline characteristics of patients with IAH 145 can be 

found in the ESM (ESM Table I). In general, baseline characteristics were 

comparable between all groups: patients without IAH, the IAH 143 group and 

the IAH 145 group. However, patients with IAH tended to have higher severity 

of illness scores than patients without IAH, with a significant difference in the 

Acute Physiology And Chronic Health Evaluation (APACHE) III-scores between 

patients without IAH and the IAH: 145 group (77[62-106] vs. 96[79-117], p = 

0.02). In the IAH 145 group Sequential Organ Failure Assessment (SOFA)-

scores during the first 5 study days tended to be higher, with significant 

differences on day 2 (8 [6-11] vs 10 [8-11], p = 0.03) and 3 (7 [4-9] vs 8 [7-10], 

p = 0.03). Sepsis was the main reason for admission in all groups. 

 

 

  



 

Fig. 1: Inclusion flowchart   

 

 

 
LOS: length of stay, RRT: Renal replacement therapy 



 

Table 2: Baseline characteristics   

 

 s[Na] < 

143mmol/l 

s[Na] ≥ 

143mmol/l 

P-value 

Number of patients, n (%) 

Male gender, n (%) 

Age, years 

BMI, kg/m2 

Medical history 

   Arterial diseases 

   Hypertension 

   Diabetes mellitus 

   Chronic kidney disease 

   Chronic inflammatory disease 

Drug history 

   NSAID 

   ACE-inhibitor / Angiotensin antagonist 

   Diuretics 

   Immunosuppressants 

APACHE III - score  

SOFA-score on admission 

 

 

44 (49) 

26 (59) 

66 [55-75] 

26.8 [24.8-35.5] 

 

17 (39) 

15 (34) 

6 (14) 

1 (2) 

6 (14) 

 

3 (7) 

10 (23) 

5 (11) 

4 (9) 

78 [60-112] 

9 [6-12] 

 

 

 

45 (51) 

28 (62) 

68 [58-73] 

26.3 [23.4-30.6] 

 

22 (49) 

21 (47) 

8 (18) 

2 (4) 

5 (11) 

 

4 (9) 

17 (38) 

9 (20) 

3 (7) 

86 [74-108] 

9 [8-12] 

 

 

 

 

0.83 

0.63 

0.23 

 

0.40 

0.28 

0.77 

1 

0.76 

 

1 

0.17 

0.38 

0.55 

0.23 

0.38 

 

 

 



 

 

Reason for admission, n (%) 

   Sepsis 

   Surgery (non-sepsis) 

   Cardiopulmonary resuscitation 

   Miscellaneous 

 

 

19 (43) 

4 (9) 

14 (32) 

7 (16) 

 

 

23 (51) 

4 (9) 

8 (18) 

10 (22) 

 

 

 

 

 

BMI: Body mass index, NSAID: Non-steroidal anti-inflammatory drugs, ACE: Angiotensin converting enzyme, APACHE: 

Acute physiology and chronic health evaluation, SOFA: Sequential organ failure assessment 

0.39 



 

Development of IAH 

Median LOS ICU of all patients was 7[5-10] days. LOS ICU was significantly 

different across groups: 5[4-7]days in patients without IAH,  9[7-14] days in 

the IAH 143 group and 9[7-18] days in the IAH 145 group (p < 0.01). The IAH 

143 group consisted of 45 patients (50.6%); 26 patients progressed to the IAH 

145 group (29.2%). The course of sNa in patients without IAH, with IAH 143 

and IAH 145 is visualized in Fig. 2.  

 

Fig. 2: Course of mean serum sodium concentration in mmol/l 

 
IAH: ICU-acquired hypernatremia 

 

 

Primary outcomes 

 

Sodium intake 

Cumulative sodium intake was high in all patients. No differences in 

cumulative sodium intake were found between patients without IAH and in 

the IAH 143 group. However, total sodium intake in the IAH 145 group was 

significantly higher than in patients without IAH (Fig. 3 and ESM Tables IIa 

and IIb).  

 

  



 

Fig. 3: Cumulative sodium intake over time in mmol/l 

 

IAH: ICU-acquired hypernatremia. *p < 0.05, **p < 0.01 

 

Renal sodium excretion, sodium balance & renal function 

Renal sodium excretion is low in all patients during the first day after 

admission (Fig 4A). This excretion was not significantly different across 

groups (ESM Table IIIa and IIIb). Sodium excretion increased over time in all 

groups. However, the increment from day 1 to 5 was significantly lower in the 

IAH 145 group, as compared to patients without IAH and the IAH 143 group (p 

= 0.03). This resulted in a significantly more positive sodium balance in the 

IAH 145 group in comparison to others (Fig. 4B, ESM Table IIa and IIb).  

 

 

 

  



 

Fig. 4: Cumulative renal sodium excretion (A), sodium balance (B) and serum 

creatinine concentration (C) over time.  
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B  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

IAH: ICU-acquired hypernatremia. *p < 0.05, **p < 0.01 

 

Median serum creatinine on admission was elevated in all groups: 90 [64-113] 

µmol/l in patients without IAH, 109 [87-158] µmol/l the IAH 143 group and 

128 [94-176] µmol/l in the IAH 145 group, with significant differences across 

all groups (p < 0.01, Fig. 4C). These differences remained significant during the 

first 5 days. In the majority of patients serum creatinine decreased over time 

(ESM Tables IIIa and IIIb). Estimated glomerular filtration rate (eGFR) 

followed the same but inversed course (ESM Fig. III). The decrease of serum 

creatinine was correlated with an increase in renal sodium excretion ( = -0.4, 

p < 0.01, Fig. 5). Serum urea was elevated in all groups and was significantly 

and consistently higher in both the IAH 143 and IAH 145 group, as compared 

to patients without IAH (ESM Table IIIa and IIIb). FEna was comparable 

between groups, only within the first 24 hours FEna was higher in the IAH 145 

group (p = 0.03, ESM Table IVa and IVb). FEurea was very high, but no 

differences were found across groups (ESM Table IIIa and IIIb). According to 

the calculations of FWC all patients conserved water. This was more distinct in 

patients with IAH (ESM Table IIIa and IIIb). To correct for renal urea excretion 

EFWC was calculated. EFWC was positive in all groups and significantly higher 



 

on day 5 in both the IAH 143 and IAH 145 group in comparison to patients 

without IAH (ESM Table IIIa and IIIb). Glucosuria was rare in all patients and 

no differences in incidence were found between groups (data not shown). 

Urine osmolality tended to be lower in patients with IAH, but this difference 

was only significant on some days (Fig. 7, ESM Table IIIa and IIIb).  

 

Fig. 5: Correlation between decrease in serum creatinine and increase in urine 

sodium excretion 

 
 

Fluid balance 

Fluid intake did not significantly differ across groups. Median fluid intake was 

3.1[2.1-4.4] liters during the first 24 hours after ICU admission and 2[1.6-2.5] 

and 2 [1.7-2.4] liters on day 3 and 5 respectively (Fig. 6A and ESM Table Ia and 

Ib). In addition, diuresis (in ml/kg/h) did not differ between groups during the 

first 5 days (Fig. 6B, supplemental table IIIa and IIIb). As a result, fluid balance 

was not different across groups (Fig. 6C and supplemental tables IIa and IIb). 

This was also reflected by consistent non-significant differences in body 

weight between patients with and without IAH (Fig. 6D). Similarly, 

bioelectrical impedance-derived resistance was not different across groups, 

suggesting an absence of significant differences in edema formation (ESM Fig. 



 

1A and ESM Table IIa and IIb). During this period neither the percentage of 

patients with furosemide administration nor the cumulative dose was 

different across groups: 12 patients (14%)without IAH, 8 patients (9%) in the 

IAH 143 group and 11 patients (12%) in the IAH 145 group (p=0.33). Median 

cumulative dose of furosemide in the first 5 days was 80[50-140] mg in 

patients without IAH vs. 40[20-80] mg in the IAH 143 group (p = 0.05) and 

20[20-80] mg in the IAH 145 group respectively, not significantly different 

across groups (p = 0.11).   

 

Fig. 6: Fluid intake (A), diuresis (B), fluid balance (C) and body weight in kg 

(D) over time  
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IAH: ICU-acquired hypernatremia. * p < 0.05 

 

Other study results 

Serum potassium concentrations did not differ between groups (data not 

shown). Albumin levels in the first 5 study days did not differ significantly 

between patients without IAH and the IAH 143 group, with an exception on 

day 3, when albumin levels were significantly lower in the IAH 145 group in 

comparison to patients without IAH: 19[16-21] g/l vs. 23[17-19] g/l (p = 0.01) 

(ESM Table IVa and IVb). Median protein intake was below 0.8 grams per 

kilogram bodyweight in the first 3 study days in all groups. On day 4 and 5 

protein intake was about 0.8 grams per kilogram bodyweight and did not 

differ across groups. CRP concentration in the first 5 study days were 

comparable between patients without IAH and the IAH 143/IAH 145 groups. 

Only on the second day of ICU admission CRP was significantly higher in the 

IAH 145 group as compared to patients without IAH (191 [89-331] mg/l vs. 



 

113 [29-223] mg/l, p = 0.02). Copeptin levels were significantly higher in both 

IAH 143 and IAH 145 groups when compared to patients without IAH (Fig. 7 

and ESM Table IVa and IVb and ESM Fig. IC). Body temperature was 

comparable between groups, as were incidence and prevalence of fever (data 

not shown). 

 

Fig. 7: Serum sodium, serum copeptin and urine osmolality over time 

 

 
Green: serum sodium concentration, red: serum copeptin concentration, 

purple: urine osmolality 

● = patients without IAH, □ = patients with IAH 143,   = patients with IAH 145 

 

Other analyses 

In an effort to integrate all of the above we performed a binary multivariate 

analysis with the presence/absence of IAH 143 as dependent variable. At 

baseline serum creatinine (in 𝜇mol/l)  was an independent risk factor for the 

development of both IAH 143 (OR 1.014, 95% CI 1.003-1.026, p = 0.01) as well 

as IAH 145 (OR 1.013, 95% CI 1.004-1.023, p < 0.01). On day 3 both fluid 

intake (in milliliter; OR 1.001, 95% CI 1.000-1.001, 0.05) and copeptin (in 



 

pmol/l; OR 1.008, 95% CI 1.001-1.015, 0.03) remained significant. In a similar 

model with the presence/absence of IAH 145 as dependent variable, sodium 

intake (in mmol; OR 1.002, 95% CI 1.001-1.004, p = 0.01) and copeptin level 

(in pmol/l; OR 1.011, 95% CI 1.003-1.018, p < 0.01) remained significant.  

 

 

Discussion 

Main findings of this study include the following. During the study period 

severity of illness scores are higher in patients with IAH as compared to 

patients without IAH. Sodium intake was high in all groups and patients that 

developed a serum sodium concentration ≥ 145mmol/l received significantly 

more sodium in comparison to patients without IAH. Fluid balances were 

comparable between patients with and without IAH and these balances were 

only mildly positive. We also observed that patients who developed IAH had 

lower renal sodium excretion, as compared to patients who did not develop 

IAH, resulting in a significantly more positive sodium balance. Finally, patients 

with IAH had worse renal function when compared to patients without IAH. 

Below we will discuss these and other findings in relation to previous 

literature per topic.  

 

Sodium 

Several authors described sodium overload as a contributing factor in the 

development of IAH10,12,13,18,21-24. However, only a minority of authors described 

actual administered amounts of sodium. In two studies patients with IAH 

received about 5 grams of sodium per study day18,23. Choo et al. described an 

evidently higher sodium intake in patients with IAH when compared to 

patients without IAH18. Median sodium intake in our patients ranged from an 

average of 8 to 11 grams during the first 24 hours of ICU-admission. This 

exceeds by far the recommended sodium intake of 2 grams daily25, but is not 

uncommon in daily life26. Nevertheless, in our study sodium intake remained 

independently predictive for the development of IAH 145. In healthy subjects 

sodium loading does not consistently result in substantial elevation of sNa27,28. 

Shortly after sodium loading healthy subjects showed increased renal sodium 

excretion28-33. This is in contrast to our findings in patients with IAH, especially 

in the IAH 145 group. In these patients renal sodium excretion increased 

slowly after a few days, resulting in positive sodium balances. Impaired renal 

sodium excretion could be due to a competition between renal urea and 

sodium excretion8,11. Interestingly renal urea excretion (including FEurea) was 
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equal in all patients. A positive sodium balance, instead of sodium loading in 

itself, as a contributing factor to IAH was described before8,24. Contrary to 

findings of other authors we did not find differences in types of administered 

drugs or fluids between patients with and without IAH1,3,8-10,21-22,24,34. This could 

be explained by stringent protocolized fluid administration in all groups. 

 

Fluid balances 

Inadequate maintenance of fluid balances are often mentioned as a 

contributing factor for IAH1,8-12,21-22,24,34-35. We found limited positive or even 

negative fluid balances, but these balances did not differ between groups. This 

absence of differences in fluid balances between groups was also reflected by 

body weight, which did not differ between groups and did not significantly 

change over the first 5 study days.  

Fluid balances can be divided into fluid intake and fluid output. Inadequate 

fluid intake is considered an important iatrogenic factor in the development of 

IAH. Under normal circumstances a rise in serum sodium concentration leads 

to a thirst stimulus, but ICU patients are often unable to drink 1,2,10,22,36,37. 

Ingested water is supposed to lead to plasma dilution and thereby 

normalization of sNa. Salt loading accompanied by short-term increase in 

water intake was found in healthy volunteers 29,31,38, but not during chronic 

adaptation to increased salt consumption 39. In our study the higher sodium 

intake in the IAH 145 group was not accompanied by increased fluid intake. 

This indicates that a relatively inadequate fluid supply cannot be completely 

ruled out as contributing factor to the development of IAH in our population.  

 

On the other hand both sensible and insensible fluid output seem to play a 

subordinate role in our population. Many authors describe polyuria as an 

important factor in the development of IAH1,8-10,12,21-22,24,34-35,40. This polyuria 

can be caused by osmotic diuresis (mostly because of glucosuria or high renal 

urea excretion), diabetes insipidus, diuretics or in the recovery phase of acute 

kidney injury (AKI). In our patients we did not observe polyuria. Renal glucose 

and urea excretion were comparable between groups and diuretics were 

hardly administered in small and comparable amounts. Fever has also been 

considered a contributing factor previously, because of increase in insensible 

loss1,2,24,41. We deliberately did not correct fluid balances for insensible loss. 

However, our body weight findings make it unlikely that insensible loss played 

a substantial role in the development of IAH. Besides, the incidence and 

prevalence of fever were comparable between groups.  
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In addition, redistribution of water may play a role in development of IAH. 

However, although albumin was low in all patients, albumin concentrations 

did not differ between patients with and without IAH. This is in line with 

previous literature8,24. Moreover, bioelectrical impedance-derived resistance 

did not differ across groups. This is in line with the absence of significant 

differences in edema formation and underlying shifts from the intravascular to 

the interstitial compartment.  

 

Renal function 

Median serum creatinine level on the day of admission was elevated in 

patients with and without IAH. However, serum creatinine was significantly 

higher in patients with IAH and this difference persisted over time. Baseline 

serum creatinine was an independent predictive factor in the development of 

IAH. Impaired renal function or AKI has been suggested to play a contributing 

role in IAH1,2,8,9,12,15,35,37,41. In the complex pathophysiology of AKI inflammation 

plays a pivotal role in the orchestration of metabolic downregulation and 

reprioritization of energy utilization42. As expresses by high CRP levels, 

inflammation was present in all patients. Different mechanisms by which AKI 

leads to IAH have been described. In an experimental model impairment of 

renal function was accompanied by a reduction in oxygen-dependent 

efficiency of renal sodium excretion43. This relationship was supported by the 

observed correlation between decrease in serum creatinine and increase in 

renal sodium excretion in our population. Another mechanism by which AKI 

leads to IAH is in the polyuric recovery phase of AKI12,21,37. However, as 

described above, we did not find polyuria in our patients. Nevertheless, EFWC 

tended to be higher in patients developing IAH. This could imply that there is a 

relative concentration deficit: in relation to sNa the kidneys should be able to 

retain more water than they actually do. This hypothesis is supported by the 

higher levels of copeptin in patients with IAH. Copeptin is a surrogate marker 

for arginine vasopressin (AVP), but far less unstable and therefore easier to 

measure44-46. It is known that copeptin levels increase during inflammation44,45. 

But in our study CRP-levels did not differ between groups, whereas copeptin 

levels did. The fact that we did not observe differences in urine output may be 

in line with a renal inability to respond to AVP adequately, leading to urine 

that is inappropriately dilute for the level of sNa. Our data do not allow to 

identify the renal mechanisms underlying the relative insensitivity to AVP, but 

it might well be part of the general renal derangements elicited by severe 

illness.  
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Other factors 

In our study patients with IAH had higher severity of illness scores in 

comparison to patients without IAH. This is in line with previous findings that 

severity of illness plays a role in the development of IAH2,3,8,23,34,41. Other 

authors found differences in baseline characteristics such as gender, age, 

reason for admission and medical history between patients with and without 

IAH3,8,34,41. We did not find an influence of any of these factors on the 

development of IAH. Also some disturbances in other electrolytes were 

associated with the development of IAH2,8,10,12. In our population serum 

potassium and serum calcium levels were not significantly different between 

groups.  

 

Limitations 

Main limitation of this study is that all measurements and urine collections are 

subject to differences in scrutiny of individual members of  ICU personnel. To 

some extend this may cause a variable inaccuracy of registration, especially 

with respect to fluid balances. For example registration of volume and 

consistency of stool was too incomplete for use in calculation of fluid balances. 

Incorporation of these date could have led to alterations in distribution of 

fluid balances, because diarrhea was previously described as a contributing 

factor for IAH 24. However, change in bodyweight correlated well with 

(cumulative)fluid balances, suggesting limited bias.   

 

Potential implications for therapeutic strategies 

The fact that IAH is associated with mortality does not automatically imply 

that correction of IAH is beneficial to the critically ill patient. In fact, controlled 

studies that explore the potential impact of correction of increased sNa 

concentrations on morbidity or mortality are virtually absent. This in spite of 

the widespread clinical use of (par)enteral water to attenuate hypernatremia. 

If IAH is rather a marker of severity of illness, than a true cause for increased 

mortality, interventions to reduce sNa should be undertaken with great 

constrained. Reduction of salt loading, most effectively by reduction of fluid 

administration or a change in the composition of resuscitation fluids, has the 

potential to mitigate the development of IAH to some extent. However, such 

strategy contains only potential in patients with a clear reduction in renal 

sodium excretion. As of now, the ability to promote sodium excretion seems 

unlikely, if such inability to excrete sodium is driven by a tubular metabolic 

shutdown. Recently this was illustrated by a small placebo controlled trial, in 
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which the administration of hydrochlorothiazide failed to promote an increase 

in urinary sodium content in critically ill patients with IAH47. Despite its 

widespread use, correction of the sNa concentration by (par)enteral water 

administration does not influence the underlying mechanism of IAH. Our 

controlled setting renders it unlikely that an absolute water deficit plays a 

substantial role in the evolution of IAH in the majority of patients. In this 

setting the administration of (par)enteral water is inevitably restricted to an 

evanescent reduction in sNa, due to the immediate redistribution into the vast 

interstitial and intracellular space. As such, perseverance of such strategy will 

lead to edema formation, a well-known risk factor for mortality in the 

critically ill48. Further studies are needed to separate true cause-and-effect 

from association. Until further notice, interventions to correct IAH should be 

considered as ‘window dressing’ and restricted to situations in which sNa 

concentrations are deemed toxic. 

 

Conclusion 

IAH was associated with positive sodium balance, renal function impairment, 

a higher free water clearance in spite of elevated copeptin and higher severity 

of illness. This supports the hypothesis that impairment of renal function by 

severe illness leads to a decrease in sodium excretion and relative 

insufficiency of water reabsorption. In the presence of excessive sodium 

loading this leads to hypernatremia.  
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Table I: Characteristics of included patients, group split in patients with and without a serum sodium concentration of ≥ 

145mmol/l 

 

 s[Na] < 

145mmol/l 

s[Na] ≥ 

145mmol/l 

P-value 

Number of patients, n (%) 

Male gender, n (%) 

Age, years 

BMI, kg/m2 

Medical history 

   Arterial diseases 

   Hypertension 

   Diabetes mellitus 

   Chronic kidney disease* 

   Chronic inflammatory disease 

Drug history 

   NSAID 

   ACE-inhibitor / Angiotensin antagonist 

   Diuretics 

   Immunosuppressants 

APACHE III - score  

SOFA-score on admission 

63 (71) 

38 (60) 

66 [54-73] 

26.5 [24.8-33.3] 

 

26 (41) 

23 (37) 

11 (18) 

1 (2) 

8 (13) 

 

5 (8) 

17 (27) 

10 (16) 

4 (6) 

77 [62-106] 

9 [6-12] 

26 (29) 

16 (62) 

68 [65-73] 

26.4 [23.2-31.6] 

 

13 (50) 

13 (50) 

3 (12) 

2 (8) 

3 (12) 

 

2 (8) 

10 (39) 

4 (15) 

2 (8) 

96 [79-117] 

9 [8-13] 

 

1 

0.15 

0.45 

 

0.49 

0.34 

0.55 

0.20 

1 

 

1 

0.32 

1 

0.42 

0.02 

0.3 



 

Reason for admission, n (%) 

   Sepsis 

      Pulmonary 

      Abdominal 

      Other 

   Surgery (non-sepsis) 

   Cardiopulmonary resuscitation 

   Miscellaneous 

 

36 (42) 

10 (16) 

10 (16) 

6 (9) 

6 (9) 

19 (30) 

12 (19) 

 

16 (61) 

8 (31) 

3 (12) 

5 (18) 

2 (8) 

3 (11) 

5 (20) 

 

 

 

 

 

 

 

 

BMI: Body mass index, NSAID: Non-steroidal anti-inflammatory drugs, ACE: Angiotensin converting enzyme, APACHE: 

Acute physiology and chronic health evaluation, SOFA: Sequential organ failure assessment 

 

 

Table IIa: Sodium & fluid balance, IAH 143 

 s[Na] < 143mmol/l s[Na] ≥ 143mmol/l P-value 

Sodium intake after 24 hours, mmol 

Sodium intake after 48 hours, mmol 

Sodium intake after 72 hours, mmol 

Sodium intake after 96 hours, mmol 

Sodium intake after 120 hours, mmol 

Fluid intake after 24 hours, L 

Fluid intake 24-48 hours, L 

Fluid intake 48-72 hours, L 

Fluid intake 72-96 hours, L 

Fluid intake 96-120 hours, L 

366 [188-572] 

581 [352-802] 

771 [480-1039] 

894 [636-1193] 

1126 [810-1338] 

3.2 [2.4-4.8] 

2 [1.6-2.4] 

1.9 [1.5-2.4] 

1.9 [1-2.8] 

2.1 [1.5-2.6] 

328 [220-582] 

570 [398-939] 

767 [540-1219] 

968 [625-1404] 

1152 [810-1714] 

2.8 [2-4.3] 

2.2 [1.7-3.2] 

2.1 [1.6-2.6] 

1.9 [1.5-2.4] 

2 [1.7-2.3] 

0.96 

0.30 

0.34 

0.53 

0.37 

0.24 

0.07 

0.33 

0.89 

0.75 

0.28 



 

Fluid balance after 24 hours, L 

Fluid balance 24-48 hours, L 

Fluid balance 48-72 hours, L 

Fluid balance 72- 96 hours, L 

Fluid balance 96-120 hours, L 

Sodium balance after 24 hours*, mmol 

Sodium balance after 48 hours*, mmol 

Sodium balance after 72 hours*, mmol 

Sodium balance after 96 hours*, mmol 

Sodium balance after 120 hours*,  

   mmol 

Resistance day 1, Ω/m 

Resistance day 2, Ω/m 

Resistance day 3, Ω/m 

Resistance day 6, Ω/m 

Reactance day 1, Ω/m 

Reactance day 2, Ω/m 

Reactance day 3, Ω/m 

Reactance day 6, Ω/m 

1.2 [0.2-2.8] 

0.2 [-.1-1.1] 

0.2 [-0.2-0.7] 

-0.1 [-0.8-0.6] 

0.3 [-0.8-0.6] 

334 [144-529] 

460 [257-664] 

568 [359-921] 

642 [463-1034] 

 

539 [455-1169] 

261 [227-304] 

226 [202-275] 

233 [194-297] 

224 [172-310] 

24 [18-31] 

20 [15-26] 

19 [14-23] 

19 [13-24] 

1.2 [0.4-1.8] 

0.5 [-0.3-1.1] 

0.3 [-0.2-0.8] 

0 [-0.5-0.6] 

-0.5 [-1.6-0.3] 

299 [207-579] 

514 [306-913] 

677 [445-1141] 

724 [490-1239] 

 

790 [553-1331] 

251 [218-307] 

240 [208-279] 

217 [176-252] 

226 [194-258] 

20 [18-29] 

15 [12-19] 

13 [10-16] 

16 [9-26] 

0.66 

0.71 

0.80 

0.65 

0.09 

0.56 

0.16 

0.12 

0.24 

 

0.07 

0.36 

0.56 

0.05 

0.93 

0.60 

0.74 

0.05 

0.12 

* Sodium excretion was only structural measured in 24 hour urine-collections, not in other excreta 

 

 

  



 

Table IIb: Sodium & fluid balance, IAH 145 

 s[Na] < 145mmol/l s[Na] ≥ 145mmol/l P-value 

Sodium intake after 24 hours, mmol 

Sodium intake after 48 hours, mmol 

Sodium intake after 72 hours, mmol 

Sodium intake after 96 hours, mmol 

Sodium intake after 120 hours, mmol 

Fluid intake after 24 hours, L 

Fluid intake 24-48 hours, L 

Fluid intake 48-72 hours, L 

Fluid intake 72-96 hours, L 

Fluid intake 96-120 hours, L 

Fluid balance after 24 hours, L 

Fluid balance 24-48 hours, L 

Fluid balance 48-72 hours, L 

Fluid balance 72- 96 hours, L 

Fluid balance 96-120 hours, L 

Sodium balance after 24 hours*, mmol 

Sodium balance after 48 hours*, mmol 

Sodium balance after 72 hours*, mmol 

Sodium balance after 96 hours*, mmol 

Sodium balance after 120 hours*,  

   mmol 

Resistance day 1, Ω/m 

350 [173-523] 

551 [333-799] 

692 [475-1031] 

850 [572-1185] 

1072 [810-1288] 

3.1 [2-4.2] 

2 [1.6-2.5] 

2 [1.6-2.5] 

2 [1.2-2.6] 

2 [1.6-2.4] 

1 [0.1-2.4] 

0.3 [-0.1-1.2] 

0.3 [-0.1-0.8] 

-0.1 [-1-0.8] 

0 [-1-0.8] 

303 [128-471] 

460 [235-674] 

561 [334-835] 

640 [450-981] 

 

547 [410-1094] 

260 [229-305] 

498 [288-688] 

747 [484-1098] 

1033 [642-1406] 

1248 [737-1673] 

1374 [810-1857] 

3 [2.5-4.5] 

2.3 [1.7-3.1] 

2.2 [1.6-2.6] 

1.8 [1.5-2.5] 

1.9 [1.7-2.3] 

1.6 [0.6-2] 

0.5 [0-1] 

0.1 [-0.3-0.7] 

0 [-1-0.4] 

-0.7 [-2.2-0.3] 

464 [259-665] 

703 [397-996] 

894 [498-1284] 

977 [590-1388] 

 

1103 [617-1810] 

242 [190-268] 

0.03 

0.01 

0.01 

0.01 

0.06 

0.27 

0.47 

0.13 

0.41 

0.61 

0.90 

0.87 

0.40 

0.75 

0.05 

0.01 

0.01 

<0.01 

0.02 

 

<0.01 

0.11 



 

Resistance day 2, Ω/m 

Resistance day 3, Ω/m 

Resistance day 6, Ω/m 

Reactance day 1, Ω/m 

Reactance day 2, Ω/m 

Reactance day 3, Ω/m 

Reactance day 6, Ω/m 

235 [208-300] 

229 [193-293] 

228 [195-258] 

24 [18-31] 

20 [15-26] 

19 [14-23] 

19 [13-24] 

235 [196-265] 

217 [179-246] 

219 [182-259] 

20 [18-29] 

15 [12-16] 

13 [10-16] 

13 [10-17] 

0.62 

0.18 

0.67 

0.06 

0.01 

<0.01 

<0.01 

* Sodium excretion was only structural measured in 24 hour urine-collections, not in other excreta  

 

Table IIIa: Excretion and renal function in patients without IAH and IAH 143 

 s[Na] < 

143mmol/l 

s[Na] ≥ 143mmol/l P-value 

Serum creatinine after 24 hours, µmol/l 

Serum creatinine after 48 hours, µmol/l 

Serum creatinine after 72 hours, µmol/l 

Serum creatinine after 96 hours, µmol/l 

eGFR ml/min/1.73m2, day 1 

eGFR ml/min/1.73m2, day 3 

eGFR ml/min/1.73m2, day 5 

FWC ml/min, day 1 

FWC ml/min, day 3 

FWC ml/min, day 5 

EFWC ml/min, day 1 

EFWC ml/min, day 3 

91 [65-134] 

73 [51-123] 

67 [49-108] 

64 [45-106] 

73 [56-113] 

78 [54-131] 

113 [66-146] 

-1.6 [-2.4--1.1] 

-2.3 [-3.1--1.9] 

-1.2 [-2.5--0.2] 

0.08 [0.02-0.42] 

0.20 [0.01-0.33] 

135 [82-183] 

130 [72-256] 

114 [69-244] 

98 [67-222] 

59 [38-79] 

42 [22-84] 

64 [24-102] 

-1.3 [-1.8--0.8] 

-1.5 [-2.5--0.8] 

-0.5 [-1.8--0.1] 

0.19 [0.07-0.27] 

0.20 [0.09-0.35] 

<0.01 

<0.01 

<0.01 

<0.01 

0.01 

<0.01 

<0.01 

0.93 

0.01 

0.31 

0.49 

0.34 



 

EFWC ml/min, day 5 

Serum urea after 24 hours, mmol/l 

Serum urea after 48 hours, mmol/l 

Serum urea after 72 hours, mmol/l 

Serum urea after 96 hours, mmo/l 

Urine sodium 0-24 hours, mmol/l 

Urine sodium 24-48 hours, mmol/l 

Urine sodium 48-72 hours, mmol/l 

Urine sodium 72-96 hours, mmol/l 

Urine sodium 96-120hours, mmol/l 

Urine urea 0-24 hours, mmol/kg/day 

Urine urea 24-48 hours, mmol/kg/day 

Urine urea 48-72 hours, mmol/kg/day 

Urine urea 72-96 hours, mmol/kg/day 

Urine urea 96-120 hours, mmol/kg/day 

Urine osmolality 0-24 hours, mmol/l 

Urine osmolality 24-48 hours, mmol/l 

Urine osmolality 48-72 hours, mmol/l 

Urine osmolality 72-96 hours, mmol/l 

Urine osmolality 96-120 hours, mmol/l 

FEna 0-24 hours, % 

FEna 24-48 hours, % 

FEna 48-72 hours, % 

FEna 72-96 hours, % 

0.06 [-0.2-0.16] 

8.7 [5.9-11.4] 

8.9 [5.3-14.1] 

7.8 [5-12] 

8.8 [4.6-12.8] 

34 [18-52] 

42 [11-71] 

69 [13-97] 

93 [17-111] 

101 [45-132] 

2.6 [1.4-3.2] 

3.2 [2.4-4.9] 

3.2 [2.2-5.3] 

4.8 [2.8-6.7] 

4.8 [3.7-6.6] 

543 [384-761] 

638 [487-806] 

661 [439-860] 

685 [499-809] 

637 [534-785] 

2.7 [0.9-4.8] 

2.6 [1-4] 

3.5 [1.2-7.3] 

6.7 [1.1-10] 

0.19 [-0.01-0.43] 

10.5 [7.5-15.1] 

12.4 [7.5-18.5] 

11.9 [8.3-21] 

12.4 [7.6-25] 

31 [20-52] 

27 [20-56] 

30 [20-61] 

59 [21-94] 

68 [26-104] 

2 [1.1-3] 

2.4 [1.3-4] 

2.8 [1.8-4.9] 

2.2 [3.8-5.3] 

4.2 [2.4-7.5] 

455 [393-609] 

482 [399-692] 

513 [405-664] 

520 [423-677] 

514 [432-629] 

2.8 [1.4-6.2] 

3 [1.3-5.3] 

3.5 [1.8-7.8] 

7.1 [2-11.9] 

0.04 

0.03 

0.02 

<0.01 

0.02 

0.67 

0.43 

0.34 

0.30 

0.1 

0.19 

0.13 

0.42 

0.23 

0.38 

0.18 

0.01 

0.06 

0.08 

0.01 

0.11 

0.42 

0.59 

0.33 



 

FEna 96-120 hours, % 

FEurea 0-24 hours, % 

FEurea 24-48 hours, % 

FEurea 48-72 hours, % 

FEurea 72-96 hours, % 

FEurea 96-120 hours, % 

Diuresis 0-24 hours, ml/kg/h 

Diuresis 24-48 hours, ml/kg/h 

Diuresis 48-72 hours, ml/kg/h 

Diuresis 72-96 hours, ml/kg/h 

Diuresis 96-120 hours, ml/kg/h 

6 [3.8-12.3] 

253 [189-347] 

286 [208-350] 

310 [247-406] 

329 [259-351] 

332 [244-409] 

0.5 [0.3-0.8] 

0.4 [0.3-0.6] 

0.5 [0.3-0.9] 

0.7 [0.4-0.9] 

0.6 [0.4-1] 

9.3 [4.5-13.5] 

244 [149-238] 

277 [170-385] 

307 [248-358] 

325 [260-379] 

364 [278-425] 

0.5 [0.3-0.7] 

0.4 [0.3-0.6] 

0.5 [0.3-0.7] 

0.6 [0.4-0.8] 

0.7 [0.5-1] 

0.25 

0.41 

0.87 

0.70 

0.63 

0.42 

0.9 

0.6 

0.8 

0.7 

0.4 

FEna: fractional sodium excretion, FEurea: fractional urea excretion, FWC: Free water clearance, EFWC: Electrolyte free 

water clearance 

 

  



 

Table IIIb: Excretion and renal function in patients without IAH and IAH 145 

 

 s[Na] < 145mmol/l s[Na] ≥ 145mmol/l P-value 

Serum creatinine after 24 hours, µmol/l 

Serum creatinine after 48 hours, µmol/l 

Serum creatinine after 72 hours, µmol/l 

Serum creatinine after 96 hours, µmol/l 

eGFR ml/min/1.73m2, day 1 

eGFR ml/min/1.73m2, day 3 

eGFR ml/min/1.73m2, day 5 

FWC ml/min, day 1 

FWC ml/min, day 3 

FWC ml/min, day 5 

EFWC ml/min, day 1 

EFWC ml/min, day 3 

EFWC ml/min, day 5 

Serum urea after 24 hours, mmol/l 

Serum urea after 48 hours, mmol/l 

Serum urea after 72 hours, mmol/l 

Serum urea after 96 hours, mmo/l 

Urine sodium 0-24 hours, mmol/l 

Urine sodium 24-48 hours, mmol/l 

Urine sodium 48-72 hours, mmol/l 

Urine sodium 72-96 hours, mmol/l 

93 [69-134] 

75 [56-118] 

69 [54-95] 

70 [48-91] 

71 [56-95] 

78 [55-124] 

104 [65-131] 

-1.6 [-2.3--1.1] 

-2.3 [-3--1.9] 

-0.9 [-2.5--0.3] 

0.13 [0.04-0.38] 

0.19 [0.01-0.34] 

0.03 [-0.17-0.18] 

8.3 [6.4-10.6] 

8.5 [5.6-12.8] 

8.1 [5.4-11.9] 

8.4 [6.3-12.6] 

33 [10-63] 

38 [15-70] 

52 [18-92] 

86 [30-108] 

166 [121-220] 

185 [112-305] 

204 [92-316] 

181 [88-324] 

42 [33-72] 

30 [19-53] 

31 [17-76] 

-0.9 [-1.8--0.6] 

-1.2 [-1.8--0.7] 

-0.4 [-1.5-0.1] 

0.15 [0.05-0.28] 

0.21 [0.11-0.34] 

0.30 [0.14-0.68] 

14 [10.2-17.4] 

16.1 [10.4-22.3] 

19.1 [10.4-26.5] 

10.1 [11.3-30.3] 

22 [10-44] 

25 [20-52] 

26 [18-59] 

41 [20-75] 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

0.33 

0.89 

0.28 

<0.01 

<0.01 

<0.01 

<0.01 

<0.01 

0.98 

0.26 

0.18 

0.09 



 

Urine sodium 96-120 hours, mmol/l 

Urine urea 0-24 hours, mmol/kg/day 

Urine urea 24-48 hours, mmol/kg/day 

Urine urea 48-72 hours, mmol/kg/day 

Urine urea 72-96 hours, mmol/kg/day 

Urine urea 96-120 hours, mmol/kg/day 

Urine osmolality 0-24 hours, mmol/l 

Urine osmolality 24-48 hours, mmol/l 

Urine osmolality 48-72 hours, mmol/l 

Urine osmolality 72-96 hours, mmol/l 

Urine osmolality 96-120 hours, mmol/l 

FEna 0-24 hours, % 

FEna 24-48 hours, % 

FEna 48-72 hours, % 

FEna 72-96 hours, % 

FEna 96-120 hours, % 

FEurea 0-24 hours, % 

FEurea 24-48 hours, % 

FEurea 48-72 hours, % 

FEurea 72-96 hours, % 

FEurea 96-120 hours, % 

Diuresis 0-24 hours, ml/kg/h 

Diuresis 24-48 hours, ml/kg/h 

Diuresis 48-72 hours, ml/kg/h 

100 [47-122] 

2.4 [1.5-3.2] 

3.3 [2.3-4.4] 

3.4 [2.4-5.2] 

4.7 [3.3-6.8] 

4.7 [3.4-6.8] 

543 [387-728] 

632 [455-765] 

631 [439-851] 

625 [461-799] 

603 [496-704] 

2.7 [0.9-4.4] 

2.4 [1-3.8] 

3 [1.6-6.5] 

6.9 [1.4-12.1] 

8 [3.8-12.6] 

258 [192-347] 

281 [208-372] 

314 [244-378] 

326 [258-362] 

335 [249-413] 

0.5 [0.3-0.8] 

0.4 [0.3-0.6] 

0.6 [0.3-0.8] 

43 [25-98] 

1.6 [0.4-2.6] 

1.7 [0.9-3.9] 

2.2 [1.6-3.8] 

3 [2.1-4.4] 

4.2 [2.9-7] 

423 [387-518] 

423 [377-521] 

474 [396-600] 

501 [415-613] 

506 [441-640] 

3.4 [1.7-7.6] 

3 [2.2-5.7] 

4.3 [2.2-9.7] 

7.5 [3.7-10.5] 

9.6 [4.6-13.8] 

222 [157-301] 

271 [149-387] 

297 [250-360] 

333 [257-391] 

367 [287-435] 

0.4 [0.3-0.5] 

0.4 [0.3-0.6] 

0.5 [0.3-0.6] 

0.03 

0.07 

0.02 

0.04 

0.04 

0.72 

0.05 

< 0.01 

0.01 

0.07 

0.19 

0.03 

0.09 

0.15 

0.55 

0.32 

0.22 

0.59 

0.71 

0.58 

0.31 

0.12 

0.27 

0.15 



 

Diuresis 72-96 hours, ml/kg/h 

Diuresis 96-120 hours, ml/kg/h 

0.7 [0.3-0.9] 

0.7 [0.4-1] 

0.5 [0.4-0.8] 

0.7 [0.5-0.9] 

0.48 

0.95 

FEna: fractional sodium excretion, FEurea: fractional urea excretion, FWC: Free water clearance, EFWC: Electrolyte free 

water clearance 

 

Table IVa: Other variables in patients without IAH and IAH 143 

 s[Na] < 143mmol/l s[Na] ≥ 143mmol/l P-value 

SOFA-score day 1 

SOFA-score day 2 

SOFA-score day 3 

SOFA-score day 4 

SOFA-score day 5 

Serum potassium day 1, mmol/l 

Serum potassium day 2, mmol/l 

Serum potassium day 3, mmol/l 

Serum potassium day 4, mmol/l 

Serum potassium day 5, mmol/l 

CRP day 1, mg/l 

CRP day 2, mg/l 

CRP day 3, mg/l 

CRP day 4, mg/l 

CRP day 5, mg/l 

Albumin day 1, g/l 

Albumin day 2-3ᶧ, g/l 

9 [6-12] 

9 [5-11] 

7 [4-9] 

5 [4-8] 

5 [3-7] 

4.1 [3.7-4.4] 

4 [3.7-4.3] 

3.9 [3.6-4.4] 

4 [3.7-4.4] 

4.2 [3.9-4.5] 

46 [6-227] 

114 [30-240] 

156 [85-294] 

129 [53-209] 

108 [52-158] 

25 [20-32] 

22 [15-28] 

9 [8-12] 

9 [7-11] 

8 [6-10] 

7 [4-10] 

6 [4-9] 

4.2 [3.6-4.8] 

4.1 [3.8-4.5] 

4 [3.7-4.4] 

4 [3.7-4.4] 

4 [3.7-4.3] 

82 [11-173] 

152 [45-279] 

168 [91-288] 

138 [61-266] 

116 [45-189] 

22 [20-31] 

21 [17-25] 

0.38 

0.48 

0.06 

0.13 

0.20 

0.35 

0.48 

0.27 

0.56 

0.12 

0.51 

0.50 

0.95 

0.26 

0.67 

0.23 

0.73 



 

Albumin day 6ᶧ, g/l 

Copeptin day 1, pmol/l 

Copeptin day 2-3ᶧ, pmol/l 

Copeptin day 6ᶧ, pmol/l 

19 [16-23] 

103 [33-63] 

36 [14-85] 

27 [10-33] 

19 [16-24] 

166 [102-415] 

75 [31-138] 

62 [31-127] 

0.93 

0.02 

<0.01 

<0.01 

SOFA: Sequential organ failure assessment, CRP: C-reactive protein 

ᶧ these parameters were measured every Monday and Thursday, so the actual study day of determination varies (the 

noted study days are the days most variables were measured) 

 

Table IVb: Other variables in patients without IAH and IAH 145 

 

 s[Na] < 145mmol/l s[Na] ≥ 145mmol/l P-value 

SOFA-score day 1 

SOFA-score day 2 

SOFA-score day 3 

SOFA-score day 4 

SOFA-score day 5 

Serum potassium day 1, mmol/l 

Serum potassium day 2, mmol/l 

Serum potassium day 3, mmol/l 

Serum potassium day 4, mmol/l 

Serum potassium day 5, mmol/l 

CRP day 1, mg/l 

CRP day 2, mg/l 

CRP day 3, mg/l 

9 [6-12] 

8 [6-11] 

7 [4-9] 

5 [4-9] 

5 [3-7] 

4.1 [3.6-4.4] 

3.9 [3.7-4.3] 

3.9 [3.6-4.4] 

3.9 [3.7-4.4] 

4.1 [3.9-4.4] 

37 [5-155] 

113 [29-223] 

156 [81-269] 

9 [8-13] 

10 [8-11] 

8 [7-10] 

7 [5-10] 

7 [4-9] 

4.2 [3.9-4.8] 

4.4 [3.7-4.7] 

4.1 [3.7-4.5] 

4.1 [3.7-4.4] 

3.9 [3.6-4.4] 

115 [38-314] 

191 [89-331] 

217 [100-337] 

0.3 

0.03 

0.03 

0.05 

0.11 

0.11 

0.11 

0.12 

0.55 

0.17 

0.02 

0.02 

0.19 



 

CRP day 4, mg/l 

CRP day 5, mg/l 

Albumin day 1, gl/l 

Albumin day 2-3ᶧ, g/l 

Albumin day 6ᶧ, g/l 

Copeptin day 1, pmol/l 

Copeptin day 2-3ᶧ, pmol/l 

Copeptin day 6ᶧ, pmol/l 

140 [57-222] 

115 [55-158] 

27 [20-32] 

23 [17-29] 

21 [17-24] 

104 [36-255] 

34 [14-82] 

31 [18-69] 

126 [61-287] 

106 [40-242] 

19 [17-27] 

19 [16-21] 

17 [16-20] 

212 [153-455] 

108 [55-164] 

67 [35-136] 

0.37 

0.69 

< 0.01 

0.01 

0.01 

< 0.01 

< 0.01 

0.02 

SOFA: Sequential organ failure assessment, CRP: C-reactive protein 

ᶧ these parameters were measured every Monday and Thursday, so the actual study day of determination varies (the 

noted study days are the days most variables were measured) 

 

  



 

Table V: Sodium content in mmol/l in some samples of some other body fluids 

 

Fluid Sodium in mmol/l 

Pleural effusion 

Feces 

Aspirate from nasogastric tube 

Abdominal drain fluid 

4 

72, 92, 11, 150, 26, 33 (mean: 64) 

95, 47, 41, 42, 101, 53 (mean: 63) 

150, 147 (mean: 149) 

 

 



 

Fig. I: Copeptin (pmol/l) in patients without IAH, with IAH 143 and IAH 145 

 

 

 
 

 

IAH: ICU-acquired hypernatremia. *p < 0.05, **p < 0.01 

 

 

Fig. II: Course of eGFR in ml/min/1.73m2 during the first 10 study days 
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