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Objective: To investigate the value of hypernatremia in the intensive care unit (ICU) for the risk prediction of mortality in severe
patients.

Methods: Clinical data of critically ill patients admitted to the ICU of Beijing Friendship Hospital, were collected for retrospective
analysis. Univariate and multivariate logistic regression analyses were employed to analyze the influencing factors. Nomograms
predicting the mortality were constructed with R software and validated with repeated sampling.

Results: A total of 442 cases were eligible for this study. Hypernatremia within 48 hours of ICU admission, change in sodium
concentration (CNa+) within 48 hours, septic shock, APACHE II score, hyperlactatemia within 48 hours, use of continuous renal
replacement therapy (CRRT) within 48 hours, and the use of mechanical ventilation (MV) within 48 hours of ICU admission were all
identified as independent risk factors for death within 28 days of ICU admission. These predictors were included in a nomogram of 28-
day mortality in severe patients, which was constructed using R software.

Conclusion: The nomogram could predict the individualized risk of 28-day mortality based on the above factors. The model has
better discrimination and accuracy and has high clinical application value.
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Introduction

Electrolyte imbalance is common in hospitalized patients, especially the elderly,' and is associated with an increased
risk of death.’ In addition, abnormal serum sodium concentration is a common electrolyte disorder, and it has been
reported that about 30% to 40% of hospitalized patients will have sodium concentration disorder.*> More than one-third
of patients in intensive care units (ICU) may present with abnormal serum sodium concentrations, which can manifest as
hyponatremia or hypernatremia, among others.®” Despite large variations in daily sodium and water intake, plasma
sodium levels are normally regulated within a small physiological range. When there is an absolute or relative free water
deficit in hypernatremia (usually defined as a plasma sodium concentration greater than 145 mmol / L), the brain and
kidney responses require that water uptake and excretion be balanced with salt uptake and excretion, which helps restore
plasma sodium homeostasis.® Researches have shown that hypernatremia is common in the ICU setting.” One study
showed that hypernatremia in critically ill patients usually occurs after rather than on admission.'® The hypernatremia
seen in hospitalized patients may be either community-acquired hypernatremia as part of the admission diagnosis or
hospital-acquired hypernatremia occurring during hospitalization.'" Hypernatremia occurs because the ratio of sodium
and water in the blood is changed because the loss of water exceeds the loss of sodium, and the absence of water which

may result from reduced intake or excessive loss.'? Therefore, most hypernatremia is thought to be related to
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hypovolemia. But hypervolemic hypernatremia is rare.'> '® In addition, researchers have also highlighted that patients
with severe sepsis who received 0.9% saline resuscitation may acquire hypernatremia at an early stage.'’

Due to the significant impact that sodium disturbances have on patient outcomes, there has been a surge in scientific
interest in these disorders.'® In fact, sodium level is an important prognostic factor and is included in the ICU scoring
system.'® Hypernatremia is an independent predictor of mortality. Based on the presence of hypernatremia in a patient,
death is more likely to occur in patients with higher serum sodium concentrations.?’*' Hypernatremia is also associated
with increased mortality following bacterial infectious diseases.”? Furthermore, recent research has revealed that even
little changes in serum sodium levels are related with a considerable increase in in-hospital mortality.>>>*

There is some influence of hypernatremia on patient mortality in ICU. The primary objective of this study was to
evaluate the value of hypernatremia in the ICU for the risk prediction of mortality in critically ill patients. In turn, to
clarify the risks of electrolyte disturbances in critically ill patients in the ICU, early intervention for high-risk patients
should be conducted to enhance the quality of patient survival.

Patients and Methods

Patients Information

This retrospective study included a total of 1173 patients who visited the Department of Critical Care Medicine at Beijing
Friendship Hospital between January 1, 2018, and December 31, 2018, with only the first admission to the ICU
considered if the patients were admitted multiple times during the study period. Exclusion criteria were: 1) Patients’
age < 18 years; 2) Time to ICU admission < 48 hours; 3) Pregnant patients; 4) Recipients who had received a liver and
kidney transplant before or those who had received a liver and kidney transplant after admission; 5) Patients with missing
clinical data during ICU stay. The study was carried out in accordance with the Declaration of Helsinki. This study was
approved by the Professional Committee on bioethics of Beijing Friendship Hospital (No. 2022-P2-083-01). As this
study was a study utilizing medical record information obtained from previous clinical experience, we applied for waiver
of informed consent, and consent was obtained from the ethics committee. Throughout the study, we respected patient
privacy and ensured that data information was not leaked.

Definitions and Diagnostic Criteria

Sepsis is a life-threatening organ dysfunction resulting from a dysregulated response of the organism to infection.
Diagnostic criteria: patients with infection or suspected infection and a SOFA score > 2 or a SOFA score changes > 2.
Septic shock: in patients with sepsis after adequate fluid resuscitation: 1) Need for vasoactive drugs to maintain map > 65
mmHg; 2) Serum lactate concentration > 2 mmol / L.%° Diagnostic criteria for ICU readmission: if a patient was admitted
to the ICU more than once during the study period, only the patient’s first ICU admission was considered relevant. The
initial sodium concentration value (Nay) is the first measured value of serum sodium concentration within admission to
the ICU. The initial chloride value (CLy) is the first measured value of serum chloride concentration within admission to
the ICU. The 48-hour maximum sodium concentration value (Na,,,) is the maximum sodium concentration value
obtained during 48 hours after ICU admission. The 48-hour maximum chloride value (Cl,,x) is the maximum serum
chloride concentration value measured within 48 hours of admission to ICU. Hypernatremia is defined as a sodium
concentration greater than 145 mmol / L; Hyponatremia is defined as sodium concentration lower than 135 mmol / L;
Normal serum sodium concentrations are 135—145 mmol / L. Hyperchloremia is defined as a serum chloride concentra-
tion higher than 110 mmol / L; and Normal serum chloride concentrations are 99—110 mmol / L. Sodium concentration
change value (CNa): the difference between the maximum sodium concentration value measured within 48 hours of
admission to the ICU minus the difference obtained from the first measured sodium concentration value within the ICU.
Chloride concentration change value (CCl): the difference between the maximum serum chloride concentration value
measured within 48 hours of admission to the ICU minus the value obtained from the first measured serum chloride
concentration within the ICU. Hyperlactatemia is defined as serum lactate values > 2 mmol / L. These criteria are based
on the standard values of serum sodium and chloride in the biochemical room at Friendship Hospital.
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Data Collection

The study was approved by Beijing Friendship Hospital’s ethics committee and is based on a review of information
related to the demographics, clinical characteristics, and laboratory results of critically ill patients admitted to the Beijing
Friendship Hospital ICU affiliated with Capital Medical University in 2018. Case Report Form (CRF) was created based
on the exclusion criteria and experimental purposes, and the information of eligible research subjects was acquired in
accordance with CRF-related content by logging into the medical electronic information system. The information
included: patient’s basic information (age, gender), serum chloride - and sodium concentration related indexes (Nag,
CLo, Namax, Climax), underlying diseases (hypertension, diabetes, coronary heart disease, heart failure, liver disease,
tumour, hematological diseases), APACHE II score, admission to ICU initial base excess (BE), highest blood lactate
within 48 hours of admission to ICU, application of continuous renal replacement therapy (CRRT), mechanical
ventilation (MV) and norepinephrine during the initial 48 hours. The outcome measure is 28-day mortality within
the ICU.

Predictive Model Construction, Validation, and Evaluation

The data was divided into training and validation sets in a 7:3 ratio, and the modeling process was completed in the
training set. Means + SD was used for continuous variables with a normal distribution, whereas medians and interquartile
ranges were used for continuous variables with a skewed distribution. When two independent samples conformed to
normal distribution, and homogeneity of variance was assumed, the independent samples #-test was used for difference
comparison. The chi-square test or Fisher’s exact test was applied when judging whether there was any difference
between the two overall rates and constituent ratios.

To establish a well-calibrated nomogram to predict outcomes, we performed univariate and multivariate logistic
regression analyses to screen predictors, in which variables with P < 0.1 in univariate were entered into the multivariate
stepwise logistic regression.”® Based on these results, a nomogram prediction model based on independent risk factors
was developed using R software. The model was then validated and evaluated. First, the area under the receiver operating
characteristic (ROC) curve (AUC) was adopted to analyze the accuracy of the model. Second, repeated sampling
validation 1000 times was performed to draw the calibration curve, and the correlation between the calibration curve
and the standard curve was verified and evaluated. Finally, clinical impact curve and decision curve analyses were used to
determine the model’s clinical validity.

The analysis software for this study was IBM SPSS Statistics 24.0 (IBM Corporation, Armonk, New York, USA) and
R version 3.3.3 (The R Foundation for Statistical Computing, Austria, Vienna).

Results

Characteristics of Patients

In this study, we reviewed data from 1221 critically ill patients in the ICU. 779 individuals were not eligible for inclusion
and were thus excluded based on the exclusion criteria. Among them, 123 patients were omitted because they were under
the age of 18; 492 patients were excluded because they had been in the ICU for less than 48 hours; and 10 pregnancies
were excluded. 104 individuals were excluded because they had a kidney or liver transplant; clinical data for two patients
were lacking; and 48 patients were readmitted to the ICU. The number of patient cases finally included in the study was
442. The study flow chart is shown in Figure 1, including the training cohort (n = 309) and validation cohort (n = 133).
Of these patients, 61 (13.8%) patients died within 28 days. The mortality of 28 days in the training and validation cohorts
was 12.3% and 17.3%, respectively. After that, we summarized the demographic and clinical characteristics of the
training cohort (Table 1).

We analyzed a total of 26 clinical variables (Table 1), and analysis of the patients in the 309 training cohort revealed
that 182 (58.9%) were male. The age of the patients is 59.5 + 17.5 years, and although the mean age of the patients in the
death group was higher than that in the survival group (61.2 + 21.3 vs 59.2 & 17 years), the difference between the two
was not statistically significant (P = 0.584). The initial sodium concentration was higher in the death group than in the
survival group (140.1 + 6.5 vs 139.9 + 5.4 mmol / L), but the difference between the two was not statistically significant
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Include Case (N=1173)

Exclusion criteria

1. The patient was younger than 18 years old
(N=123)

2. Less than 48 hours in ICU (N=492)

3. Kidney and liver transplant recipients (N=104)

4. Pregnant (N=10)

5. Lack of clinical data (N=2)

Include Cases ( N=442)

Training Cohort(N=309) Verification Cochort(N=133)

Figure | Study design. A total of 443 ICU patients with complete relevant data were enrolled in this study.

(P = 0.860). The initial chloride concentration was lower in the deceased group than in the surviving group (105.5 + 4.4
vs 106.2 £ 4.8 mmol / L), but the difference was also not statistically significant (P = 0.305). Similarly, the maximum
sodium concentration at 48 hours was higher in the death group than in the survival group (143.4 + 6.3 vs 142.5 £ 4.9
mmol / L), but the difference between the two was not statistically significant (P = 0.431). The maximum chloride
concentration at 48 hours was higher in the death group than in the survival group (111.8 £ 6.2 vs 110.3 = 5 mmol / L),
and there was no significant difference between them (P = 0.103). Also, admission to the ICU with initial hypernatremia
and hyperchloremia had no effect on patients’ 28-day mortality. On the other hand, the difference of hypernatremia and
hyperchloremia within 48h of admission to ICU between the death group and the survival group was statistically
significant with P < 0.05. Analysis of the values of sodium concentration as well as chloride concentration change
between the survival group and the death group revealed that the values of sodium concentration as well as chloride
concentration change in the death group were larger than those in the survival group (4.4 £2.9 vs 1.8 + 3.3 mmol / L) and
(6.3 £5.1 vs 3.3 + 44 mmol / L), respectively, and the differences were statistically significant with P < 0.001. Other
results can be referred to Table 1.

Predictors of Death in Severe Patients

The results of univariate and multivariate logistic regression analyses in the training cohort are shown in Table 2.
Selected statistically significant variables were applied to univariate binary logistic regression. The statistically signifi-
cant variables were then included in a multivariate logistic regression before being included into a predictive model.
Univariate analysis revealed that eleven variables were substantially different between the death and survival groups
(Table 1): hyperchloremia, hypernatremia, CNa, CCl, Septic shock, APACHE II score, hyperlactatemia, CRRT, MV, and
norepinephrine. These variables were further included in the multivariate logistic regression analysis using the forward
LR method. As the result, Hyperchloremia, CNa, septic shock, APACHE II score, hyperlactatemia, CRRT, and MV were
all identified as independent risk factors for 28-day mortality (Table 2).

The results showed that patients with hypernatremia within 48h had a higher risk of 28-day mortality (P = 0.046; OR
2.952, 95% CI 1.019-8.547). Higher values for changes in sodium-ion within 48 hours were associated with higher odds
of 28-day death (P = 0.014; OR 1.132, 95% CI 1.025-1.250). Patients who presented with septic shock had a higher risk
of death within 28 days than those without septic shock (P = 0.001; OR 6.734, 95% CI 2.219-20.435). As we know,
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Table | Patient and Disease Characteristics
Non-Survival (n=38) | Survival (n=271) | Overall (n=309) | Z/X? P value
Age (y) 61.2+21.3 59.2+17 59.5£17.5 0.552 0.584
Male sex, n (%) 25 (65.8) 157 (57.9) 182 (58.9) 0.850 0.357
Nao(mmol/L) 140.1+6.5 139.9+54 139.9+5.6 0.176 0.860
Clo(mmol/L) 105.5+4.4 106.2+4.8 106.1+4.7 1.026 0.305
Na,,,.x(mmol/L) 143.4+6.3 142.5+4.9 142.6+5.1 —0.789 0.431
Clpax(mmol/L) 111.8+6.2 110.3+5 110.5+£5.2 1.635 0.103
So, n (%) 5(13.2) 21 (7.7) 26 (8.4) 1.265 0.261
Co, n (%) 5(13.2) 36 (13.3) 41 (13.3) 0.000 0.983
Smax h (%) 15 (39.5) 38 (14) 53 (17.2) 15.192 0.000
Crnaxs N (%) 24 (63.2) 125 (46.1) 149 (48.2) 3.872 0.049
CNa(mmol/L) 4.4+29 1.8+3.3 2.1£33 —4.656 0.000
CCl(mmol/L) 6.3£5.1 3.3+44 3.7+4.6 —3.839 0.000
Hypertension, n (%) 17 (44.7) 120 (44.3) 137 (44.3) 0.003 0.958
Diabetes, n (%) 9 (23.7) 69 (25.5) 78 (25.2) 0.056 0.813
CHD, n (%) 7 (18.4) 42 (15.5) 49 (15.9) 0.213 0.644
CHF, n (%) 2 (5.3) 17 (6.3) 19 6.1) 0.000 | 1.000
Hepatopathy, n (%) 4 (10.5) 59 (21.8) 63 (20.4) 1.950 0.163
Tumour, n (%) 12 (31.6) 59 (21.8) 71 (23) 1.811 0.178
Hematopathy, n (%) 3(7.9) 7 (2.6) 10 (3.2) 1.546 0214
Septic shock, n (%) 30 (78.9) 45 (16.6) 75 (24.3) 70.469 0.000
APACHEII 22.9+5.8 16.2+5.6 17.0+6.1 —6.871 0.000
BE(mmol/L) —0.4£3.7 —2.9+5 —1.4+4.4 4.778 0.000
LAC, ,ax, N (%) 34 (89.5) 111 (41.0) 145 (46.9) 31.495 0.000
CRRT, n (%) 12 (31.6) 7 (2.6) 19 (6.1) 48.555 0.000
MYV, n (%) 33 (86.8) 186 (68.6) 219 (70.9) 5.352 0.021
Norepinephrine, n (%) 23 (60.5) 65 (24) 88 (28.5) 21.847 0.000
Note: Values in parentheses are percentages unless indicated otherwise.
Abbreviations: Na0, Initial sodium concentration; CIO, Initial chloride concentration; Namax (mmol/L), 48 hour maximum sodium concentra-
tion; Clmax (mmol/L), 48 hour maximum chloride concentration; SO, Initial hypernatremia; CO, Initial hyperchloremia; Smax, Hypernatremia
within 48 hours; Cmax, Hyperchloremia within 48 hours; CNa (mmol/L), Change in sodium over 48 hours; CCl (mmol/L), Change in chloride
over 48 hours; CHD, Coronary Heart Disease; CHF, Congestive Heart Failure; BE, Buffer Excess; LACmax, Hyperlactatemia within 48 hours;
CRRT, Continuous Renal Replacement Therapy; MV, Mechanical Ventilation.
Table 2 Univariate and Multivariate Analyses of Predictors for Death
Univariate Analysis Multivariate Analysis
P value | OR (95% CI) P value | OR (95% CI)
S max 0.000 3.999 (1.917-8.342) 0.046 2.952(1.019-8.547)
Conax 0.052 0.499 (0.248-1.007)
CNa 0.000 1257 (1.133-1.395) | 0.014 1132 (1.025-1.250)
CCl 0.000 1.143 (1.063-1.228)
Septic shock 0.000 18.833 (8.106—43.755) | 0.001 6.734 (2.219-20.435)
APACHEII 0.000 1.192 (1.122-1.267) 0.001 1.170 (1.068-1.282)
LAC, ax 0.000 12.252 (4.228-35.504) | 0.012 5.504 (1.459-20.765)
CRRT 0.000 17.407 (6.305—48.054) | 0.000 14.894 (3.565-62.222)
MV 0.026 3.016 (1.138-7.996) 0.031 4.052 (1.134-14.474)
Norepinephrine | 0.000 4.859 (2.395-9.862)
Note: Values in parentheses are 95% confidence intervals.
Abbreviations: Smax, Hypernatremia within 48 hours; Cmax, Hyperchloremia within 48 hours; CNa (mmol/L),
Change in sodium over 48 hours; CCI (mmol/L), Change in chloride over 48 hours; LACmax, Hyperlactatemia
within 48 hours; CRRT, Continuous Renal Replacement Therapy; MV, Mechanical Ventilation.
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patients with high APACHE II scores are more likely to experience death than those with low scores (P = 0.001; OR
1.170, 95% CI 1.068-1.282). Patients with likewise hyperlactatemia are more likely to die than those without hyperlac-
tatemia (P = 0.012; OR 5.504, 95% CI 1.459-20.765). Patients who use CRRT within 48 h of admission to ICU are more
likely to experience death within 28 days than those who do not (P < 0.001; OR 14.894, 95% CI 3.565-62.222).
Furthermore, we incorporated it into the prediction model. Similarly, patients who use mechanical ventilation within 48
h of ICU admission are more likely to experience death within 28 days (P = 0.031; or 4.052, 95% CI 1.134-14.474).

Overall, Hypernatremia, CNa, septic shock, APACHE II score, hyperlactatemia, CRRT, and MV can be included in
the nomogram as independent risk predictors of 28-day mortality in severe patients by using R software to establish the
nomogram (Figure 2).

Determination of Cut-off Values for Predicting Death
Following the establishment of the model, we utilize the area under the receiver operating curve (ROC) (AUC) to assess
the model’s accuracy. ROC analysis nomogram was validated internally in the training cohort (Figure 3A) and externally
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in the validation cohort (Figure 3B). The AUC value of the internal validation ROC curve was 0.9392 (95% CI 0.9053—
0.9732); The AUC value of the external validation ROC curve was 0.8289 (95% CI 0.7468-0.9109), indicating that the
model had a relatively ideal value. Afterward, R software was utilized to establish the calibration curve to further verify
the validity of the model (Figure 4). The calibration of the nomogram was performed internally in the training cohort
(Figure 4A) and externally in the validation cohort (Figure 4B). The calibration curve of the model showed a relatively
acceptable goodness of fit to the standard ideal curve, which was an ideal situation where the predicted probability of
occurrence by the corresponding model was in complete agreement with the actual probability of occurrence. The
calibration plot (n = 1000) was drawn using repeated sampling, and the correlation between the calibration and standard
curves was verified and evaluated, which further indicated that the model had good fitting validity and high predictive
value. Finally, its clinical validity was further evaluated. We used R software to draw clinical impact curves (Figure 5)
and decision curves (Figure 6). Most areas of the decision curve of the model were greater than 0, indicating some
clinical validity. These results indicated that the model had some predictive value.

Discussion
We performed multivariate analyses as well as model building and fit the models in an attempt to identify independent
factors predicting mortality. We observed that hypernatremia and CNa were independent risk factors for 28-day mortality
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in patients hospitalized in the ICU. Mildly elevated sodium concentration levels as well as hypernatremia have previously
been shown to place patients at increased risk of death.””*° Hypernatremia could increase mortality in critical patients
independent of comorbidities.'*>%>* A study found that the hospital mortality rate of patients with hospital-acquired
hypernatremia was 29%.%> However, it is unclear whether hypernatremia directly reduces survival or whether it is
a surrogate marker for more severe disease states.

Hypernatremia is an important factor of morbidity and mortality in patients with neurological disorders.
Hypernatremia occurs in 36.9% of severe head injury patients treated in the neurointensive care unit, and it is
independently associated with early mortality.*® Hypernatremia is more common in patients with a severe head injury
who have central diabetes insipidus and lower admission Glasgow Coma Scale (GCS) scores.’’ Patients with sponta-
neous intracerebral hemorrhage typically have an electrolyte imbalance, and CNa frequently indicates a poor prognosis.*®
The early use of osmotic diuretics and loop diuretics, which resulted in a disorder of body water and sodium metabolism,
may be the cause of hypernatremia. A retrospective study of 152 ICU patients showed that hypernatremia was an
independent risk factor for mortality in ICU patients.* One study reported a statistically significant sequential relation-
ship between the severity of hypernatremia and the proportion of patients with dementia among hospitalized patients with
a mean age of 81 years: mild hypernatremia (146—150 mmol / L) (76%), moderate hypernatremia (151-159 mmol / L)
(83%), and severe hypernatremia (> 160 mmol / L) (98%).** In patients with aneurysmal subarachnoid hemorrhage,
hypernatremia was associated with increased mortality and a worse prognosis.*' An increase in plasma sodium
concentration had also been shown to induce arterial structural remodeling,42 increased arterial oxidative stress,43
collagen deposition, and tube wall thickening with lumen narrowing.** All of these changes contribute to an increase
or maintenance of arterial tone and peripheral vascular total resistance, which causes blood pressure to increase.

In patients with renal system diseases, hypernatremia was also an important factor of morbidity and mortality.
The high concentration of sodium in the extracellular space is well recognized to affect cell function, which in turn
stimulates inflammatory responses in intestinal, bronchial, and renal epithelial cells.*> Additionally, the kidney plays
an important role in regulating body water content, and patients with hypernatremia have a higher incidence of acute
kidney injury (AKI).*® Furthermore, patients with hypernatremia had more severe AKI, and the severity of AKI was
directly related to a greater risk of mortality.*” Studies have found that the increase of serum creatinine was closely
related to the progression of severe hypernatremia.®> At the time of hypernatremia, patients are usually still being
treated with normal saline, which may worsen the hypernatremia.'?> However, we also recognized that there were
many reasons for elevated serum creatinine that might not be explained. In a previous study, our group found that
hypernatremia in patients with sepsis was independently related to an increased risk of AKI and might predict
AKL*® Some studies suggested a strong and independent link between hypernatremia, elevated blood sodium levels,
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and the risk of developing AKI.** Mendes et al identified pre dialysis hypernatremia as a prognostic indicator of
AKI requiring renal replacement therapy.so

Hypernatremia is also common in infectious diseases. One of the complications of COVID-19 is fluid and electrolyte
imbalance. The most common of these disorders are hyponatremia, hypernatremia, hypokalemia, hypocalcemia, hypo-
chloremia, hypervolemia, and hypovolemia, which may increase mortality if left untreated.”'*>> Hypernatremia was seen
in patients with community-acquired pneumonia and was found to be independently linked with death, especially when
water loss is corrected with inadequate fluid or relatively hypertonic fluid.”> Burn patients with hypernatremia have
a higher mortality rate, and there is evidence that hypernatremia may worsen the burn itself.>* The serum sodium has also
been demonstrated to be a reliable and valid predictor of mortality in patients with enterocutaneous fistula worsened by
sepsis.”

The study also has some limitations. First, the study is retrospective and the grade of evidence is weak. Second, the
study is a single-center study, limiting the generalizability of the findings. Finally, the number of patients included in this
study is relatively small (n = 442). Although we have tried our best to control for bias and confounders by using
multivariate models, many other known or unknown factors may still exist. Therefore, more experimental studies are
required to confirm the current findings.

Conclusions

Our constructed nomogram confirmed that hypernatremia, CNa, septic shock, APACHE II score, hyperlactatemia, CRRT,
and MV can be independent risk predictors of 28-day mortality in critically ill patients. Therefore, after building
a personalized prediction model, we can intervene in advance for patients who present with large sodium concentration
changes. Once high-risk patients are screened, we can intervene in advance.
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