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Objective: The study aimed to evaluate the relationship between serum sodium and mortality in critically ill patients with non-traumatic subarachnoid hemorrhage.

Methods: This is a retrospective investigation of critically ill non-traumatic patients with subarachnoid hemorrhage (SAH) utilizing the MIMIC-IV database. We collected the serum sodium levels at admission and determined the all-cause death rates for the ICU and hospital. We employed a multivariate Cox proportional hazard regression model and Kaplan–Meier survival curve analysis to ascertain the relationship between serum sodium and all-cause mortality. In order to evaluate the consistency of correlations, interaction and subgroup analyses were also conducted.

Results: A total of 864 patients with non-traumatic SAH were included in this study. All-cause mortality in the ICU and hospital was 32.6% (282/864) and 19.2% (166/864), respectively. Sodium levels at ICU admission showed a statistically significant J-shaped non-linear relationship with ICU and hospital mortality (non-linear P-value < 0.05, total P-value < 0.001) with an inflection point of ~141 mmol/L, suggesting that mortality was higher than normal serum sodium levels in hypernatremic patients. Multivariate analysis after adjusting for potential confounders showed that high serum sodium levels (≥145 mmol/L) were associated with an increased risk of all-cause mortality in the ICU and hospital compared with normal serum sodium levels (135–145 mmol/L), [hazard ratio (HR) = 1.47, 95% CI: 1.07–2.01, P = 0.017] and (HR = 2.26, 95% CI:1.54–3.32, P < 0.001). Similarly, Kaplan–Meier (K-M) survival curves showed lower survival in patients with high serum sodium levels. Stratified analysis further showed that the association between higher serum sodium levels and hospital all-cause mortality was stronger in patients aged < 60 years with a hospital stay of <7 days.

Conclusion: High serum sodium levels upon ICU admission are related to higher ICU and hospital all-cause mortality in patients with non-traumatic SAH. A new reference is offered for control strategies to correct serum sodium levels.
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1. Introduction

Subarachnoid hemorrhage (SAH) is a severe subtype of hemorrhagic stroke, accounting for 5% of stroke patients (1) and a mortality rate of up to 35% within 30 days (2). In China, the in-hospital mortality rate of SAH is ~3.7% (3); non-traumatic SAH, with ruptured intracranial aneurysms, is the primary cause in most cases, and many patients with SAH require admission to the intensive care unit (ICU) for a variety of reasons, about 30% patients with SAH are fatal, and at least 20% of survivors do not regain functional independence (4, 5). Physical disability and psychological impairment (6). Despite extensive clinical studies and maximal treatment, patients with SAH continue to exhibit discouraging clinical outcomes (7). Because of the high mortality and low cure rates, it is imperative to identify predictors of short-term or long-term prognostic outcomes.

In recent decades, the burden of stroke has been steadily increasing in China, with a rising incidence of subarachnoid hemorrhage (SAH), while the treatment outcomes remain suboptimal (8). Therefore, it is necessary to explore predictive indicators for SAH mortality. Currently, there is a lack of relevant SAH databases in China; hence, we selected SAH patients from the MIMIC database in the United States as our study subjects. Sodium imbalance is the most common electrolyte disturbance among critically ill SAH patients, leading to potential adverse outcomes (9). Sodium ion is the predominant cation in the extracellular fluid, such as blood. It plays a crucial role in maintaining appropriate osmotic pressure, cellular physiology, extracellular fluid volume, and acid–base balance (10). Activation of the renin–angiotensin–aldosterone system (RAAS), antidiuretic hormone release, and sympathetic nervous system stimulation are likely to be the primary factors contributing to poor prognosis in SAH (11). Currently, there is limited research describing the characteristics of sodium fluctuations and their potential prognostic implications in critically ill non-traumatic SAH patients in the intensive care unit (ICU).

We propose to extract patients with non-traumatic subarachnoid hemorrhage from the MIMIC IV database and conduct a retrospective cohort study to explore the causal relationship between their serum sodium and in-hospital mortality to better manage electrolytes and ultimately improve clinical prognosis.



2. Materials and methods


2.1. Study population

The cohort of critically ill patients with non-traumatic SAH was drawn from the Intensive Care IV (MIMIC-IV; version 2.0) database, which comprises extensive clinical data from 60,000 ICU patients at Beth Israel Deaconess Medical Center between 2008 and 2019. The use of the database was authorized by the MIT and Beth Israel Deaconess Medical Center (BIDMC, Boston, Massachusetts, USA) institutional review boards. Junjie Liu, one of the authors, completed the NIH online course “Protecting Human Research Participants” (Record ID: 52698592) and was allowed database access for data extraction. All data were de-identified in order to protect patient privacy. Therefore, the Beth Israel Deaconess Medical Center Ethics Committee waived informed consent. The study was presented in compliance with the Statement for Strengthening Reports of Observational Studies in Epidemiology (STROBE) and the Helsinki Declaration standards.

SAH was diagnosed using the International Classification of Diseases Ninth (ICD-9) and Tenth Revisions (ICD-10).

Patients who met all of the criteria were selected for analysis: (1) first ICU admission; (2) age > 18 years; and (3) documented serum sodium test completed within 24 h of admission. The exclusion criteria were as follows: (1) ICU patients with a length of stay <24 h; (2) clear trauma etiology; (3) ICU readmission; and (4) missing data > 5%.



2.2. Data acquisition

On the 1st day of ICU admission, the following variables were retrieved from the aforementioned database: (1) demographic variables: gender, age, race, and insurance; (2) vital signs: temperature, heart rate, blood pressure, and oxygen saturation; (3) coexisting diseases: myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular disease, chronic lung disease, mild liver disease, diabetes mellitus, and tumors; (4) within the first 24 h after ICU admission, laboratory indicators such as glucose, white blood cell count (WBC), hemoglobin, platelets, potassium, chloride, blood urea nitrogen (BUN), blood creatinine, bicarbonate, anion gap, international normalized ratio (INR), prothrombin time (PT), and activated partial thromboplastin time (APTT) were detected. The mean value was utilized if a variable was discovered more than once in the first 24 h; (5) Glasgow Coma Scale (GCS), Simplified Acute Physiology Score II (SAPS II), and Acute Physiology Score III (APS III) were used to evaluate severity at the time of admission; and (6) ICU stay duration, length of stay, ICU death, and in-hospital death were all reported.



2.3. Endpoints

Endpoints included ICU death, in-hospital death, ICU duration of stay, and overall length of stay.



2.4. Statistics

The continuous variables were represented as mean, SD, or median (interquartile spacing). Depending on the distribution's normality, the independent samples t-test or Mann–Whitney U-test was performed. Moreover, non-normally distributed variables were represented as the median interquartile range (IQR) and compared between groups using the Wilcoxon rank sum test. The hypothesis for categorical variables was tested using the number of cases (%) and the chi-square test (or Fisher's exact methods).

Serum sodium concentrations were classified into three groups: ≤ 135, 135–145, and ≥145. The association between serum sodium levels and ICU or hospitalization outcomes was investigated.

The association between serum sodium and ICU mortality and in-hospital mortality was investigated using univariate and multivariate logistic regression models. Three models were used: model 1 was unadjusted; model 2 was adjusted for age, sex, and race; and model 3 was adjusted for systolic blood pressure (SBP), diastolic blood pressure (DBP), respiratory rate, heart rate, GCS, SAPS II, APS III, diabetes, renal failure, chronic lung disease, leukocytes, platelets, hemoglobin, glucose, BUN, creatinine, bicarbonate, and chloride.

Furthermore, we performed curve fitting to determine the linear connection between serum sodium and ICU or in-hospital mortality. We employed hierarchical linear regression models and likelihood ratio tests to determine alterations: age (<60 or ≥60 years), GCS score (<8 or ≥8), SAPS II score (<30 or ≥30), and length of ICU stay (<7 or ≥7 days). For all statistical studies, the R software package (http://www.R-project.org, The R Foundation) and Free Statistics software version 1.7 were used. A P-value of <0.05 was used to determine statistical significance.




3. Results


3.1. Baseline characteristics

Figure 1 shows the enrollment flowchart based on the inclusion and exclusion criteria.


[image: Figure 1]
FIGURE 1
 The flow chart of this study.


Table 1 shows that a total of 864 individuals with non-traumatic SAH were included, with 398 of them being males. The mean age was 64.0 ± 17.1 years. Among these 864 patients, 698 survived and 166 died in the hospital, while 582 survived and 282 died in the ICU, yielding an overall in-ICU mortality rate of 32.6% and an in-hospital mortality rate of 19.2%. There were significant differences in heart rate, blood pressure, SAPS II score, and APS III score between the hyponatremia and hypernatremia groups compared to the normonatremia group (P-value < 0.05), and regarding laboratory data chloride, bicarbonate, and anion gap were significantly different (P-value < 0.05). In addition, the results revealed that the total length of stay was shorter in patients with high serum sodium levels (≥145 mmol/L), while the length of ICU stay was not significantly different compared with other groups; ICU mortality and in-hospital mortality were the lowest in patients with normal serum sodium levels (≥135, <145 mmol/L), while ICU mortality and in-hospital mortality were the highest in patients with high serum sodium levels (≥145 mmol/L) (P-value < 0.05).


TABLE 1 Baseline characteristics related to in-hospital mortality.
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3.2. Association between serum sodium and all-cause mortality in non-traumatic SAH

In participants with non-traumatic SAH, a restricted three-sample analysis revealed a non-linear connection between serum sodium and ICU all-cause mortality, which was consistent with hospital all-cause mortality. In non-traumatic SAH, serum sodium levels (<141 mmol/L) were not significantly related with ICU and hospital all-cause mortality. As indicated in Figure 2 and Table 2, increasing levels of serum sodium (≥141 mmol/L) and increased ICU and hospital all-cause mortality were seen in non-traumatic SAH.


[image: Figure 2]
FIGURE 2
 Relationship between serum sodium and ICU mortality and in-hospital mortality within 24 h of admission. The solid line represents the smoothed curve fit between the variables. The res dashed line represents the 95% confidence interval of the fit. (A) ICU all-cause mortality; (B) Hospital all-cause mortality. The solid red line represents the smooth curve fit between variables. Data were adjusted for age, sex, ethnicity, SBP, DBP, respiratory rate, GCS, diabetes, sepsis, renal failure, chronic pulmonary disease, vasopressor, embolization of aneurysm, clipping of aneurysm, WBC, platelet, hemoglobin, glucose, BUN, and creatinine.



TABLE 2 Threshold analysis of serum sodium on ICU mortality and in-hospital mortality in patients with SAH using a two-segment regression model.
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As shown in Table 3, univariate Cox regression analysis revealed that age, systolic blood pressure, respiratory rate, oxygen saturation, vascular disease, hemoglobin, urea nitrogen, blood creatinine, anion gap, INR, PT, PTT, GCS, SAPS II, APS III, and serum sodium were all significantly associated with ICU and in-hospital mortality.


TABLE 3 Univariate cox analysis between serum sodium level and mortality.

[image: Table 3]

Using a Cox proportional risk model, Table 4 shows uncorrected and adjusted assessments of serum sodium levels with all-cause mortality in patients with non-traumatic SAH. Serum sodium, when used as a continuous variable, was associated with an elevated risk of ICU and hospital all-cause mortality [HR: 1.05 (95% CI: 1.03–1.08) and HR: 1.09 (95% CI: 1.06–1.12)]. With each 1-unit rise in serum sodium, non-traumatic SAH ICU and hospital all-cause mortality rose. Serum sodium levels were evaluated as a categorical variable for ICU and hospital all-cause mortality. Normal blood sodium levels (135–145 mmol/L) were used as the reference. In the crude model, high serum sodium levels were associated with increased risk of ICU [HR: 1.65 (95% CI: 1.26–2.17)] and hospital all-cause mortality [HR: 2.88 (95% CI: 2.07–4.02)], respectively. In Model I, adjusting for age, sex, and race was associated with increased ICU risk [HR: 1.75 (95% CI: 1.33–2.31)] and increased hospital all-cause mortality [HR: 2.96 (95% CI: 2.12–4.13)], respectively. In addition, in Model II, adjusting for age, sex, race, SBP, DBP, RR, heart rate, GCS, diabetes, sepsis, renal failure, chronic lung disease, blood pressure elevators, WBC, platelets, hemoglobin, glucose, BUN, creatinine, anion gap, SAPS II, APS III with the normal serum sodium group as the reference, and higher serum sodium was still associated with increased ICU [HR: 1.47 (95% CI: 1.07–2.01)] and an increase in hospital all-cause mortality [HR: 2.26 (95% CI: 1.54–3.32)] were significantly associated. Regarding sensitivity analysis, serum sodium levels were evaluated for ICU and hospital all-cause mortality as a continuous and categorical variable, producing consistent results.


TABLE 4 Multivariate cox analysis between serum sodium level and mortality.
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Furthermore, as shown in Figure 3, KM survival curves revealed that patients with high serum sodium levels (≥141 mmol/L) on admission were related to decreased ICU risk and in-hospital survival (p < 0.0001).


[image: Figure 3]
FIGURE 3
 Kaplan-Meier survival curve based on serum sodium ions in critically ill patients with non-traumatic SAH. (A) ICU all-cause mortality; (B) Hospital all-cause mortality. x-axis: survival time (days). y-axis: survival probability.




3.3. Subgroup analysis

In the subgroup analysis between the categorical variables of serum sodium within 24 h of admission and hospital death, as shown in Figure 4, we found that only age and ICU length of stay revealed differences in the subgroup analysis between the categorical variables of serum sodium and hospital death, P = 0.001, 0.003, respectively). Patients with older age and those admitted to ICU <7 days had a worse prognosis.


[image: Figure 4]
FIGURE 4
 The relationship between serum sodium and in-hospital mortality in subgroup analysis.





4. Discussion

Our current retrospective cohort study found that serum sodium levels at ICU admission were independently associated with in-hospital mortality and the risk of ICU death in critically ill patients with non-traumatic SAH, both as continuous and categorical variables. Furthermore, the relationship between serum sodium at admission and mortality was J-shaped, indicating a non-linear association. The inflection point analysis revealed that when serum sodium concentration exceeded 141 mmol/L, there was a significant positive correlation with mortality rate. However, this association was not observed when serum sodium concentration was below 141 mmol/L. After controlling for possible confounders, these correlations remained. When serum sodium was considered as a categorical variable, ICU mortality and in-hospital mortality were significantly higher for patients with serum sodium levels ≥ 145 mmol/L. On the other hand, when serum sodium was <135 mmol/L, there was no significant difference in ICU mortality and in-hospital mortality compared to the group with serum sodium levels ranging from 135 to 145 mmol/L.

Sodium anomalies are common in critically ill patients throughout their ICU admission (12). It is widely established that sodium is primarily metabolized by the kidneys and that sodium metabolism control is complicated, including numerous neurohumoral regulatory systems, including the renin-angiotensin-aldosterone system (13). In clinical work, serum sodium measurement is very relevant and simple to measure, which is the reason why all patients admitted to the ICU need to measure it. As a result, the relationship between serum sodium levels and clinical prognosis in critical care has been the subject of several investigations. According to a recent study that used data from the MIMIC database, both hyponatremia and hypernatremia were associated with increased 1- and 3-year mortality in critically ill patients with concomitant COPD (14). Patients with congestive heart failure showed a U-shaped relationship between serum sodium levels and all-cause mortality, and congestive heart failure mortality was enhanced by both hyponatremia and hypernatremia (15). Previous research has shown that sodium metabolism disorders are common in SAH patients, and hyponatremia after SAH is primarily seen in cerebral salt-wasting syndrome and antidiuretic hormone hypersecretion syndrome, whereas hypernatremia is also common in critically ill SAH patients, but the mechanisms are currently unknown (16, 17). However, in the current study reports, there is no consensus on whether disorders of blood sodium metabolism lead to a poorer prognosis in SAH patients. According to the results of our study, admission serum sodium was associated with ICU mortality and in-hospital mortality type J in SAH. There was no association between serum sodium values below 141 mmol/L and in-hospital mortality. This is mostly consistent with prior similar research (18, 19). After controlling for covariates, serum sodium, as a categorical variable, was 1.47 and 2.26 times greater than the risk of ICU and hospital all-cause mortality in patients with ≥145 mmol/L than in those with normal serum sodium levels. Furthermore, recent systematic reviews and meta-analyses have demonstrated that serum sodium is an accurate tool for predicting the prognosis of critically ill patients (15, 20, 21). According to research, hypertension, diabetes, congestive heart failure, and renal failure are typical co-morbidities in individuals with non-traumatic SAH (22, 23). Despite the fact that these co-morbidities were linked to poor outcomes, our stratified and subgroup analyses had no impact on the final outcome. Only an interaction between age and period of ICU admission was discovered in subgroup analysis.

Although the exact mechanism by which elevated serum sodium levels contribute to an increased mortality rate is not yet fully understood, several potential explanations for this phenomenon have been proposed. One possible medical factor contributing to hypernatremia in ICU patients is the excessive use of hypertonic solutions coupled with inadequate water supplementation. In a large retrospective study conducted across multiple centers, Oude Lansink-Hartgring et al. observed a shift in the occurrence of hypernatremia over the past two decades, transitioning from hyponatremia to hypernatremia. This change may be attributed to increased usage of sodium-containing infusions, hydrocortisone, and diuretics (24). However, Harada et al. reported no association between changes in serum sodium levels and cerebral vasospasm or subsequent outcomes in patients with non-traumatic subarachnoid hemorrhage (aSAH) (25). On the other hand, Jin et al. discovered a J-shaped relationship between serum sodium levels upon ICU admission, the minimum sodium values during the ICU stay, and in-hospital mortality among non-traumatic SAH patients. Sodium fluctuations exceeding 8.5 mmol/L were independently linked to in-hospital mortality (19), which aligns with our findings. Nevertheless, the precise mechanisms through which serum sodium levels impact mortality rates in aSAH patients remain unknown. Experimental studies have suggested that sustained elevation of local pressure caused by subarachnoid blood clots and compression of basal cisterns directly impairs the hypothalamic nuclei, particularly the supraoptic and paraventricular nuclei. This impairment leads to disrupted secretion of arginine vasopressin (AVP) and subsequent central diabetes insipidus, resulting in electrolyte imbalances, osmotic fluctuations, disturbance of the internal environment, and ultimately influencing mortality rates in experimental animals (26, 27). Furthermore, animal experiments have confirmed a significant reduction in AVP mRNA in the hypothalamus on the 1st and 2nd days following cortical impact in a rat model, providing further support for the aforementioned hypothesis (28).

However, this study has several noteworthy limitations. First, in the MIMIC-IV database, we were unable to obtain covariates such as delayed cerebral ischemia, hydrocephalus, and intracranial hypertension. Additionally, other residual confounders may potentially exist, as is the case with all retrospective analyses. Due to the large amount of missing data, although we used interpolation, it was still difficult to avoid bias. In addition, because of the limitations of the MIMIC database, we were unable to assess blood glucose levels, which induce hyponatremia. Second, it was a single-center retrospective research study, which is constrained by the nature of its design. Third, the outcomes of patients with non-traumatic SAH and hyponatremia might be greatly impacted by the lack of specific information on hypertonic treatment, including dosage and exact timing. The absence of this information hampered our knowledge of the various causes of serum sodium changes. Fourth, we were only able to demonstrate a connection between serum sodium levels and the overall mortality rate and not a direct causative link. However, the link between high serum sodium levels and the overall mortality rate was convincingly confirmed.



5. Conclusion

In patients with non-traumatic SAH, we observed a J-shaped correlation between serum sodium levels at admission and ICU and hospital mortality rates. Additionally, admission sodium levels > 141 mmol/L were significantly associated with an increased risk of death. Our findings emphasize the importance of appropriately controlling serum sodium levels to prevent hypernatremia and reduce mortality. However, prospective studies are needed to validate these results.



Data availability statement

The data analyzed in this study was obtained from the Medical Information Mart for Intensive Care IV (MIMIC-IV) database, the following licenses/restrictions apply: to access the files, users must be credentialed users, complete the required training (CITI Data or Specimens Only Research) and sign the data use agreement for the project. Requests to access these datasets should be directed to PhysioNet, https://physionet.org/, doi: 10.13026/6mm1-ek67.



Ethics statement

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent from the patients/participants or patients/participants' legal guardian/next of kin was not required to participate in this study in accordance with the national legislation and the institutional requirements.



Author contributions

JLiu and JuZ designed this study, analyzed the data, and wrote the manuscript. JLi, LW, QZ, YW, and JiZ reviewed, interpreted, and checked clinical data. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Tangshan Science Program Project (21130224C) and the Hebei Medical Research Project (20221533).



Acknowledgments

The authors thank Dr. Liu Jie (People's Liberation Army of China General Hospital, Beijing, China) for helping with the data availability statement.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Chang TR, Kowalski RG, Carhuapoma JR, Tamargo RJ, Naval NS. Impact of case volume on aneurysmal subarachnoid hemorrhage outcomes. J Crit Care. (2015) 30:469–72. doi: 10.1016/j.jcrc.2015.01.007

 2. Udy AA, Vladic C, Saxby ER, Cohen J, Delaney A, Flower O, et al. Subarachnoid hemorrhage patients admitted to intensive care in Australia and New Zealand: a multicenter cohort analysis of in-hospital mortality over 15 years. Crit Care Med. (2017) 45:e138–45. doi: 10.1097/CCM.0000000000002059

 3. Tu W-J, Chao B-H, Ma L, Yan F, Cao L, Qiu H, et al. Case-fatality, disability and recurrence rates after first-ever stroke: a study from bigdata observatory platform for stroke of China. Brain Res Bull. (2021) 175:130–5. doi: 10.1016/j.brainresbull.2021.07.020

 4. Muehlschlegel S. Subarachnoid hemorrhage: continuum lifelong. Learn Neurol. (2018) 24:1623–57. doi: 10.1212/CON.0000000000000679

 5. Macdonald RL, Schweizer TA. Spontaneous subarachnoid haemorrhage. Lancet. (2017) 389:655–66. doi: 10.1016/S0140-6736(16)30668-7

 6. Nieuwkamp DJ, Setz LE, Algra A, Linn FH, De Rooij NK, Rinkel GJ. Changes in case fatality of aneurysmal subarachnoid haemorrhage over time, according to age, sex, and region: a meta-analysis. Lancet Neurol. (2009) 8:635–42. doi: 10.1016/S1474-4422(09)70126-7

 7. Claassen J, Park S. Spontaneous subarachnoid haemorrhage. Lancet Lond Engl. (2022) 400:846–62. doi: 10.1016/S0140-6736(22)00938-2

 8. Sakr Y, Rother S, Ferreira AMP, Ewald C, Dünisch P, Riedemmann N, et al. Fluctuations in serum sodium level are associated with an increased risk of death in surgical ICU patients. Crit Care Med. (2013) 41:133–42. doi: 10.1097/CCM.0b013e318265f576

 9. Tisdall M, Crocker M, Watkiss J, Smith M. Disturbances of sodium in critically ill adult neurologic patients: a clinical review. J Neurosurg Anesthesiol. (2006) 18:57–63. doi: 10.1097/01.ana.0000191280.05170.0f

 10. Chand R, Chand R, Goldfarb DS. Hypernatremia in the intensive care unit. Curr Opin Nephrol Hypertens. (2022) 31:199–204. doi: 10.1097/MNH.0000000000000773

 11. Okazaki T, Kuroda Y. Aneurysmal subarachnoid hemorrhage: intensive care for improving neurological outcome. J Intens Care. (2018) 6:28. doi: 10.1186/s40560-018-0297-5

 12. Grim CCA, Termorshuizen F, Bosman RJ, Cremer OL, Meinders AJ, Nijsten MWN, et al. Association between an increase in serum sodium and in-hospital mortality in critically ill patients. Crit Care Med. (2021) 49:2070–79. doi: 10.1097/CCM.0000000000005173

 13. Bie P. Mechanisms of sodium balance: total body sodium, surrogate variables, and renal sodium excretion. Am J Physiol Regul Integr Comp Physiol. (2018) 315:R945–62. doi: 10.1152/ajpregu.00363.2017

 14. Fan L, Sun D, Yang J, Shi X, Shen F, Chen K, et al. Association between serum sodium and long-term mortality in critically ill patients with comorbid chronic obstructive pulmonary disease: analysis from the MIMIC-IV Database. Int J Chron Obstruct Pulmon Dis. (2022) 17:1143–55. doi: 10.2147/COPD.S353741

 15. Peng S, Peng J, Yang L, Ke W. Relationship between serum sodium levels and all-cause mortality in congestive heart failure patients: a retrospective cohort study based on the Mimic-III database. Front Cardiovasc Med. (2022) 9:1082845. doi: 10.3389/fcvm.2022.1082845

 16. Hoffman H, Verhave B, Chin LS. Hypernatremia is associated with poorer outcomes following aneurysmal subarachnoid hemorrhage: a nationwide inpatient sample analysis. J Neurosurg Sci. (2021) 65:182–94. doi: 10.23736/S0390-5616.18.04611-8

 17. Fisher LA, Ko N, Miss J, Tung PP, Kopelnik A, Banki NM, et al. Hypernatremia predicts adverse cardiovascular and neurological outcomes after SAH. Neurocrit Care. (2006) 5:180–5. doi: 10.1385/NCC:5:3:180

 18. Chewcharat A, Thongprayoon C, Cheungpasitporn W, Mao MA, Thirunavukkarasu S, Kashani KB. Trajectories of serum sodium on in-hospital and 1-year survival among hospitalized patients. Clin J Am Soc Nephrol. (2020) 15:600–7. doi: 10.2215/CJN.12281019

 19. Jin D, Jin S, Liu B, Ding Y, Zhou F, Jin Y. Association between serum sodium and in-hospital mortality among critically ill patients with spontaneous subarachnoid hemorrhage. Front Neurol. (2022) 13:1025808. doi: 10.3389/fneur.2022.1025808

 20. Tauseef A, Zafar M, Syed E, Thirumalareddy J, Sood A, Lateef N, et al. Prognostic importance of deranged sodium level in critically ill patients: a systemic literature to review. J Fam Med Prim Care. (2021) 10:2477–81. doi: 10.4103/jfmpc.jfmpc_2291_20

 21. Liamis G, Filippatos TD, Elisaf MS. Evaluation and treatment of hypernatremia: a practical guide for physicians. Postgrad Med. (2016) 128:299–306. doi: 10.1080/00325481.2016.1147322

 22. Shah VA, Kazmi SO, Damani R, Harris AH, Hohmann SF, Calvillo E, et al. Regional variability in the care and outcomes of subarachnoid hemorrhage patients in the United States. Front Neurol. (2022) 13:908609. doi: 10.3389/fneur.2022.908609

 23. Marchesan LB, Spritzer PM. ACC/AHA 2017 definition of high blood pressure: implications for women with polycystic ovary syndrome. Fertil Steril. (2019) 111:579–87.e1. doi: 10.1016/j.fertnstert.2018.11.034

 24. Oude Lansink-Hartgring A, Hessels L, Weigel J, De Smet AMGA, Gommers D, Panday PVN, et al. Long-term changes in dysnatremia incidence in the ICU: a shift from hyponatremia to hypernatremia. Ann Intens Care. (2016) 6:22. doi: 10.1186/s13613-016-0124-x

 25. Harada T, Uozumi Y, Fukuoka H, Miyake S, Yamamoto D, Okamura Y, et al. The impact of hormonal dynamics and serum sodium fluctuations on symptomatic vasospasm after subarachnoid hemorrhage. J Clin Neurosci. (2022) 103:131–40. doi: 10.1016/j.jocn.2022.07.016

 26. Nyberg C, Karlsson T, Hillered L, Stridsberg M, Ronne Engström E. The early endocrine stress response in experimental subarachnoid hemorrhage. PLoS ONE. (2016) 11:e0151457. doi: 10.1371/journal.pone.0151457

 27. Vieira G, de Albuquerque LAF, de Avellar ABCC, Pereira JLB, Dellaretti M, Miranda PAC, et al. Long-term follow-up of anterior pituitary deficiency after aneurysmal subarachnoid hemorrhage: prospective cohort. J Stroke Cerebrovasc Dis. (2016) 25:2405–14. doi: 10.1016/j.jstrokecerebrovasdis.2016.06.011

 28. Beseoglu K, Etminan N, Steiger H-J, Hänggi D. The relation of early hypernatremia with clinical outcome in patients suffering from aneurysmal subarachnoid hemorrhage. Clin Neurol Neurosurg. (2014) 123:164–8. doi: 10.1016/j.clineuro.2014.05.022



OPS/images/fneur-14-1234080-t001.jpg
Serum sodium (mmol/L)

Tertile (<135) Tertile (=135, <145) Tertile (>145) P-value
(n = 39) (n = 691) (n =134)

Age, year 64.0 £ 17.1 67.5+ 163 64.3£17.1 61.5417.0 0.094
Gender, n (%) 0.441
Female 466 (53.9) 18 (46.2) 371(53.7) 77 (57.5)
Male 398 (46.1) 21 (53.8) 320 (46.3) 57 (42.5)
Race, n (%) 0.029.
White 551 (63.8) 24 (61.5) 459 (66.4) 68 (50.7)
Asian 28(32) 0(0) 23(3.3) 5(37)
Black 52(6.0) 3(7.7) 40 (5.8) 9(6.7)
Other 233 (27.0) 12 (30.8) 169 (24.5) 52(38.8)
Insurance, n (%) 0.173
Medicaid 57(6.6) 2(5.1) 49(7.1) 6(4.5)
Medicare 317 (36.7) 19 (48.7) 257(37.2) 41(30.6)
Other 490 (56.7) 18 (46.2) 385 (55.7) 87 (64.9)
HR, beats/min 79.8 &+ 14.2 83.0%+ 16.0 786+ 134 850+ 162 <0.001
SBP, mmHg 1247 £14.3 129.8 £ 14.4 1251 £ 143 1212 £135 0.001
DBP, mmHg 639496 672+ 11.1 634495 65.5£9.1 0.006
RR, beats/min 257457 263£55 255457 263£56 0304
Temperature, °C 37607 375405 375407 37.74£09 0.006
Spo2, mean £ SD 9184 10.1 920£7.6 922484 90.0 £ 16.6 0.068
Myocardial infarct 60 (6.9) 3(7.7) 51(7.4) 6(4.5) 0477
Congestive heart failure 73 (8.4) 7(17.9) 54(7.8) 12(9 0.095
Peripheral vascular disease 77 (8.9) 6(15.4) 57(8.2) 14(10.4) 0.211
Cerebrovascular disease 572(66.2) 25 (64.1) 449 (65) 98 (73.1) 0.181
Chronic pulmonary disease 109 (12.6) 6(15.4) 89 (12.9) 14(10.4) 0.625
Mild liver disease 4147 2(5.1) 29 (42) 10(7.5) 0216
Diabetes 136 (15.7) 6(15.4) 115 (16.6) 15(11.2) 0284
Metastatic solid tumor 15 (1.7) 1(2.6) 11(1.6) 3(2.2) 0.465
Glucose, mg/dL 135.2 (116.6, 158.8) 125.5(112.8, 144.2) 135.3 (116.6, 159.0) 140.2 (120.0, 160.6) 0.075
WBC, 10°/L. 135+64 118+ 5.1 132463 150£7.3 0.003
Hemoglobin, g/dL 11621 115+18 17421 113£22 0.147
platelets, 10°/L 2026+ 82.3 2025+952 203.9£803 196.5 £ 88.7 0.638
Potassium, mmol/L 43407 43£07 43£08 43£06 0.979
Chloride, mmol/L 107.1£56 973442 106338 1140 £638 <0.001
BUN, mg/dL 199+ 12.7 1954102 197+ 127 210+ 13.1 0522
Creatinine, mg/dL 1008 L1£ 11 1.0£08 L1£06 0.627
Bicarbonate, mmoL/L 248433 241426 247432 254£40 0.03
Aniongap, mmoL/L 160+ 3.4 168 +29 158+33 170+ 4.1 <0.001
INR L1£02 L1£03 L1£02 L1£02 0716
PTs 14487 144+65 144+93 146+58 0.982
APTTs 28.5 (25.6, 33.5) 29.0 (26.1,34.6) 28.4 (25.6,32.9) 29.2 (25.4,35.8) 0.430
GCs 13919 138+20 139£19 13921 093
SAPSII 334£13.1 334+ 126 3194124 4114143 <0.001
APSIII 39.0 (28.0, 56.0) 41.0 (30.5, 61.5) 37.0 (27.0, 52.0) 51.0 (32.2,74.5) <0.001
Length of ICU stay, days 3.0(1.0,9.0) 5.0(1.5,9.5) 3.0 (1.0, 8.0) 4.0(2.0,11.0) 0.29
Length of hospital stay, days 8.0 (4.0,15.0) 9.0 (6.0,15.5) 9.0 (4.0, 14.0) 7.0 (2.0,16.0) 0.038
ICU mortality, 1 (%) 282 (32.6) 12 (30.8) 201 (29.1) 69 (51.5) <0.001
Hospital mortality, 11 (%) 166 (19.2) 8(20.5) 105 (15.2) 53 (39.6) <0.001

SAH, subarachnoid hemorrhage; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; RR, respiratory rate; HR, heart rate; SpO2, percutancous oxygen
saturation; SAPS II, simplified acute physiology score II; GCS, Glasgow Coma Score; Chronic pulmonary disease, chronic obstructive pulmonary disease; WBC, white blood cell; BUN, blood
urea nitrogen.





OPS/images/fneur-14-1234080-t002.jpg
Threshold of sodium, mol, 95% ClI P-value
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SAH, subarachnoid hemorrhage; HR, hazard ratio; CI, confidence interval. Adjusting factors
included: age, sex and race, SBP, DBP, respiratory rate, heart rate, GCS, SAPS II, APS III,
diabetes mellitus, renal failure, chronic lung disease, white blood cells, platelets, hemoglobin,
glucose, BUN, creatinine, bicarbonate, and chloride.





OPS/images/fneur-14-1234080-g003.gif





OPS/images/fneur-14-1234080-g004.gif
Subgroup Tosl_Event () HR (85%C1) P fornteraction
oo

i P —

aeo

—

« o s e j— oms
-

@ W e oo o
po—

. . mess rmosn —

oisotes

- e moem — ounn
o " ey smee —_—
Pa——

D ———

Rt tare

- P R T Sy —

serion P ]

o tows 12

-





OPS/images/fneur-14-1234080-t003.jpg
ICU mortality In-hospital mortality

Variable HR (95% ClI) HR (95% Cl) 2
Age 1.04 (1.03,1.05) <0.001 1.03 (1.02, 1.04) <0.001
Gender: male vs. female 1.15(0.91, 1.45) 0.241 0.98 (0.72,1.33) 0.909
Race, n (%)

White 1 1

Asian 1.27(0.67, 2.4) 0.466 1.81(0.84,3.92) 0.131
Black 1.05 (0.62, 1.79) 0.854 0.72 (0.32, 1.66) 0443
Other 1.2/(0.93,1.55) 0.163 1.91 (1.39,2.63) <0.001
Insurance

Medicaid 1 1

Medicare 4.61(2.27,9.4) <0.001 0.82 (0.4, 1.66) 0.577
Other 1.8 (0.88,3.69) 0.107 0.62 (0.29,1.34) 0222
HR, beats/min 1.01 (1.00, 1.01) 0.016 173 (0.81,3.73) 0.159
SBP, mmHg 2.03 (1.87,3.15) 0.015 3.04(1.5,6.13) 0.002
DBP, mmHg 0.99 (0.98, 1.01) 0450 0.98 (0.77, 1.03) 0.561
RR, beats/min 1.04 (1.02, 1.06) <0.001 3.85(1.56,9.5) 0.003
Temperature, °C 0.81 (0.68, 0.96) 0.014 1.86 (0.75,4.61) 0.178
Spo2, Mean £ SD 0.97 (0.96, 0.98) <0.001 1.02 (1, 1.03) 0.004
Myocardial infarct 1.07 (072, 1.61) 0.734 0.99 (0.98, 1.00) 0.699
Congestive heart failure 172 (1.23,2.42) 0.002 0.98(0.97, 1) 0.04
Peripheral vascular disease 0.59 (0.38, 0.93) 0.021 1.04 (1.01, 1.06) 0.002
Cerebrovascular disease 0.58 (0.4, 0.75) <0.001 0.96 (076, 1.21) 0.741
Chronic pulmonary disease 1.26 (0.91, 1.74) 0.158 0.96 (0.96, 0.97) <0.001
Mild liver disease 1.3 (0.81,2.1) 0.279 1.3(0.79,2.15) 0.305
Diabetes 1.36 (101, 1.83) 0.04 1.5 (0.95,2.37) 0.082
Metastatic solid tumor 2.84 (1.51,5.34) 0.001 0.83 (0.48, 1.44) 0.512
Glucose, mg/dL 1(0.99,1) 0.446 1.5(1.03,2.2) 0.036
WBC, 10°/L 0.99 (0.98, 1.02) 0.801 1.19(0.78, 1.82) 043
Hemoglobin, g/dL. 0.89 (0.84, 0.95) <0.001 1.9 (1.12,3.22) 0.018
platelets, 10°/L 0.99 (0.9, 0.99) <0.001 1.21(0.82,1.79) 0.333
Sodium, mmol/L 1.05 (1.03, 1.07) <0.001 1.09 (1.06~1.11) <0.001
Potassium, mmol/L 1.18 (1.03,1.34) 0.014 1(0.99,1) 0.601
Chloride, mmol/L 1.01 (0.99, 1.04) 0.171 1.03 (1.02, 1.05) <0.001
BUN, mg/dL 1.02 (1.02, 1.03) <0.001 0.92 (0.85,0.98) 0.017
Creatinine, mg/dL 1.27 (1.17, 1.38) <0.001 0.99 (0.99, 0.99) 0.022
Bicarbonate, mmoL/L 0.99 (0.95, 1.03) 0.541 1.09 (1.06, 1.11) <0.001
Aniongap, mmoL/L 1.07 (104, 1.11) <0.001 1.25 (1.07, 1.46) 0.005
INR 2.1(1.56,2.83) <0.001 1.07 (1.04, 1.09) <0.001
PTs 1.01 (1.00, 1.01) 0.011 1.02 (1.01,1.02) <0.001
APTT,s 0.99 (0.99, 1.00) 0.864 1.22(1.12,1.32) <0.001
GCS 0.93(0.9,0.98) 0.002 0.93 (0.88,0.97) 0.002
SAPSII 1.04 (1.03, 1.05) <0.001 1.09 (1.06, 1.13) <0.001
APSIIT 1.01 (1.01, 1.02) <0.001 2.24(1.54,3.27) <0.001

SAH, subarachnoid hemorrhage; SBP, systolic blood pressure; DBP, diastolic blood pressure; MBP, mean blood pressure; RR, respiratory rate; HR, heart rate; SpO2, percutancous oxygen
saturation; SAPS I, simplified acute physiology score Il; GCS, Glasgow Coma Score; Chronic pulmonary discase, chronic obstructive pulmonary disease; WBC, white blood cell; BUN, blood
urea nitrogen.
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HR (95% Cl) P-value HR (95% ClI) P-value HR (95% Cl) P-value

ICU all-cause mortality

Sodium 1, mmol/L 1.05 (1.03-1.07) <0.001 1.06 (1.04-1.09) <0.001 1.05 (1.03-1.08) <0.001

Sodium tertials, mmol/L

<135 0.76 (0.41-1.38) 0.364 0.77 (0.42-1.41) 0.394 0.73 (0.39-1.36) 0.32
135-145 1 (Ref) 1 (Ref) 1 (Ref)
=145 1.65 (1.26-2.17) <0.001 175 (1.33-2.31) <0.001 1.47 (1.07-2.01) 0.017

Hospital all-cause mortality

Sodium 1, mmol/L 1.09 (1.06-1.11) <0.001 1.1 (1.07-1.12) <0.001 1.09 (1.06-1.12) <0.001

Sodium tertials, mmol/L

<135 1.22 (0.59-2.5) 0.593 1.12 (0.54-2.3) 0.76 1.14 (0.53-2.42) 0.743
135-145 1 (Ref) 1 (Ref) 1 (Ref)
=145 2.88 (2.07-4.02) <0.001 2.96 (2.12-4.13) <0.001 2.26 (1.54-3.32) <0.001

Crude model: adjusted for none.
Model I: adjusted for age, sex, and ethnicity.

Model II: adjusted for Model I+-SBP, DBP, respiratory rate, heart rate, GCS, SAPS II, APS III, diabetes, renal failure, chronic pulmonary disease, WBC, platelet, hemoglobin, glucose, BUN,
creatinine, bicarbonate, and chloride.
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