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Predictive value of hyponatremia for short-term mortality in supratentorial spontaneous intracerebral hemorrhage: a single center study
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Background: Hyponatremia is a common electrolyte disturbance in patients with neurological disease; however, its predictive role for outcome in patients with supratentorial spontaneous intracerebral hemorrhage (sICH) is controversial. This study aims to explore the association between hyponatremia within 7 days after bleeding and 90-day mortality in patients with supratentorial sICH.

Methods: A retrospective analysis was conducted at our institution. Patients with sICH meeting the inclusion criteria were enrolled in this study. Multivariate regression analyses were performed to determine the predictive value of hyponatremia (serum sodium <135 mmol/L) for 90-day mortality and functional outcome. Subgroup analysis was performed based on the degree and duration of hyponatremia and therapeutic strategies. The Spearman correlation test was performed to explore the relationship between hyponatremia severity and duration with variables in a multivariate regression model. Kaplan–Meier curve was depicted to reveal the relationship between hyponatremia and mortality. The receiver operating characteristic (ROC) curve was plotted to show the diagnostic effect of the minimum concentration of serum sodium (sodiummin) on 90-day mortality.

Results: A total of 960 patients were enrolled, 19.6% (188) of whom were patients with hyponatremia and 26.0% (250) had 90-day mortality. The incidence of hyponatremia was roughly 2.5 times in non-survivors compared with survivors (34.8% vs. 14.2%). Multivariate regression analysis revealed that hyponatremia was the independent predictor of 90-day mortality (OR 2.763, 95%CI 1.836–4.157) and adverse outcome (OR 3.579, 95%CI 2.332–6.780). Subgroup analysis indicated an increased trend in mortality risk with both duration (more or less than 48 h) and severity of hyponatremia (mild, moderate, and severe) and confirmed the predictive value of hyponatremia for mortality in patients undergoing surgical intervention (external ventricular drainage, craniotomy, and decompressive craniectomy; all p < 0.05). The Spearman correlation test indicated no moderate or strong relationship between hyponatremia severity and duration with other variables in the multivariate model (all |rs| < 0.4). The ROC curve suggested the moderate diagnostic performance of sodiummin for mortality in both general patients and subgroups of therapeutic method patients (AUC from 0.6475 to 0.7384).

Conclusion: Hyponatremia occurring in the first 7 days after bleeding is an independent predictor of 90-day morality and adverse outcome. Rigorous electrolyte scrutiny in patients treated surgically is required.
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1 Introduction

Hyponatremia is the most frequent electrolyte disturbance in hospitalized patients, serving as a predictor of adverse outcomes in various diseases, such as heart failure, cirrhosis, and chronic kidney disease (1–4). In critical neurological conditions, hyponatremia after subarachnoid hemorrhage (SAH) and traumatic brain injury also indicate poor prognosis or increased duration of hospital stay (5, 6). Syndrome of inappropriate antidiuretic hormone (SIADH) and cerebral salt wasting syndrome (CSWS) may be the main etiologies of decreased serum sodium in neurological injury, and the pathophysiological mechanism of hyponatremia linking to adverse outcome includes exacerbated cerebral edema and seizures (7–9).

Spontaneous intracerebral hemorrhage (sICH) accounts for approximately 10–30% of stroke and is considered the most devastating form of this disease, with a high rate of mortality and morbidity (10, 11). Numerous factors predicting poor prognosis have been put forward, including age, Glasgow Coma Scale (GCS) score at admission, hematoma location (infratentorial), hemorrhage volume, and intraventricular hemorrhage (IVH) (12–14). However, the association of decreased serum sodium with the prognosis of patients with sICH is still undetermined. Until now, only three studies have identified the predictive role of hyponatremia in mortality of ICH in detail (15–20). However, all of these studies lack integrated analysis in considering the different levels of severity (mild, moderate, and severe) of hyponatremia. In addition, enrolled patients without a definite occurrent time of hyponatremia may impair the consistency of the cohort. Therefore, we conducted a retrospective study at our institution with the primary purpose of identifying the predictive value of hyponatremia in the early stage (within 7 days) of supratentorial sICH for 90-day mortality. Subgroup analysis was also performed according to duration and degree of hyponatremia, as well as different therapeutic strategies. Our secondary objective was to explore the association between hyponatremia and 90-day functional outcomes in patients with sICH.



2 Methods


2.1 Study design

This study was approved by our institutional ethics committee (approve number: KYLLMC20230022). Data for patients with supratentorial sICH were retrospectively collected at Suining Central Hospital from January 2019 to April 2023. Management and surgical treatment were performed by the same group of senior surgeons. Date points, including demographics, previous medical history, imaging findings, admission GCS sore and ICH score, serological tests, complications, and follow-up information, were reviewed. Patient selection was based on the following inclusion criteria: (1) patients with hemorrhage in the supratentorial location; (2) patients admitted to our institution within 24 h after hemorrhage onset; (3) patients who had serum monitoring at least 3 times (each interval ≥ 24 h) within 7 days after bleeding. The excluding criteria were as follows: (1) secondary intracerebral hemorrhage related to trauma, tumor, arteriovenous malformations, coagulopathy, or hemorrhagic transformation of ischemic stroke; (2) hemorrhage caused by antiplatelet or anticoagulant drugs; (3) patients with other decompensated underlying diseases or progressive comorbidities (such as renal, liver, or cardiac disease) before ICH onset; (4) patients with a history of stroke had residual dysfunction before bleeding; (5) patients without sufficient follow-up data; (6) patients with age less than 18 years old. A comprehensive emergency assessment was performed for each patient after admission at an emergency room within 30 min, including a GCS score for consciousness, computed tomography (CT) scan for hemorrhage volume and IVH, and hematologic examinations for peripheral blood cells, hepatorenal function, electrolyte, and coagulation function. Then, the patients would be transferred to the general ward, the neurological intensive care unit of our department, or the operating room. In addition, CT angiography for conservatively treated patients or digital subtraction angiography for surgically treated patients was also routinely employed to rule out certain cerebrovascular diseases (21). Parenchymal volume was calculated using the ABC/2 formula (A was the largest diameter on the widest hemorrhage slice; B was the diameter perpendicular to A; C was the thickness of hemorrhage obtained by axial CT slice) (22, 23). The extent of IVH was evaluated using the Graeb score (24).

Hyponatremia was defined as serum sodium concentration < 135 mmol/L and rated as three grades according to the minimum concentration of serum sodium (sodiummin): mild (130–134 mmol/L), moderate (125–129 mmol/L), and severe (< 125 mmol/L) (25). Critically, in this study, we only review the records of sodium in the first 7 days after bleeding to maintain consistency throughout the cohort. Outcome measures (mortality and functional outcome) were evaluated 90 days after hemorrhage onset using the modified Rankin Scale (mRS) by outpatient or phone interview. The mRS scores were dichotomized to assess favorable and adverse outcomes (mRS 0–3 versus 4–6) (17).



2.2 Protocol for hyponatremia

Our protocol for sodium monitoring was as follows:

1. Routinely, serum sodium was measured daily for the first 3 days after bleeding and every 2 days thereafter until discharge.

2. For patients with hyponatremia, 0.9% sodium infusions or 3% hypertonic saline infusions were applied according to daily monitoring of electrolyte, hematocrit, hemoglobin, and serum albumin until values of serum sodium became normal. To maintain the stability of hyponatremia correction, oral sodium was not applied for hyponatremia correction.

3. The process of hyponatremia correction should be precisely controlled with sodium fluctuation ≤8 mmol/L per 24 h.

In addition, we also attempt to perform post hoc evaluation of hyponatremia etiology (SIADH, CSWS, or other) by reviewing medical records for signs of hypovolemia, laboratory evidence of dehydration (hematocrit, hemoglobin, serum albumin, or blood urea), fluid balance, and central venous pressure (if available). The diagnosis of SIADH or CSWS was in accordance with the criteria reported in previous studies (9, 15, 26). Briefly, the diagnosis of CSWS depended on the presence of at least two features meeting the following conditions.

1. Manifestation of hypovolemia: dry mucous membranes, hypotension, or tachycardia.

2. Negative fluid balance of more than 1,000 mL.

3. Evidence of dehydration: elevated hemoglobin, hematocrit, blood urea, or serum albumin.

4. Central venous pressure (CVP) < 6 cm of water.

The diagnosis of SIADH depended on the presence of at least two features meeting the following conditions.

1. No sign of hypovolemia.

2. Normal of positive fluid balance.

3. No sign of dehydration: normal or decreased hemoglobin, hematocrit, blood urea, or serum albumin.

4. CVP > 6 cm of water.



2.3 Treatment strategies

The treatment strategy was individualized according to the patient’s condition, including conservative therapy and surgical intervention. All surgical procedures were performed within 24 h after sICH onset with the consent of relatives, including external ventricular drainage (EVD), craniotomy of hematoma evacuation, and decompressive craniectomy (DC) in addition to hematoma removal. EVD was indicated by massive hematoma with prominently intraventricular extension, with the existence or trend of hydrocephalus (13). The indications for craniotomy were hemorrhage volume > 30 mL with a midline shift >0.5 cm, and an obvious lateral ventricle compression (27). Decompressive craniectomy would be performed if intracerebral pressure was expected to significantly increase after hematoma evacuation due to preoperative large ICH volume and severe midline displacement (28). The specific procedures of these three surgical methods have been reported in previous studies (29, 30). The time period from hemorrhage to surgical intervention was recorded to explore its impact on hyponatremia. The peri-operative and conservative management contained comprehensive neurologic care (prevention of venous thrombus embolism, maintenance of nutrition, etc.), appropriate drug treatment (osmotic agents, hemostatic, hypotensor, antibiotics if infection occurred, etc.), rigorous serological monitoring (peripheral blood cells, hepatorenal function, myocardial enzyme, electrolyte, coagulation function, etc.), and maintenance of fluid balance (13, 15).



2.4 Statistical analysis

Variables in univariate analysis were selected based on our experience and previous studies (12, 14, 20). The outcome of 90-day mortality and mRS score were also explored in previous studies of stroke (12, 31, 32). Continuous variables were presented as mean ± SD (compared using Student’s t-test) or median with interquartile range (compared using Mann–Whitney U-test) as appropriate after normality test. Categorical variables were presented as a percentage with comparison using the Chi-square or Fisher’s exact test. Parameters reaching statistical significance (p < 0.05) were enrolled into multivariate logistic regression models to identify the predictive factors of 90-day mortality and adverse outcomes. Three subgroups were classified based on the severity of hyponatremia (mild, moderate, and severe), as mentioned previously. In addition, cases with hyponatremia were also categorized into another two subgroups based on the duration: < 48 h and > 48 h. Three degrees of hyponatremia or two groups of hyponatremia duration were enrolled in multivariate models with the non-hyponatremia as the reference group to further assess the predictive value of hyponatremia for 90-day mortality. Subgroup analysis was also performed to explore the effect of hyponatremia in patients with different therapeutic strategies (conservative, EVD, craniotomy, and decompressive craniectomy). The presence of multicollinearity among independent variables was assessed using weighted linear regression, defined as variance inflation factor ≥ 5. The Spearman correlation test was performed to explore the relationship between hyponatremia severity and duration with variables in the multivariate regression model. Kaplan–Meier curve was depicted to reveal the relationship between hyponatremia and mortality. The receiver operating characteristic (ROC) curve was plotted to show the diagnostic effect of sodiummin on 90-day mortality. All statistical analyses were carried out using SPSS 25.0, and p < 0.05 was considered statistically significant.




3 Results


3.1 Demographics

A total of 960 patients were enrolled in this study, and the process of patient selection is shown in Figure 1. The incidence of hyponatremia was 19.6% (n = 188), with mild, moderate, and severe severity rates of 8.7% (84), 6.3% (61), and 4.4% (46), respectively. For the duration of hyponatremia, 11.8% (114) of patients were normalized in less than 48 h, while 7.7% (74) of patients were normalized in over 48 h. None combined with renal or liver disorder during the duration of hyponatremia. Speculatively, in cases of hyponatremia, 122 (64.9%) were caused by SIADH, 42 (22.3%) had CSWS, and 24 (12.8%) may have been caused by miscellaneous factors. At the 90-day outcome assessment, 250 (26.0%) patients had died and 554 (57.7%) patients had adverse outcomes (mRS = 4 to 6). As for therapy, 588 (61.3%) patients were treated with the conservative method, and 372 (38.7%) patients underwent surgical intervention, including EVD for 61 patients (6.4%), craniotomy for 170 patients (17.7%), and DC for 141 (14.7%) patients. The details of patients who underwent different therapeutic strategies are summarized in Table 1. The median time period from hemorrhage to surgical intervention was 4 h (1–22 h), 205 cases at ≤4 h and 167 cases at >4 h. A similar incidence of hyponatremia was found in these two groups (≤ 4 h vs. > 4 h = 28.3% vs. 25.1%, p = 0.496).

[image: Figure 1]

FIGURE 1
 The flow diagram of patient selection.




TABLE 1 Hyponatremia and outcomes of patients under different treatment strategies.
[image: Table1]



3.2 Hyponatremia is independently associated with 90-day mortality

The whole cohort was categorized into groups of survivors and non-survivors based on the 90-day outcome. Baseline information is summarized in Table 2. Patients in the non-survivor group had a significantly higher rate of hyponatremia than those in the survivor group (34.8% vs. 14.2%, p < 0.001). Moreover, the sodiummin and the mean concentration of serum sodium (sodiummean) within 7 days after bleeding in the non-survivor group were also significantly lower, compared to those in the survivor group (sodiummin: 134.8 ± 6.1 vs. 137.7 ± 4.8; sodiummean: 138.1 ± 5.4 vs. 140.7 ± 4.4; both p < 0.001). Multivariate analysis showed that hyponatremia was independently associated with mortality (OR 2.763, 95%CI 1.837–4.157, p < 0.001) after adjusting for age, IVH (Graeb score), hemorrhage volume, diabetes mellitus, admission GCS score, and ICH score (Table 3). Furthermore, increased trend of mortality risk with both duration (< 48 h: OR 2.257, 95%CI 1.368–3.722; > 48 h: OR 3.767, 95%CI 2.054–6.908) and severity of hyponatremia (mild: OR 2.349, 95%CI 1.340–4.115; moderate: OR 3.100, 95%CI 1.607–5.982; severe: OR 3.269, 95%CI 1.497–7.142) was found in subgroup analysis (Figure 2). In addition, a predictive role of hyponatremia for mortality was also identified in the subgroups of surgical intervention (EVD: OR 5.751, 95%CI 1.233–26.819; craniotomy: OR 3.735, 95%CI 1.589–8.777; DC: OR 3.029, 95%CI 1.331–6.892; Figure 2). However, the statistical significance of the conservative subgroup was marginal (OR 2.470, 95%CI 0.951–6.416, p = 0.063). Kaplan–Meier survival curves from day 0 until day 90 demonstrated the association between higher mortality and hyponatremia in the whole cohort and patients under different therapeutic strategies (all p < 0.05, Figure 3). The ROC curve suggested the moderate diagnostic performance of sodiummin for mortality in both general patients and subgroups of therapeutic methods (AUC from 0.6475 to 0.7384, Figure 4). Spearman correlation test indicated no moderate or strong relationship between hyponatremia severity and duration with other variables in the multivariate model (all |rs| < 0.4). In addition, no significant correlation was found in patients who had died before the 90-day follow-up (all p > 0.05) (Figures 5, 6).



TABLE 2 Comparisons of demographics between survivors and non-survivors.
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TABLE 3 Multivariable model for predictors of 90-day mortality.
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FIGURE 2
 Subgroup analysis to explore the predictive value of hyponatremia in different conditions. EVD, external ventricular drainage; DC, decompressive craniectomy. *Model adjusted for age, Graeb score, hemorrhage volume, diabetes mellitus, GCS score, and ICH score. ^Model adjusted for age, Graeb score, diabetes mellitus, GCS score, and ICH score.
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FIGURE 3
 Kaplan-Meier curve indicates the relationship between hyponatremia and mortality in the whole cohort and subgroups with different therapeutic strategies. (A) the whole cohort. (B) Conservative treatment group. (C) EVD group. (D) Craniotomy group. (E) DC group.
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FIGURE 4
 ROC curve demonstrates the moderate diagnostic value of sodiummin in mortality in the whole cohort and subgroups with different therapeutic strategies.


[image: Figure 5]

FIGURE 5
 Correlations between degrees of hyponatremia and factors in multivariable models. The clockwise and counterclockwise graphs demonstrate positive and negative correlations, respectively. *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively. (A) Presents the correlations in the whole cohort. (B) The group with adverse outcomes. (C) Shows patients who had died by the 90-day follow-up. EVD external ventricular drainage; DC decompressive craniectomy.
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FIGURE 6
 Correlations between duration of hyponatremia and factors in multivariable models. The clockwise and counterclockwise graphs demonstrate positive and negative correlations, respectively. *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respectively. (A) Presents the correlations in the whole cohort. (B) The group with adverse outcomes. (C) Shows patients who had died by the 90-day follow-up. EVD external ventricular drainage; DC decompressive craniectomy.




3.3 Hyponatremia is a predictor of adverse outcomes

The distribution of mRS score in patients with or without hyponatremia is depicted in Figure 7. Patients were divided based on mRS score at the 90-day outcome (favorable and adverse), and the details of these two groups are summarized in Table 4. Similarly, patients with adverse outcomes had a significantly higher rate of hyponatremia and lower sodiummin and sodiummean compared to those with favorable outcomes (27.8% vs. 8.4%, 135.9 ± 5.8 vs. 138.4 ± 4.3, and 139.1 ± 5.1 vs. 141.3 ± 3.9, all p < 0.001). Multivariate analysis revealed that hyponatremia was an independent predictor of adverse outcome (OR 3.579, 95%CI 2.332–6.780, p < 0.001), controlling for age, hemorrhage volume, IVH (Graeb score), admission GCS score, and ICH score.

[image: Figure 7]

FIGURE 7
 Distribution of the modified Rankin Scale (mRS) score at 90-day follow-up for patients with and without hyponatremia.




TABLE 4 Comparisons of demographics between patients with favorable (mRS ≤ 3) and adverse outcomes (mRS > 3).
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3.4 Complications in hospital

The common complications after sICH are presented in Table 5. However, patients with hyponatremia did not have an increased rate of complications compared to those without hyponatremia (all p > 0.05).



TABLE 5 Comparison of patients with and without hyponatremia.
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4 Discussion

In the current study, we present a comprehensive analysis of early hyponatremia (first 7 days) in supratentorial sICH patients and reveal hyponatremia as an independent predictor of both 90-day mortality and adverse outcome. Moreover, subgroup analysis first identified the predictive value of hyponatremia for 90-day mortality in patients under different conditions.

The incidence of hyponatremia in our cohort was 19.6%, which is similar to the rate reported by Gray and colleagues in the same period after hemorrhage (15.2%) (15). In this study, we only analyzed the effect of hyponatremia within 7 days after bleeding to maintain consistency between cases. In addition, we also considered that the early stage (first 7 days) after ICH onset was of clinical importance in terms of the formation of the cerebral edema, the transformation of neuroinflammation, and the occurrence of early seizures, all of which were identified as associated with increased mortality (33–37). Therefore, we conducted this study to elucidate whether hyponatremia within 7 days after ICH is associated with 90-day outcomes.

Numerous research studies have been carried out on hyponatremia in traumatic brain injury, SAH, and neurosurgical intervention, confirming the association between hyponatremia and increased mortality (7–9, 17). However, much uncertainty remains regarding the relationship between decreased serum sodium and prognosis in patients with sICH. Table 6 features a summary of published studies on hyponatremia or serum sodium concentration in cases of ICH. Consistent with two comparatively large cohorts of ICH reported by Kuramatsu et al. (17) and Carcel et al. (20), we identified a 2.7-fold increase in 90-day mortality among patients with hyponatremia compared to normonatremia patients. However, contrary to our findings, Mansouri et al. (38) suggested that, through the comparison of 30-day mortality, a significantly lower sodium level was found in the survivor group. Moreover, no significant difference in sodium levels between survivor and non-survivor groups was identified when 3-month mortality was compared (38). However, limited sample size (n = 120) may impair the efficacy of their results. The mechanism linking hyponatremia and mortality is still undetermined. Kuramatsu et al. conducted the first study concerning the association between hyponatremia and mortality in a case series of ICH and considered that hyponatremia may serve as an indicator of disease severity, potentially reflecting a poor prognosis (17). A hypothesis underlying the mechanism of hyponatremia influencing outcome implicates its relationship with arginine vasopressin (AVP). Increased intracerebral pressure and cerebral hypoperfusion after ICH may aggravate secondary brain injury and elevate the nonosmotic release of AVP through the overstimulation of the neurohumoral axis (39, 40). Increased AVP levels themselves may result in a reduced tolerance to cerebral hypoxia (41). On the other hand, Tzoulis et al. reported a case–control study, suggesting that hyponatremia independently has adverse effects on the physiologic functions of the brain or other systems (42). Fatal brain edema due to severe hyponatremia and osmotic demyelination syndrome, a potentially fatal condition caused by overly rapid correction of hyponatremia, may contribute to increased mortality (42). Nevertheless, we did not confirm any fatalities due to these complications in this study. In our cohort, we attempted to explore the relationship between hyponatremia severity and duration with variables that univariately predicted 90-day mortality. However, only weak correlations were found with several factors, and no significant correlation was found in the non-survivor group. Therefore, we consider that hyponatremia certainly impairs the prognosis of ICH patients, while a single view is insufficient to explain the correlation between hyponatremia and increased mortality. Macroscopically, hyponatremia reflects the severity of ICH. For patients with mass hematoma or cerebral edema, high-dose osmotic agents and diuretics may be used to release excessive cerebrospinal fluid to reduce intracerebral pressure but also increase sodium excretion simultaneously (8, 9, 20). Even if individualized treatment has been adopted to keep the balance of body fluid in ICU, maintaining homeostasis of these patients is rather difficult, especially for neurosurgical patients who are more critical than general patients and are often complicated with aspiration pneumonia, acute renal failure, or other complications (8, 28). Microscopically, hyponatremia may decrease extracellular plasma osmolality, leading to osmotic swelling of brain cells, further increasing the risk of cerebral edema, seizures, and delayed cerebral infarctions (17). However, the above mechanism indicates that hyponatremia may indirectly promote mortality by causing other morbidity, compared to other direct variables, like hemorrhage volume and admission GCS score (15). This may explain the results depicted in the ROC curves that the diagnostic value of sodiummin for mortality is limited.



TABLE 6 Summary of literature on hyponatremia or sodium level of patients with ICH.
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SIADH and CSW are considered to be the main causes of post-stroke hyponatremia (7). SIADH is developed by an excessive secretion of antidiuretic hormone (ADH) that is associated with water retention, and treatment is mainly based on water restriction. On the other hand, CSW may be generated by the release of brain natriuretic peptide (BNP) and atrial natriuretic peptide (ANP), both of which are associated with diuresis and natriuresis, resulting in hypovolemia, and treatment relies on supplemental sodium (40). Elevated intracerebral pressure (ICP) and neurologic injury may cause SIADH and CSW syndrome to disturb sodium homeostasis (9). An irritant effect on the hypothalamic–pituitary axis leading to the excessive release of ADH may result in SIADH (43). BNP increased in proportion to the increases in ICP, and CSW was believed to be the primary cause of hyponatremia in subarachnoid hemorrhage, acute encephalitis syndrome, and meningitis (44–46). Consistent with the findings of Gray et al. (15), we also observed that SIADH was the most common cause of hyponatremia. A contrasting finding was also reported by Kalita et al. (9), who put forward that CSW was the most common cause of hyponatremia in stroke. The discrepancy may be attributed to the fact that we only measured the hyponatremia within 7 days after hemorrhage, while hyponatremia occurred in their study after a median delay of 9.7 days from ictus. We hypothesize that the mass effect on the hypothalamic–pituitary axis caused by increased predominantly focal ICP after supratentorial sICH, like midline shift, could dominate SIADH as the main etiology of hyponatremia. On the other hand, Tripathi et al. put forward that hyponatremia due to CSW is associated with high catecholamine levels, which has also been reported in ICH and may correspond to the stress response (47, 48). This may explain the occurrence of CSW in patients with ICH. Nevertheless, caution needs to be exercised when interpreting these results because we can only analyze the etiology through medical records due to the insufficient awareness of hyponatremia after ICH at that time. Moreover, the cause of hyponatremia may not be easy to diagnose in a retrospective study. Additional studies with a multicenter prospective design may provide more robust data for the analysis of the etiology of hyponatremia after ICH.

Critically, there has been no evidence (direct or indirect) to prove whether correcting hyponatremia is appropriate after sICH (15–20). Some studies have suggested that impaired cerebral adaption mechanisms may result in demyelinizations at normal serum sodium levels after neurological injury/hypoxia, speculating that correction of hyponatremia could even be harmful (39, 49). In our study, an increased trend of mortality risk with degree of hyponatremia demonstrated the necessity of normal sodium maintenance and appropriateness of hyponatremia correction for patients with supratentorial sICH. In addition, we first explored the relationship between the duration of hyponatremia and mortality in ICH patients, finding that patients with hyponatremia lasting more than 48 h have a higher risk of mortality compared to normonatremic and short-term (less than 48 h) hyponatremic cohorts. The onset of acute hyponatremia occurs within 48 h, while chronic hyponatremia develops in over 48 h (50–52). Baker et al. (53) put forward that neurotoxic factors affect the brain through a leaky blood–brain barrier (BBB) to induce osmotic demyelination syndrome, while osmotic stress could more easily impair the barrier during chronic hyponatremia. Delayed treatment and accumulated risk of demyelination during sodium correction in chronic hyponatremia may be more likely to result in adverse outcomes compared to those in acute hyponatremia (50–52). Therefore, we recommend that rapid correction of hyponatremia is harmful because the BBB is damaged due to hemorrhage, and the nervous system may be more sensitive to fluctuation of serum sodium and higher risk of ton osmotic demyelination than the general.

In the subgroup analysis of treatment methods, we found that hyponatremia was significantly associated with an increased risk of mortality in patients with surgical intervention (EVD, craniotomy, and DC). However, a significant result could not be achieved in patients treated conservatively. Although therapeutic methods (conservative or surgical) for sICH are controversial, we still consider that hematoma evacuation relieves mass effect and prevents the impact of blood products into surrounding healthy brain parenchyma (13). However, patients treated surgically commonly have a larger volume of hemorrhage, causing higher severity of neurological injury due to hemorrhage itself or iatrogenic damage when removing hematoma in the deep brain structure compared to those with conservative treatment (27, 28). On the one hand, hyponatremia may reflect a more severe condition as an indicator. On the other hand, reduced serum sodium levels in the early period after bleeding may deteriorate the severely injured nervous system.

The advantage of our study is the comparatively large sample size, which allowed for the detection of the relationship between hyponatremia and mortality based on classification of sodium level and subgroup analysis in detail (15, 17). However, it also had limitations. First, potential bias may be introduced for the retrospective analysis. Second, these results needed to be interpreted with caution, particularly the association between hyponatremia and 90-day mRS score. Since most of the patients had functional deficiency after ICH and could not be scheduled for out-patient follow-up, approximately half of the patients were only interviewed by phone. This may influence the accuracy of the evaluation of functional results, which also hampered the performance of further subgroup analysis for functional outcomes. Third, the value of serum sodium was well measured during hospitalization, but a small number of patients, who were discharged within 7 days after ICH onset, may potentially develop hyponatremia. Meanwhile, some patients with particularly severe ICH may have died before hyponatremia occurred; both of these conditions may affect the accuracy of this study. Fourth, a limited number of cases in some subgroups may also influence the results of our study. Fifth, endocrine scrutiny was not routinely performed, and we cannot determine whether there was hyponatremia caused by hypocortisolemia or hypothyroidism. Finally, the results of this study merely show statistical correlation rather than revealing a causal relationship. Studies that aim to elucidate the mechanisms that link hyponatremia to mortality are required in the future.



5 Conclusion

Hyponatremia is a common electrolyte disturbance in patients with supratentorial sICH and serves as an independent predictor of 90-day mortality and adverse outcomes. Increased trend of mortality risk with degree and duration of hyponatremia may indicate the appropriateness of hyponatremia correction. Much attention should be paid to serum sodium monitoring in patients treated surgically. Future studies are essential to explore the mechanisms that link hyponatremia to outcome.
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