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Background: Heart failure (HF) is a global health challenge. The perturbations in fluid and electrolyte equilibrium, particularly the compromised sodium balance associated with HF lead to high mortality rates. Hence, elucidating the correlation between serum sodium levels and the prognosis of HF is of paramount importance. This study aimed to conduct a comprehensive meta-analysis to thoroughly investigate the interplay between hyponatremia and the prognostic outlook of individuals with HF.



Methods: A comprehensive search of bibliographic databases including PubMed, Embase, and the Cochrane Central Register of Controlled Trials was conducted to identify relevant observational studies examining the association between hyponatremia and prognosis of HF. Data extraction, synthesis, and assessment of risk of bias were conducted. Meta-analytic methods, sensitivity analyses, and heterogeneity test were employed as appropriate to synthesize the data.



Results: A total of 43,316 patients with HF were included spanning 25 selected studies. The pooled data revealed a notable association between hyponatremia and elevated risks across short and long-term mortality of HF. Specifically, hyponatremia was found to significantly increase the likelihood of all-cause mortality (Hazard ratio [HR] = 1.94, 95% confidence interval [CI]: 1.78–2.12); 1-year mortality (HR = 1.67, 95%CI: 1.46–1.90); 30-day mortality (HR = 2.03, 95%CI: 1.73–2.25); cardiac mortality (HR = 2.11, 95%CI: 1.81–2.46); and in-hospital mortality (HR = 1.64, 95%CI: 1.15–2.34).



Conclusion: Our meta-analysis emphasizes the significant impact of hyponatremia on mortality in the HF patient population, highlighting the critical importance of maintaining stable serum sodium levels in HF management.
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Introduction

Heart failure (HF) represents a global epidemic linked to significant mortality rates and substantial economic burden. Its prevalence has steadily risen owing to improved survival rates of cardiac arrest due to coronary artery diseases and an aging population with failing heart, accounting for 1%–3% of the adult population in developed countries. Currently, an estimated 37.7 million cases have been reported annually, resulting in 4.2 million years of compromised health (1, 2).

Heart failure-related electrolyte balance damage may involve the following physio-pathological processes: The decreased cardiac output and poor circulation can impact kidney function, leading to reduced filtration and fluid reabsorption. Furthermore, advanced HF increases the risk of arrhythmias due to electrical instability and changes in the heart's structure (3–5). Heart failure triggers the activation of the renin-angiotensin-aldosterone system (RAAS) and the sympathetic nervous system (SNS). These pathways contribute to sodium and water retention, as well as vascular constriction, exacerbating fluid overload. The elevated levels of arginine vasopressin (AVP) in HF lead to increased water reabsorption in the renal collecting ducts via V2 receptors, further compounding fluid retention. Moreover, altered endothelial function also plays a role leading to increased capillary permeability and impaired sodium transport mechanisms. Furthermore, chronic inflammation in HF promotes sodium and water retention by modulating sodium channels and transporters, such as the epithelial sodium channel (ENaC) and sodium-potassium pump (Na+/K+-ATPase). Other types of ion channels including potassium and calcium channels are also frequently disturbed in HF.

Among the various types of electrolyte-homeostasis disorders associated with HF, hyponatremia emerges as a common consequence due to abnormal fluid and electrolyte regulation. This results in volume overload-induced dilutional hypervolemic hyponatremia as mentioned, as well as hypovolemic hyponatremia arising from the excessive use of natriuretics such as thiazide diuretics. In patients with HF, the prevalence of hyponatremia ranges between 11% and 27%, imparting a two-fold increase in mortality risk (5, 6). Some meta-analyses have substantiated that hyponatremia serves as a potent predictor of mortality in HF patients, irrespective of ejection fraction (7). Moreover, enhanced sodium levels are reportedly associated with reduced mortality risk, although these conclusions are based on a restricted pool of samples and varying HF subtypes (8). The prevailing therapeutic approaches include AVP V2 receptor antagonists that target the predominant form of mammalian antidiuretic hormone (ADH), such as tolvaptan (TLV) or satavaptan (STV). Fluid restriction and non-specific strategies including diuretic therapy for congestion and administration of isotonic or hypertonic saline are also employed (5, 9). However, despite these interventions, the optimal management strategy for hyponatremia in HF patients remains an unresolved issue (10). Thus, it is critical to evaluate and understand the association between serum sodium level and HF prognosis, which would aid in prognosis of HF and therapeutic targets.

Hence, this study aimed to perform a comprehensive meta-analysis to evaluate the link between hyponatremia and adverse prognosis in patients with HF. Additionally, we conducted a systematic review of randomized controlled trials (RCTs) that focused on the various treatment modalities for managing HF complicated by hyponatremia.



Methods

This systematic review protocol adheres to the guidelines outlined in the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement. The protocol for this review has been registered in the PROSPERO International Prospective Register of systematic reviews (CRD42022323116). As this study involves a systematic literature research, the need for ethical approval was waived (11).


Eligibility criteria

The inclusion criteria were as follows: (1) the study should involve HF patients without causes mentioned in the exclusion criteria. Both preserved and reduced ejection fraction cases were considered; (2) the study design should be a prospective or retrospective observational study; (3) the standard for identifying hyponatremia should be addressed; (4) clinical outcomes should be included, such as all-cause mortality, or other short-term and long-term adverse events; (5) all the results associated with clinical outcomes should be presented as hazard ratio (HR) or data which could be calculated as HR for hyponatremia. The exclusion criteria were as follows: (1) all animal studies, case reports, and case series analyses; (2) the HF was due to critical congenital heart diseases with or without surgical correction; (3) any cardiac syndrome/abnormality induced by chromosomal or genetic disorders; (4) patients with suspected myocarditis; (5) patients who have undergone heart transplantation or received a left ventricular assist device.



Search strategy

From inception to 31 March 2023, PubMed, Embase and the Cochrane Central Register of Controlled Trials had been searched. Searching strategy is as followed (example in Pubmed): (“hyponatraemia"[All Fields] OR “hyponatremia"[MeSH Terms] OR “hyponatremia"[All Fields] OR “hyponatremias"[All Fields] OR ((“serum"[MeSH Terms] OR “serum"[All Fields] OR “serums"[All Fields] OR “serum s"[All Fields] OR “serumal"[All Fields]) AND (“sodium"[Supplementary Concept] OR “sodium"[All Fields] OR “sodium"[MeSH Terms] OR “sodiums"[All Fields])) OR ((“serum"[MeSH Terms] OR “serum"[All Fields] OR “serums"[All Fields] OR “serum s"[All Fields] OR “serumal"[All Fields]) AND “natrium"[All Fields])) AND (“heart failure"[MeSH Terms] OR (“heart"[All Fields] AND “failure"[All Fields]) OR “heart failure"[All Fields]).



Study selection and quality assessment

Citations were collected using a reference manager software program (EndNote 22.0) and duplicates were eliminated. Two authors (WZ and JQ) selected studies by assessing the titles and abstracts after excluding the duplicate entries. The full text was further reviewed for inclusion. Disagreements were resolved by discussion with a third author (YL), until consensus was reached. We also recorded reasons for exclusion of studies. For assessment of cohorts, the Newcastle–Ottawa Scale (NOS) with eight items was used to assess the quality of the cohort studies. One or two points were awarded for each criterion, and the points were added up to compare study quality in a quantitative manner. Total points of <5 and ≥5 were assigned for unacceptable and acceptable quality of studies, respectively. Two reviewers independently carried out the assessments.



Data extraction and analysis

A standard data collection was performed across the included studies. Two reviewers (WZ and JQ) independently extracted the data from the included studies and filled out the data collection form. The following data were extracted and organized:


	•General information: First author; Article title; Publication journal; Year of publication; Countries the major population enrolled;

	•Methods: Study design; Control setting; Whether randomization was involved; Distribution concealment method; Blinding method; Inclusion and exclusion criteria of the enrolled population; Echocardiographic assessment; Cardiac MRI measurement; Family history;

	•Subjects: Age; Sex; Severity of HF (AHA stage and NYHA classification); Time duration since HF diagnosis; Results of genetic analysis; Ethnicity; Criteria for the diagnosis of hyponatremia and definition of improvement of hyponatremia; Other complications

	•Intervention: Medication or device used for HF treatment;

	•Results: Follow-up period; Survival rate; Cardiac function improvement; All-cause mortality; In-hospital mortality, 1-month mortality; 1-year mortality.





Statistical analyses

Stata 15.0 software was used for all data analyses and synthesis in this meta-analysis. The outcomes associated with hyponatremia were assessed as hazard ratios (HRs) with 95% confidence intervals (CIs). I2 was used to evaluate the heterogeneity, wherein, I2 > 50% was considered to indicate significant heterogeneity, and the random-effects model was chosen. Sensitivity analysis was performed to test the robustness of the results using the leave-one-out analysis and meta-regression analysis. In all groups, a leave-one-out analysis was conducted, while meta-regression was exclusively applied to the all-cause mortality group owing to unavailability of covariate data, which could potentially introduce bias into the outcomes. Potential publication bias was assessed by funnel plots with the Egger's regression asymmetry test. Meta-regression was executed using the R package. Image enhancement procedures were implemented through Graphpad Prism.




Results

The methodology for database search and article screening is presented in Figure 1. Initially, a total of 1,392 articles were identified through the database search. Subsequent screening of titles and abstracts resulted in the exclusion of 1,179 articles. The remaining 213 records were evaluated in detail for eligibility through full-text review. Among these, 182 articles were excluded for their lack of relevance to our defined outcomes of interest. Following the assessment of study quality, six articles were excluded based on the NOS evaluation. Ultimately, a total of 25 articles, meeting the criterion of NOS scores >5, were deemed suitable for inclusion in the final analysis.


[image: Figure 1]
FIGURE 1
The processes of database search and study selection.


The cohort characteristics of the included studies are summarized in Table 1. A total of 43,316 patients with HF were included across 25 selected studies (12–38), spanning the years 2003–2023. The mean age of patients ranged from 58.7 to 78.4, with males constituting 42.2%–100% among the different cohorts. Notably, comorbidities such as hypertension, diabetes, and COPD were prevalent among the HF patients. Approximately 37–60.66% patients were classified under NYHA classes III–IV, indicating advanced stages of HF. Among the 25 included articles encompassing 43,316 patients, data on serum sodium concentration were available in 18 studies. The threshold value for diagnosing hyponatremia was mainly set as 135 mmol/L, with one study setting it at 136 mmol/L and another at 140 mmol/L. The incidence of hyponatremia ranged widely, spanning 5%–50%. The follow-up duration exhibited considerable variability, ranging from the duration of hospitalization to 7 years post-discharge. Of the eligible studies, five reported 1-year mortality, 14 reported all-cause mortality, four considered 30-day mortality, four assessed cardiac mortality, and another three studies accounted for in-hospital mortality as the outcome measure.


TABLE 1 The characteristics of the included cohort studies.
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Analysis of the association between hyponatremia and mortality

Overall, hyponatremia exhibited a significant association with an elevated risk of all-cause mortality in patients with HF (HR = 1.94, 95% CI: 1.78–2.12; I2 = 51.7%; Figure 2). Furthermore, a notable increase in the 1-year mortality was evident among HF patients with hyponatremia (HR = 1.67, 95% CI: 1.46–1.90; I2 = 69.2%; Figure 2). The odds of 30-day mortality were two-fold higher (HR = 2.03, 95%CI: 1.73–2.25; I2 = 83.8%; Figure 2). A nearly doubled risk of cardiac mortality was also observed (HR = 2.11, 95% CI: 1.81–2.46; I2 = 78.6%; Figure 2). And there was also an increased risk of in-hospital mortality in HF patients associated with hyponatremia compared to non-hyponatremia (HR = 1.64, 95% CI: 1.15–2.34; I2 = 91.3%; Figure 2). Given the considerable heterogeneity across the studies, the random-effects model was employed to compute pooled HR estimates. The results from the included studies consistently indicated that hyponatremia was linked to a heightened risk of mortality. A leave-one-out analysis that excludes studies one-by-one, indicated a consistent and robust tendency in the direction and magnitude of association (Figure 3). Meta-regression analyses identified that mean age of patients may influence the meta-synthesis (p = 0.0177), while the scatter plot indicated increased all-cause mortality with elevated mean age of patients. Nonetheless, the most diminutive age cohort, with an average age of 58.7 ± 15.4, still manifested a heightened susceptibility to hyponatremia (HR = 1.80, 95% CI: 1.60–2.60). We also conducted meta-regression based on male percentage (p = 0.2459), complications percentage including hypertension (p = 0.7931) and diabetes (p-value = 0.7034), which all indicated a minimal influence on the raw results (Figure 4). The preceding analysis demonstrate a relatively stable correlation between the elevated lethality and hyponatremia in HF patients aged ≥50 years. Furthermore, the subgroup analysis yielded compelling evidence indicating a significant disparity in all-cause mortality between the acute heart failure (AHF) phenotype and the chronic heart failure (CHF) phenotype (Figure 5), suggesting higher mortality in AHF than that in CHF.


[image: Figure 2]
FIGURE 2
Forest plot for the meta-analysis regarding the relationship between hyponatremia and all-cause mortality, 1-year mortality, 30-day mortality, cardiac mortality and in-hospital mortality risk in patients HF and hyponatremia.
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FIGURE 3
Leave-one-out plot for sensitivity analysis of the relationship between hyponatremia and all-cause mortality, 1-year mortality, 30-day mortality, cardiac mortality and in-hospital mortality risk in patients HF and hyponatremia.
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FIGURE 4
Meta-regression analyses based on mean age, male percentage, hypertension percentage, diabetes percentage.
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FIGURE 5
Forest plot for the meta-analysis based on HF phenotype.




Quality assessment and publication bias

Quality assessment was performed using the NOS, revealing scores ranging from 5 to 7 across the included studies. Detailed scores of three parts of NOS (selection, comparability, exposure) were presented in Supplementary Table S1. The funnel plot for the all-cause mortality group is presented in Figure 6. Moreover, Egger's test demonstrated the absence of publication bias in all groups, including all-cause mortality (p = 0.199), 1-year mortality (p = 0.218), 30-day mortality (p = 0.301), cardiac mortality (p = 0.696), and in-hospital mortality (p = 0.496).


[image: Figure 6]
FIGURE 6
Funnel plot of all-cause mortality.





Discussion

In this comprehensive meta-analysis, we systematically included a substantial cohort of 43,316 patients from 25 published studies, encompassing diverse age groups, mainly of older individuals. Consistent with previous research, our study underscores a robust association between hyponatremia and a significantly compromised prognosis among a wide spectrum of HF patients. Specifically, our findings reveal a substantial 1.5-time increase in the risk of 1-year mortality and in-hospital mortality, and a noteworthy nearly double elevation in all-cause mortality, 30-day mortality and cardiac mortality. Age and HF phenotypes were significant covariates.

The pathogenesis of hyponatremia in patients with HF is multifaceted. Within the context of HF, compromised cardiac function leads to insufficient effective intravascular volume and venous congestion. Traditionally, the management of water retention has heavily relied on diuretics, many of which exacerbate electrolyte disturbances, including hyponatremia. The incidence of hyponatremia is notably substantial among patients with HF, often ranging between 11% and 27% (5, 6). In more severe clinical contexts, this prevalence could encompass up to half of all HF individuals (39). A nested case-control investigation within the Korean Acute Heart Failure registry, comprising 2,935 patients, revealed that severe and persistent hyponatremia amplified the risk of death by nearly 90% and escalated the likelihood of right ventricular dysfunction by over eight-fold in patients with acute HF (40). In cases of HF with concomitant hyponatremia (HFcHN), the hypotonic state can foster intracellular water accumulation, precipitating cellular edema (41). The severity of hyponatremia can result in acute water intoxication, which prompts edema in brain tissue, triggers diverse psychiatric symptoms, and in extreme scenarios, precipitates severe herniation (42). Swift and systematic rectification of serum sodium levels is crucial to avert acute water intoxication. Timely restoration of serum sodium levels has been demonstrated to effectively curtail all-cause mortality. A meta-analysis conducted by Jinhui et al. highlighted that timely hyponatremia correction in patients with HFcHN was correlated with a reduced risk of mortality, particularly short-term mortality (8). Several studies have consistently demonstrated a positive correlation between the amelioration of hyponatremia and improved prognosis among patients with HF (32, 43, 44). Conversely, untreated or severe hyponatremia (<130 mmol/L) has been associated with heightened mortality rates and inferior outcomes (32, 33, 37, 45, 46).

Potassium and magnesium homeostasis also demonstrates great significance in the management of HF patients. Low potassium serum levels promote the development of hyponatremia by shifting sodium into the cell and cause higher mortality of arrhythmic death (47). Potassium disturbance is a potent predictor both in short-term and long-term mortality of HF patients (48). Magnesium are involved in the normal function of Na+/K+-ATPase, thus, hypomagnesemia can also lead to lower extracellular sodium levels and ischemic stroke, and cardiac arrhythmias can be prevented or treated with the improvement of magnesium (49–51).

Notably, while the commonly employed threshold for high-risk hyponatremia in HF is defined as a serum sodium level below 135 mmol/L, the optimal range of serum sodium concentration for predicting an adverse prognosis in HF may be higher (52). Notably, previous studies have proposed a linear relationship between mortality, rehospitalization, and serum sodium concentrations <140 mmol/L, which includes the conventional reference limits of 135–140 mmol/L (7, 28, 53). The risk of death or rehospitalization increased by 8% for each 3 mmol/L decrease in admission serum sodium below 140 mmol/L (53). Deubner et al. even proposed a U-shaped correlation between serum sodium concentration and mortality risk, designating the optimal range as high normal sodium levels (130–139 mmol/L) (54). Among patients with persistent hyponatremia, those with more severe hyponatremia at discharge (<130 mmol/L) were proved to have higher 30day readmission or mortality, than those with less severe hyponatremia at discharge (130–134 mmol/L) (46). Moreover, for the management of the HF patient complicated hyponatremia, saline administration or fluid restriction and the use of hypertonic saline with loop diuretics are main treatments in dilutional or depletiona phenotypes of hyponatremia (47). Close monitoring and appropriate protocol of serum sodium correction are employed to avoid rapid correction, especially in severe hyponatremia (<125 mmol/L) (41, 42). In summary, the most favorable range of Na+ should be 140–145 mmol/L. Nevertheless, it is quite unrealistic considering clinical situation. In our scholarly perspective, it is recommended that sodium level remains to be normal (135–145 mmol/L), and hyponatremia correction be initiated promptly, regardless of its classification. Future work is needed to further explore the optimal spectrum of serum sodium for varied phenotypes of HF.

In our study, loop diuretics were used in 46.3%–88% patients upon admission. After hospitalization, 73%–95% HF patients were prescribed loop diuretics at discharge. Prioritizing and enhancing sodium conservation as a supplemental component of loop diuretic therapy may constitute an efficacious strategy for improving the prognosis of patients with HFcHN in the future. Tolvaptan reduced body weight and edema, and normalized serum sodium in hyponatremic patients without a significant hemodynamic change (55–57). Of note, findings from Makiko's study propose that TLV might enhance the long-term prognosis of HF patients by reducing the dosage of other diuretics or indirectly influencing the RAAS through ADH antagonism (58). Consequently, AVP antagonist administration emerges as a critical component of integrated long-term management for hyponatremia in HF cases. Adequate evidentiary support and patient-tailored dosage are needed in future research.


Strengths and limitations

We registered our study with the Prospero Database and conducted a comprehensive systematic review and meta-analysis based on a substantial sample size of 43,316 patients. Our study adhered to the PRISMA statement guidelines. Additionally, we provided an in-depth discussion on the pathophysiology of hyponatremia in HF and conducted a thorough literature review of the available RCTs pertaining to sodium conservation treatments. However, our study also has some limitations. First, a notable degree of heterogeneity was evident among the included studies. Furthermore, all of the incorporated articles were retrospective in design, potentially introducing the influence of unrecorded variables on the observed association between serum sodium levels and outcomes. The severity and classification of the enrolled HF patients varied. Moreover, the frequency and timing of serum sodium measurements were inconsistent across the studies, as was the duration of follow-up.




Conclusion

Our comprehensive meta-analysis underscores the substantial influence of hyponatremia on mortality across a diverse range of HF patients. Hyponatremia demonstrated significant mortality both in the short and long-term follow-up, especially in AHF or patients aged ≥50 years. Our results strongly support regular monitoring and prompt intervention for hyponatremia in the management of HF patients. In our scholarly perspective, it is recommended that sodium correction to normal spectrum be initiated promptly in cases of hyponatremia, regardless of its classification, as there is a clear linear association between serum sodium levels below 140 mmol/L and an elevated risk of mortality. Additionally, integrating newer diuretic medications like vaptans alongside traditional loop diuretics need to be explored in future clinical practice. However, further research is required to enhance the clinical understanding of its significance and determine the optimal control regimen.
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