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Background: The relationship between serum sodium levels and mortality in

congestive heart failure (CHF) patients has not been well-studied previously. The

non-linear correlation between serum sodium levels and mortality in patients with

heart failure is currently controversial, and the relationship between di�erent serum

sodium levels and mortality is disputed. The goal of this study is to look into the

relationship between serum sodium levels and all-cause mortality in people with CHF

after controlling for other factors.

Methods: The publicly accessible Mimic III database was the source of data for

our study. We use the ICU Admission Scoring System to collect demographic data,

laboratory findings, comorbidities, vital signs, and scoring information for each

patient. Cox proportional risk analysis, smooth curve fitting, and the Kaplan-Meier

survival curve were used to assess the relationship between baseline sodium levels

and all-cause mortality in CHF patients.

Results: The segmentation regression model discovered a turning point value

of serum sodium levels (137.5 mmol/L) between serum sodium levels and

all-cause mortality. According to the results of the fully adjusted Cox proportional

hazard model, lower serum sodium levels (<137.5 mmol/L) were associated

with an increased risk of 30, 90, 365-day, and 4-year all-cause deaths. The

HRs and 95th confidence intervals were 0.96 (0.94, 0.99), 0.96 (0.94, 0.99), 0.96 (0.94,

0.98), and 0.96 (0.95, 0.98), respectively; the higher serum sodium levels (≥137.5

mmol/L) were related to an associated multiplied risk of 30, 90, 365-day, and 4-year

all-cause deaths; the HRs and 95th confidence intervals were 1.02 (1.00, 1.05), 1.02

(1.00, 1.04), 1.02 (1.00, 1.03), and 1.02 (1.00, 1.03), respectively.

Conclusion: Serum sodium levels were u-shaped about all-cause mortality. In

individuals with CHF, serum sodium levels are linked to an elevated risk of

short-, medium-, and long-term all-cause mortality.
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Introduction

Serum sodium refers to the concentration of sodium ions in

serum. The sodium ion is the most abundant cation in extracellular

fluids (e.g., blood). It is crucial for maintaining proper osmotic

pressure, sustaining cellular physiological processes, maintaining

extracellular fluid levels, and controlling acid-base balance (1). The

renin-angiotensin-aldosterone system (RAAS), antidiuretic hormone

activation, and sympathetic nerve stimulation are the main causes

of heart failure. Adequate cardiac output can still be maintained

through sodium and water retention and improved myocardial

contraction, but these mechanisms will eventually lead to direct

cytotoxicity, causing myocardial fibrosis, proarrhythmia, and pump

failure. Congestive heart failure (CHF) patients’ outcomes are known

to be predicted by their serum sodium levels (2). In earlier research,

it was also demonstrated to predict death in patients hospitalized for

heart failure. However, we failed to discover any reliable research to

support a relationship between serum sodium levels and long-term

mortality in heart failure patients.

Serum sodium levels are an independent predictor of progressive

heart failure, and among outpatients with chronic heart failure,

patients with low blood sodium have an increased risk of death, with

a 2 mmol/l reduction in serum sodium levels and a hazard ratio

of 1.22 (95% CI 1.08–1.38) (3). Hyponatremia and hypotension are

associated with an increased risk of death from heart failure (4). A

change in serum sodium concentration over time among patients

hospitalized with heart failure and hyponatraemia was demonstrated

by Madan et al. (5).

Lack of sodium and water can result in pulmonary or peripheral

oedema, which increases the risk of morbidity and mortality in

individuals with heart failure. The clinical syndrome of congestive

heart failure is defined by this combination of an excess of total

body fluid volume and ventricular dysfunction (6). The non-linear

correlation between serum sodium levels and mortality in patients

with heart failure is currently controversial, and the relationship

between different serum sodium levels and mortality is disputed. The

goal of the current study was to determine whether serum sodium

levels are independently related to 30, 90, 365, and 4-year mortality in

patients with heart failure, in order to investigate this disease deeply.

Participants and methods

Study design
This study used a retrospective cohort design to investigate the

relationship between serum sodium levels and all-cause mortality.

The target-independent variable is the serum sodium level obtained

at baseline. The dependent variables are 30, 90, 365, and 4-year

all-cause deaths (dichotomous variable: 1= death; 0= survival).

Study population
A total of 5,002 individuals were chosen for the study, with

a male preponderance of 53.2% and an average age of 72.4 ±

13.5 years. The patients with congestive heart failure in our study

were enrolled from 2001-1 to 2008-12. The MIT Computational

Physiology Laboratory, Beth Israel Deacon Medical Center, and

Philips Medical created the Multiparameter Intelligent Monitoring

in Intensive Care III Version 1.4 (Mimic-III V. 1.4) database.

More than 50,000 patients who were admitted to the intensive

care unit at Beth Israel Deacon Medical Center between 2001

and 2012 have clinical data available in this free and public

database (7). We successfully gathered information on 8,952

patients with congestive heart failure using PostgreSQL Structured

Query Language based on International Classification of Diseases

(ICD-9) codes.

Inclusion and exclusion criteria
The prerequisites for participation were as follows: (1) Patients

in the open-source MIMIC-III database (more than 50,000 patients)

with the ICD-9 disease codes 4280-4289 and 39,891 (CHF patients);

(2) Patients with a first admission and those with a first admission to

the ICU (n= 8,952).

The following restrictions were in place: Patients with the

following characteristics are excluded: (1) those under the age of

18; (2) those with an ICU stay of fewer than 24 h; (3) those with

leukemia and myelodysplastic syndrome; (4) those with Dbsource =

metavision; and (5) those with missing baseline serum sodium values

at ICU admission.

Variables
The study’s initial serum sodium levels were measured and

recorded as a continuous variable. As a dichotomous variable, the

all-cause death during the course of 30, 90, 365 days, and 4 years

was tracked.

We obtained the ultimate outcome variable in accordance with

research and guidelines that have been published (dichotomous

variable). This analysis considered the following covariables as factors

to consider: (1) demographic data; (2) vital signs; (3) laboratory

parameters; and (4) comorbidities.

As a result, the fully adjusted model was developed using

the variables below: (1) continuous variables (obtained at

baseline): age; heart rate; systolic blood pressure (SBP);

temperature; pulse oxygen saturation (SPO2); diastolic blood

pressure (DBP); respiratory rate; albumin level; blood urea

nitrogen (Bun) level; sodium level; prothrombin time (Pt);

platelet level; hemoglobin level; partial thromboplastin time

(Ptt); hematocrit level; red blood cell (RBC) count; glucose

level; potassium level; creatinine level; bicarbonate level; serum

anion gap; white blood cells (WBC) count; red blood cell

distribution width (RDW) level; and (2) categorical variables

(obtained at baseline): sex; admission type; insurance type;

deficiency anemias; blood loss anemia; coagulopathy; renal failure;

hypothyroidism; complicated diabetes; uncomplicated diabetes;

peripheral vascular disease; hypertension; liver disease; pulmonary

circulation; valvular disease; chronic pulmonary disease; and

cardiac arrhythmias.

Statistical analysis

Categorical variables are expressed as frequencies and

percentages, while continuous variables are expressed as mean

standard deviation (SD) (Gaussian distribution) or median (min,

max) (skewed distribution). The demographics, baseline serum
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sodium levels, and clinical characteristics were compared among

groups of patients by dividing the normal serum sodium level

reference range (135–145 mmol/L) into four intervals. We divided

serum sodium levels into four intervals based on the normal

reference range for serum sodium: one interval containing patients

with a serum sodium below 135 mmol/L, one with patients with

a serum sodium from 135 to 140 mmol/L, one with patients with

a serum sodium from 140 to 145 mmol/L, and lastly, one interval

containing patients with a serum sodium above 145 mmol/L. Thus,

this study contains 4 serum sodium intervals, where the reference

interval was defined as serum sodium from 135 to 140 mmol/L

based on analysis, which confirmed that the lowest mortality risk

was found in this range (Table 1). Categorical variables are expressed

as counts and percentages, and continuous values are expressed

as medians and interquartile ranges. We used Pearson’s χ2 test to

assess differences in categorical variables and the Kruskal-Wallis

rank sum test to assess differences in non-normally distributed

continuous variables (8).The analysis of serum sodium includes

continuous variables, dichotomous classification, and quadruple

classification. We created three different models using univariate

and multivariate Cox proportional-hazard regression models,

including an unadjusted model (unadjusted covariates), a minimally

adjusted model (sociodemographic characteristics were the only

covariate considered), and a fully adjusted model (factors listed

in Table 1 were adjusted) to examine the relationship between

serum sodium concentration and deaths from all causes. Include

a 95% confidence interval alongside the effect size. Non-linearity

between serum sodium levels and all-cause mortality was resolved

by a Cox proportional hazards regression model using a cubic

spline function and smooth curve fitting, despite methods based

on the Cox proportional-hazards regression model frequently

being suspected of being unable to handle non-linear models (the

penalized spline method). After non-linearity was discovered, the

turning point was initially determined using a recursive approach,

and on both sides of the turning point, a two-part Cox proportional

hazards regression model was built. Using Kaplan-Meier curves,

differences in mortality between patients in each group with various

serum sodium levels at entry were evaluated. The proportional

risk assumption is satisfied if there is no crossover between the

K-M survival curves in each group. We conducted a sensitivity

analysis to evaluate the robustness of the results. To confirm serum

sodium levels as a result of the continuous variable and test for

non-linearity, we converted serum sodium levels into a categorical

variable in accordance with the bisection and calculated the trend

of P.

The statistical tools R (http://www.r-project.org, The R

Foundation) and EmpowerStats (http://www.empowerstats.com,

X&Y Solutions, Inc., Boston, MA) were used to conduct the statistical

tests. Significant values were defined as p < 0.05 (9).

Results

Characteristics and clinical parameters of
CHF patients

After screening according to eligibility requirements, 5,002

patients were selected for the final analysis of the data (Figure 1).

Table 1 lists the initial features of these chosen participants in

accordance with the sodium group’s crucial points. Overall, the

mean age of the 5,002 selected participants was 72.4 ± 13.5 years,

of whom ∼53.2% were male. There are no statistically significant

differences in platelets, WBC, Hypertension, Chronic Pulmonary

Disease, Hypothyroidism, Renal Failure, Coagulopathy, Blood Loss

Anemia, or Deficiency Anemia between sodium (mmol/L) groups

(all p > 0.05). The histogram of the number of patients and the

serum levels shows the concentration trend is a normal distribution

(Figure 2).

Participants with the lowest group of sodium (mmol/L) groups

[Sodium (mmol/L) groups<135] had the higher values in Anion

gap, Creatinine, Glucose, Potassium, ptt, pt, SOFA, and the lower

in SBP, DBP, Bicarbonateand, Hemoglobin, Hematocrit, RBC, this

group consisted of more patients with Peripheral vascular disease,

hypertension, Diabetes complicated, Renal failure, Liver disease,

Coagulopathy, Deficiency anemias in contrast with those in the

other groups.

Participants with the group of Sodium (≥135, <140 mmol/L)

had higher values in SPO2, and lower values in respiratory rate,

EVCI, Platelet, Pt, RDW, and Bun, this group consisted of more

patients with Diabetes uncomplicated in contrast with those in the

other groups.

Participants with the group of Sodium (≥140,<145mmol/L) had

higher values in Hematocrit, Hemoglobin, and lower values in Heart

rate, Anion gap, Creatinine, Glucose, WBC, and SOFA, this group

consisted of more patients with Hypothyroidism, Blood loss anemia

in contrast with those in the other groups.

Participants with the highest group of Sodium (mmol/L)

groups (Sodium (mmol/L) groups≥145) had higher values in SBP,

respiratory rate, Temperature, Hematocrit, Platelet, Bun, WBC,

RDW, SOFA, SAPS II, EVCI, and the lower values in DBP, SPO2,

Albumin, Bicarbonate Potassium, and Ptt; this group consisted of

more patients with Pulmonary circulation, Cardiac arrhythmias,

Chronic pulmonary, Valvular disease in contrast with those in the

other groups. Most of the CHF patients in this group were older.

Threshold e�ect analysis for the relationship
between serum sodium levels and all-cause
mortality

By spline smoothing and adjusting for other factors, the link

between serum sodium levels and all-cause mortality was found

to be U-shaped, with the 95% confidence interval from smoothing

represented by imaginary lines. A turning point value of serum

sodium levels (137.5 mmol/L) was found by a segmentation

regression model between serum sodium levels and all-cause

mortality. The mortality rate of CHF patients was lowest when the

serum sodium levels were 137.5 mmol/L. It shows that serum sodium

levels were related to associate multiplied risk of 30, 90, 365, and 4-

year all-cause deaths, and when serum sodium levels≥137.5 mmol/L,

all-cause mortality increased, respectively by 3, 3, 3, 2% in the CHF

patients per unit increase of serum sodium levels (adjusted HR =

1.03, 95%CIs: 1.01, 1.06; HR = 1.03, 95%CIs: 1.01, 1.05; HR =

1.03, 95%CIs: 1.01, 1.04; HR = 1.02, 95%CIs: 1.01, 1.04); When

serum sodium levels<137.5 mmol/L, all-cause mortality decreased,

respectively by 5, 5, 5, 4% per unit increase of serum sodium levels

(adjusted HR = 0.95, 95%CIs: 0.92, 0.98; HR = 0.95, 95%CIs: 0.93,
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TABLE 1 Participant’s baseline characteristics (N = 5,002).

Sodium
(mmol/L)groups

Total G1 (<135) G2 (≥135,
<140)

G3 (≥140,
<145)

G4 (≥145) P-value

Number, n 5,002 820 2,424 1,482 276

Age (years) 72.4± 13.5 71.1± 13.7 71.4± 13.0 73.6± 14.0 78.1± 11.4 <0.001

Gender, n (%) <0.001

Male 2,662 (53.2%) 428 (52.2%) 1,364 (56.3%) 747 (50.4%) 123 (44.6%)

Female 2,340 (46.8%) 392 (47.8%) 1,060 (43.7%) 735 (49.6%) 153 (55.4%)

Admission type, n (%) <0.001

Emergency 4,030 (80.6%) 688 (83.9%) 1,849 (76.3%) 1,236 (83.4%) 257 (93.1%)

Elective 793 (15.9%) 86 (10.5%) 486 (20.0%) 208 (14.0%) 13 (4.7%)

Urgent 179 (3.6%) 46 (5.6%) 89 (3.7%) 38 (2.6%) 6 (2.2%)

Insurance, n (%) <0.001

Medicare 3,694 (73.9%) 596 (72.7%) 1,728 (71.3%) 1,134 (76.5%) 236 (85.5%)

Private 989 (19.8%) 155 (18.9%) 539 (22.2%) 268 (18.1%) 27 (9.8%)

Medicaid 237 (4.7%) 49 (6.0%) 120 (5.0%) 57 (3.8%) 11 (4.0%)

Government 61 (1.2%) 12 (1.5%) 30 (1.2%) 18 (1.2%) 1 (0.4%)

Self Pay 21 (0.4%) 8 (1.0%) 7 (0.3%) 5 (0.3%) 1 (0.4%)

Vital signs

Heart rate (bpm) 85.3± 15.4 85.8± 15.8 85.5± 14.9 84.5± 16.0 87.0± 16.3 0.038

SBP (mmHg) 116.8± 16.9 113.5± 17.1 116.0± 16.1 119.5± 17.5 120.3± 16.8 <0.001

DBP (mmHg) 56.8± 9.9 55.9± 9.4 56.7± 9.6 57.6± 10.4 56.4± 10.1 <0.001

respiratory rate (bpm) 19.4± 4.1 19.4± 4.1 19.1± 4.0 19.7± 4.2 20.7± 4.8 <0.001

Temperature (◦C) 36.8± 0.6 36.8± 0.7 36.9± 0.6 36.9± 0.6 36.9± 0.7 0.004

SPO2 (%) 97.1± 2.2 97.1± 2.3 97.2± 2.1 97.0± 2.3 96.9± 2.4 0.011

Laboratory parameters

Albumin (g/dl) 3.1± 0.6 3.0± 0.6 3.2± 0.6 3.2± 0.6 2.9± 0.6 <0.001

Anion gap (mmol/L) 14.8± 3.4 15.4± 4.0 14.6± 3.4 14.6± 3.2 14.8± 3.4 <0.001

Bicarbonate (mmol/L) 24.1± 4.7 23.0± 4.6 23.8± 4.2 24.9± 5.1 25.3± 6.3 <0.001

Creatinine (mEq/L) 1.6± 1.5 1.9± 1.8 1.6± 1.6 1.5± 1.4 1.6± 1.0 <0.001

Glucose (mg/dL) 150.2± 53.2 158.1± 68.0 151.3± 51.2 144.1± 45.7 150.6± 54.1 <0.001

Hematocrit (%) 32.2± 5.1 31.4± 4.7 32.1± 5.1 32.8± 5.4 32.6± 4.7 <0.001

Hemoglobin (g/dL) 10.8± 1.8 10.6± 1.7 10.8± 1.8 11.0± 1.9 10.7± 1.6 <0.001

Platelet (109/L) 220.2± 105.4 222.8± 111.6 217.6± 102.7 222.1± 105.4 226.1± 110.0 0.346

Sodium (mmol/L) 138.4± 4.3 131.9± 3.1 137.5± 1.4 141.7± 1.3 147.5± 3.2 <0.001

Potassium (mmol/L) 4.3± 0.6 4.4± 0.6 4.3± 0.5 4.1± 0.5 4.0± 0.6 <0.001

Ptt (seconds) 42.2± 21.3 43.9± 20.4 42.4± 20.8 41.5± 22.5 38.9± 21.1 0.006

Pt (seconds) 15.9± 5.7 16.6± 7.4 15.7± 4.9 15.8± 5.6 16.4± 6.6 <0.001

Bun (mg/dL) 32.6± 23.1 36.8± 26.9 30.3± 22.1 31.9± 21.1 43.5± 25.0 <0.001

WBC (109/L) 12.8± 10.3 13.2± 11.1 12.7± 5.9 12.5± 14.6 14.0± 10.9 0.078

RDW (%) 15.2± 1.9 15.5± 2.2 15.1± 1.8 15.2± 1.9 15.7± 2.2 <0.001

RBC (1012/L) 3.6± 0.6 3.5± 0.6 3.6± 0.6 3.7± 0.6 3.6± 0.5 <0.001

Scoring systems

(Continued)
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TABLE 1 (Continued)

Sodium
(mmol/L)groups

Total G1 (<135) G2 (≥135,
<140)

G3 (≥140,
<145)

G4 (≥145) P-value

SOFA 4.9± 2.9 5.4± 3.3 4.8± 2.9 4.6± 2.8 5.2± 2.8 <0.001

SAPSII 39.7± 12.9 42.3± 13.6 38.3± 12.7 39.3± 12.6 45.9± 12.0 <0.001

EVCI 8.0± 7.0 8.8± 7.3 7.0± 6.9 8.4± 6.8 12.4± 6.2 <0.001

Comorbidities, n (%)

Cardiac arrhythmias 1,185 (23.7%) 178 (21.7%) 462 (19.1%) 433 (29.2%) 112 (40.6%) <0.001

Valvular disease 466 (9.3%) 81 (9.9%) 183 (7.5%) 166 (11.2%) 36 (13.0%) <0.001

Pulmonary circulation 184 (3.7%) 32 (3.9%) 72 (3.0%) 64 (4.3%) 16 (5.8%) 0.033

Peripheral vascular 559 (11.2%) 102 (12.4%) 291 (12.0%) 141 (9.5%) 25 (9.1%) 0.039

Hypertension 674 (13.5%) 132 (16.1%) 326 (13.4%) 181 (12.2%) 35 (12.7%) 0.072

Chronic pulmonary 1,210 (24.2%) 183 (22.3%) 563 (23.2%) 388 (26.2%) 76 (27.5%) 0.053

Diabetes uncomplicated 1,213 (24.3%) 195 (23.8%) 626 (25.8%) 342 (23.1%) 50 (18.1%) 0.017

Diabetes complicated 443 (8.9%) 86 (10.5%) 231 (9.5%) 102 (6.9%) 24 (8.7%) 0.011

Hypothyroidism 460 (9.2%) 76 (9.3%) 211 (8.7%) 148 (10.0%) 25 (9.1%) 0.61

Renal failure 879 (17.6%) 169 (20.6%) 421 (17.4%) 242 (16.3%) 47 (17.0%) 0.074

Liver disease 173 (3.5%) 47 (5.7%) 90 (3.7%) 29 (2.0%) 7 (2.5%) <0.001

Coagulopathy 560 (11.2%) 109 (13.3%) 244 (10.1%) 172 (11.6%) 35 (12.7%) 0.055

Blood loss anemia 120 (2.4%) 23 (2.8%) 46 (1.9%) 45 (3.0%) 6 (2.2%) 0.121

Deficiency anemias 905 (18.1%) 160 (19.5%) 425 (17.5%) 269 (18.2%) 51 (18.5%) 0.646

30-day mortality, n (%) 943 (18.9%) 187 (22.8%) 366 (15.1%) 291 (19.6%) 99 (35.9%) <0.001

90-day mortality, n (%) 1,335 (26.7%) 261 (31.8%) 533 (22.0%) 415 (28.0%) 126 (45.7%) <0.001

365-day mortality, n (%) 1,910 (38.2%) 371 (45.2%) 792 (32.7%) 585 (39.5%) 162 (58.7%) <0.001

4-year mortality, n (%) 2,778 (55.5%) 501 (61.1%) 1,212 (50.0%) 851 (57.4%) 214 (77.5%) <0.001

SBP, Systolic blood pressure; RBC, red blood cell; PTT, partial thromboplastin time; BUN, blood urea nitrogen; WBC, white blood cell; PT, prothrombin time; RDW, Red Blood Cell Distribution

Width; DBP, Diastolic blood pressure; SAPSII, simplified acute physiology score II; EVCI, Elixhauser-van Walraven Comorbidity Index; SOFA, sequential organ failure assessment.

0.98; HR = 0.95, 95%CIs: 0.93, 0.97; HR = 0.96, 95%CIs: 0.94, 0.98)

(LRT test: P < 0.001, indicating a non-linear association between

serum sodium levels and all-cause mortality) (Table 2).

Results of the adjusted and unadjusted Cox
proportional hazard models

Table 3 displays the effect sizes [hazard ratios (HRs)] and

95% confidence intervals. The relationship between serum sodium

levels and overall mortality was U-shaped. The results of the

multiple regression analysis showed that in the present study,

we found that CHF patients had the lowest mortality rate at

serum sodium levels =137.5 mmol/L after adjusting for other

covariates. Excessively high or low serum sodium levels will

increase the mortality of patients with CHF. In this study, we

analyzed serum sodium levels’ independent impact on overall

mortality (Cox proportional hazards univariate and multivariate

models). Table 3 displays effect sizes [hazard ratios (HRs)] and 95%

confidence intervals.

The results of the comparison of the reference groups are

representative: The unadjusted model’s effect size can be explained

by a relationship between the mortality rate and the difference in

serum sodium levels; Results recorded from the fully adjusted Cox

proportional hazard model showed that lower Serum sodium levels

(<137.5 mmol/L) were related to associate multiplied risk of 30, 90,

365-day, and 4-year all-cause deaths; the HRs and 95th confidence

intervals were 0.96 (0.94, 0.99), 0.96 (0.94, 0.99), 0.96 (0.94, 0.98),

and 0.96 (0.95, 0.98), respectively; The higher Serum sodium levels

(≥137.5 mmol/L) were related to associate multiplied risk of 30, 90,

365-day, and 4-year all-cause deaths; the HRs and 95th confidence

intervals were 1.02 (1.00, 1.05), 1.02 (1.00, 1.04), 1.02 (1.00, 1.03), and

1.02 (1.00, 1.03), respectively. The consecutive variables are <0.05

except for the p-value of the 4-year mortality (the group of serum

sodium levels≥137.5 mmol/L) is 0.08.

When serum sodium levels <137.5 mmol/L, the effect size

of 0.96 for 365-day all-cause mortality in the unadjusted model

means that a difference in serum sodium levels is associated

with a difference in risk of death [0.96, 95%CI (0.94, 0.98)].

In the minimum-adjusted model [0.96, 95%CI (0.94, 0.97)]. In

the fully adjusted model (adjusted for all covariates presented in

Table 1) [0.96, 95%CI (0.94, 0.98)].

When serum sodium levels ≥137.5 mmol/L, the effect size

of 1.06 for 365-day all-cause mortality in the unadjusted model

means that a difference in serum sodium levels is associated with

a difference in risk of death [1.06, 95%CI (1.04, 1.07)]. In the
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FIGURE 1

Flowchart of patient selection.

TABLE 2 Threshold e�ect analysis for the relationship between serum sodium levels and all-cause mortality.

Outcome 30-day mortality 90-day mortality 365-day mortality 4-year mortality

Model I

One line effect 1.00 (0.98, 1.02) 0.9896 1.00 (0.99, 1.01) 0.9438 0.99 (0.98, 1.01) 0.3491 0.99 (0.98, 1.00) 0.2044

Model II

Turning point (K) 137.5 137.5 137.5 137.5

< K effect 1 0.95 (0.92, 0.98) 0.0007 0.95 (0.93, 0.98) 0.0001 0.95 (0.93, 0.97) <0.0001 0.96 (0.94, 0.98) <0.0001

> K effect 2 1.03 (1.01, 1.06) 0.0040 1.03 (1.01, 1.05) 0.0012 1.03 (1.01, 1.04) 0.0032 1.02 (1.01, 1.04) 0.0080

Effect 2–1 1.09 (1.04, 1.13) 0.0001 1.08 (1.05, 1.12) <0.0001 1.08 (1.04, 1.11) <0.0001 1.06 (1.04, 1.09) <0.0001

LRT test <0.001 <0.001 <0.001 <0.001

Data were presented as HR (95% CIs) P-value; Model I, linear analysis; Model II, non-linear analysis. LRT test, Logarithmic likelihood ratio test (p < 0.05 means Model II is significantly different

fromModel I, which indicates a non-linear relationship).

minimum-adjusted model [1.04, 95%CI (1.02, 1.05)]. In the fully

adjustedmodel (adjusted for all covariates presented in Table 1) [1.02,

95%CI (1.00, 1.03)].

The P-value for the trend of serum sodium levels with

categorical variables in the fully adjusted model was consistent

with the result when serum sodium levels were a continuous
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FIGURE 2

The histogram of the number of patients and the serum sodium levels.

variable. In the sensitivity analysis, we changed serum sodium

levels from a continuous variable to a categorical variable (the

clinical cutoff point of serum sodium levels). Furthermore, it

was discovered that the trend in effect size between groups of

serum sodium levels was not uniform. The all-cause mortality

findings for 30, 90 days, and 4 years were comparable to those

for 365 days, as shown in Table 3, which is a strong and

trustworthy indicator.

The results of non-linearity in serum sodium levels
and all-cause mortality

In the current study, we examined the non-linear association

between serum sodium levels and fatalities from all causes

within 30, 90, 365 days, and 4 years (Figures 3–6 represent the

unadjusted model, and Figures 7–10 represent the fully adjusted

model). The smooth curve and the result of the Cox regression

model with proportional hazards using a cubic spline function

suggest that the association between serum sodium and all-cause

mortality is non-linear after adjusting for Gender, Admission type,

Insurance, Pulmonary circulation, Peripheral vascular, Diabetes

complicated, Valvular disease, Hypothyroidism, Hypertension, Renal

failure, Diabetes uncomplicated, Liver disease, Cardiac arrhythmias,

Coagulopathy, Chronic pulmonary, Blood loss anemia, Deficiency

anemias (Figures 7–10).

The distribution of sodium levels, recognized sodium clinical

ranges, and the clear u shape of the Cox proportional hazards

regression model with cubic spline functions led to the classification

of baseline serum sodium as <135, 135–140, 140–145, ≥145

mmol/dL. The segmentation regressionmodel between blood sodium

levels and all-cause mortality identified serum sodium levels at 137.5

mmol/L as the turning point value. The mortality of CHF patients

was lowest when the serum sodium levels were 137.5 mmol/L.

Survival status of the patients with di�erent
admission serum sodium levels

The K-M survival curve showed that the survival time values for

patients in every serum sodium group were G2>G3> G1> G4 (P <

0.0001) at any time within 4 years, as shown in Figure 11. The reason

for the higher mortality rate in the G4 group (serum sodium levels

≥145 mmol/L) is that the patients in this group are older.

Discussion

Congestive heart failure (CHF), characterized by sodium water

retention, is the main cause of the terminal stages and death of

various cardiovascular diseases. The sympathetic nervous system

(SNS) and the renin-angiotensin-aldosterone system (RAAS) are

intimately associated with morbidity and death with the progression

of heart failure. In turn, hyponatremia encourages greater RAAS

activation, starting a vicious cycle (10).

According to numerous studies, hyponatremia at admission is

strongly and consistently correlated with patients’ prognoses for
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TABLE 3 Association of sodium with mortality.

Variable Crude modelHR
(95% CIs) P-value

Model I

HR (95% CIs) P-value

Model II HR (95%
CIs) P-value

30-day mortality

Sodium (mmol/L) segment 1(<137.5) 0.96 (0.94, 0.98) 0.0001 0.95 (0.93, 0.98) <0.0001 0.96 (0.94, 0.99) 0.0067

Sodium (mmol/L) segment 2 (≥137.5) 1.07 (1.05, 1.09) <0.0001 1.04 (1.03, 1.06) <0.0001 1.02 (1.00, 1.05) 0.0310

Sodium (mmol/L)groups

<135 1.59 (1.33, 1.89) <0.0001 1.47 (1.23, 1.76) <0.0001 1.32 (1.09, 1.59) 0.0051

≥135, <140 Reference Reference Reference

≥140, <145 1.34 (1.15, 1.56) 0.0002 1.20 (1.03, 1.40) 0.0209 1.19 (1.01, 1.40) 0.0420

≥145 2.68 (2.15, 3.35) <0.0001 2.05 (1.64, 2.57) <0.0001 1.46 (1.13, 1.88) 0.0032

90-day mortality

Sodium (mmol/L) segment 1(<137.5) 0.96 (0.94, 0.98) <0.0001 0.96 (0.94, 0.98) <0.0001 0.96 (0.94, 0.99) 0.0023

Sodium (mmol/L) segment 2 (≥137.5) 1.07 (1.05, 1.08) <0.0001 1.04 (1.03, 1.06) <0.0001 1.02 (1.00, 1.04) 0.0141

Sodium (mmol/L)groups

<135 1.56 (1.34, 1.80) <0.0001 1.45 (1.25, 1.69) <0.0001 1.28 (1.09, 1.50) 0.0031

≥135, <140 Reference Reference Reference

≥140, <145 1.33 (1.17, 1.51) <0.0001 1.20 (1.05, 1.36) 0.0061 1.16 (1.01, 1.34) 0.0305

≥145 2.47 (2.04, 3.01) <0.0001 1.91 (1.57, 2.32) <0.0001 1.33 (1.07, 1.66) 0.0102

365-day mortality

Sodium (mmol/L) segment 1 (<137.5) 0.96 (0.94, 0.97) <0.0001 0.96 (0.94, 0.97) <0.0001 0.96 (0.94, 0.98) <0.0001

Sodium (mmol/L) segment 2 (≥137.5) 1.06 (1.04, 1.07) <0.0001 1.04 (1.02, 1.05) <0.0001 1.02 (1.00, 1.03) 0.0395

Sodium (mmol/L)groups

<135 1.54 (1.36, 1.74) <0.0001 1.44 (1.28, 1.63) <0.0001 1.28 (1.11, 1.46) 0.0004

≥135, <140 Reference Reference Reference

≥140, <145 1.28 (1.15, 1.42) <0.0001 1.16 (1.04, 1.29) 0.0078 1.11 (0.99, 1.25) 0.0781

≥145 2.30 (1.95, 2.73) <0.0001 1.77 (1.49, 2.10) <0.0001 1.29 (1.06, 1.56) 0.0101

4-year mortality

Sodium (mmol/L) segment 1(<137.5) 0.97 (0.95, 0.98) <0.0001 0.97 (0.95, 0.98) <0.0001 0.96 (0.95, 0.98) <0.0001

Sodium (mmol/L) segment 2 (≥137.5) 1.06 (1.04, 1.07) <0.0001 1.04 (1.02, 1.05) <0.0001 1.01 (1.00, 1.03) 0.0860

Sodium (mmol/L)groups

<135 1.41 (1.27, 1.57) <0.0001 1.34 (1.21, 1.49) <0.0001 1.25 (1.11, 1.40) 0.0001

≥135, <140 Reference Reference Reference

≥140, <145 1.24 (1.14, 1.36) <0.0001 1.14 (1.04, 1.24) 0.0038 1.07 (0.97, 1.18) 0.1737

≥145 2.21 (1.91, 2.56) <0.0001 1.72 (1.48, 1.99) <0.0001 1.24 (1.05, 1.46) 0.0100

Models 1 and 2 were derived from Cox proportional hazards regression models: model 1 covariates were adjusted for age and sex; model 2 covariates were adjusted for age; heart rate; SBP, systolic

blood pressure; temperature; SPO2, pulse oxygen saturation; DBP, diastolic blood pressure; respiratory rate; albumin level; Bun, blood urea nitrogen level; sodium level; Pt, prothrombin time; platelet

level; hemoglobin level; Ptt, partial thromboplastin time; hematocrit level; glucose level; potassium level; creatinine level; bicarbonate level; serum anion gap; RDW, red blood cell distribution width

level; RBC, red blood cell count; WBC, white blood cells count; sex; admission type; insurance type; deficiency anemias; blood loss anemia; coagulopathy; renal failure; hypothyroidism; complicated

diabetes; uncomplicated diabetes; peripheral vascular disease; hypertension; liver disease; pulmonary circulation; valvular disease; chronic pulmonary disease; and cardiac arrhythmias.

heart failure (11–13). Results consistent with our study have been

demonstrated in previous studies. On the one hand, similar findings

have been observed in research examining the prognostic importance

of variations in serum sodium levels in heart failure patients. In

patients hospitalized with heart failure and hyponatremia, the change

in serum sodium concentration over time is a significant predictive

factor (5, 14). On the other hand, patients who had FHA at the time

of admission but had no hyponatremia when they were discharged

had a considerably worse prognosis than those who were able to keep

their salt levels normal (15). In patients hospitalized for heart failure,

hyponatremia at hospital admission is an independent predictor

of short- and long-term death. Additionally, clinical outcomes in

individuals with reduced or intact LVEF were linked to treatment-

related changes in sodium levels (16).
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FIGURE 3

Association between serum sodium levels and 30-day all-cause

mortality (Unadjusted model).

FIGURE 4

Association between serum sodium levels and 90-day all-cause

mortality (Unadjusted model).

Clinical congestive heart failure most frequently manifests as

left heart failure, and the clinical features of left heart failure are

mainly due to pulmonary congestion and pulmonary edema caused

by left atrial failure and right ventricular failure (17). The clinical

feature of right heart failure is that due to right atrial and ventricular

failure caused by congestion of the veins in the systemic circulation

and retention of water and sodium, the right heart frequently has

functional impairment following the beginning of left heart failure,

which ultimately leads to total heart failure (18). Sodium ions are very

important cations in the extracellular fluid of the human body, and

over 90% of the total ions in the extracellular fluid are sodium ions.

FIGURE 5

Association between serum sodium levels and 365-day all-cause

mortality (Unadjusted model).

FIGURE 6

Association between serum sodium levels and 4-year all-cause

mortality (Unadjusted model).

In the past, textbooks have emphasized sodium restriction as a key

component in treating HF patients. Data on this management style,

however, is debatable (19).

Some studies have shown that the blood sodium value in patients

with congestive heart failure is lower than in normal people, and

the difference is significant; the worse the degree of heart function,

the lower the blood sodium value, and the difference is significant;

hyponatremia is common in patients hospitalized for heart failure

(HF) (20–23). Additionally, it has been discovered to be a poor

predictor of outcome in both outpatients and inpatients with HF. It
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FIGURE 7

Association between serum sodium levels and 30-day all-cause

mortality (After adjustment for other covariates). A generalized additive

model (GAM) revealed a threshold, non-linear relationship between

serum sodium levels and 30-day all-cause death. U-shaped

relationships were observed after adjustment for other covariates by

spline smoothing plot. The smooth curve fit between variables is

shown by a solid rad line. The 95% confidence interval from the fit is

represented by imaginary blue lines.

FIGURE 8

Association between serum sodium levels and 90-day all-cause

mortality (After adjustment for other covariates). A generalized additive

model (GAM) revealed a threshold, non-linear relationship between

serum sodium levels and 90-day all-cause death. U-shaped

relationships were observed after adjustment for other covariates by

spline smoothing plot. The smooth curve fit between variables is

shown by a solid rad line. The 95% confidence interval from the fit is

represented by imaginary blue lines.

FIGURE 9

Association between serum sodium levels and 365-day all-cause

mortality (After adjustment for other covariates). A generalized additive

model (GAM) revealed a threshold, non-linear relationship between

serum sodium levels and 365-day all-cause death. U-shaped

relationships were observed after adjustment for other covariates by

spline smoothing plot. The smooth curve fit between variables is

shown by a solid rad line. The 95% confidence interval from the fit is

represented by imaginary blue lines.

FIGURE 10

Association between serum sodium levels and 4-year all-cause

mortality (After adjustment for other covariates). A generalized additive

model (GAM) revealed a threshold, non-linear relationship between

serum sodium levels and 4-year all-cause death. U-shaped

relationships were observed after adjustment for other covariates by

spline smoothing plot. The smooth curve fit between variables is

shown by a solid rad line. The 95% confidence interval from the fit is

represented by imaginary blue lines.
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FIGURE 11

Kaplan–Meier survival curves demonstrating di�erences in overall

survival (years).

is linked to both short- and long-term negative consequences, such as

all-cause mortality (24).

A growing body of research indicates that regardless of

LVEF, hyponatremia, and hypernatremia at hospital admission

and discharge predict unfavorable outcomes in patients with HF

(25). In comparison to other LVEF groups, HF with intermediate

ejection fraction (HFrEF) patients experienced higher hyponatremia

at discharge (26). As a result, in HF patients who are hospitalized,

returning to normal salt levels may be the main objective. Fluid

restriction and diuretics, which are broad measures that should be

taken into consideration in all patients, are the most commonly used

therapies for hyponatremia (27). According to the findings of the

current investigation, blood sodium levels are a significant predictor

of survival in people with severe chronic heart failure (28). The

observation that serum sodium levels at the time of hospitalization

for heart failure are related to 30-day survival raises this possibility;

that treatments for hyponatremia patients that worsen or do not

improve serum sodium levels may have unfavorable effects (29, 30).

The relationship between serum sodium levels and the clinical

outcomes of cardiovascular events has been examined in a number

of studies. Serum sodium levels were shown to have a J-shaped

relationship with all-cause mortality by Patel et al. In patients with

heart failure, the serum sodium level is linked to a higher risk of

long-term all-cause mortality (30). Changes in serum sodium levels

have previously been shown to be a significant predictor of outcomes.

According to Avc et al. hyponatremia is common in Turkish

patients hospitalized for increasing heart failure. An independent and

significant risk factor for increased mortality in this population was

low serum salt concentration (23). According to Shorr et al.’s research,

chronic hyponatremia raises the probability of unfavorable outcomes

following discharge, which raises the possibility that hyponatremia

may play a role in the pathophysiology of HF (31).

In conclusion, serum sodium levels, as a cheap, cost-effective, and

easily available blood test index, can be used to judge the degree of

heart failure and predict the risk of death in patients with congestive

heart failure. Here we discuss the relationship between serum sodium

levels and all-cause mortality. We discuss the relationship between

serum sodium levels and all-cause mortality and provide a reference

for clinical diagnosis and treatment according to the serum sodium

levels, the degree of heart failure, and appropriate supplementation

or reduction of sodium.

The significance of this clinical study is as follows: (1) We found

curved relationships between serum sodium levels and 30, 90, 365-

day, and 4-year all-cause mortality among CHF patients receiving

intensive care; (2) The research success can aid in the development

of preventative, predictive, diagnostic, and prognostic serum sodium

level models for CHF patients over the short, medium, and long term.

(3) One potential unique aspect of our manuscript is the longitudinal

analysis, which refers to an investigation where participants and

serum sodium levels are collected at multiple different follow-

up timestamps (30, 90, 365-day, and 4-year). (4) Compared with

previous studies, we not only studied the long-term mortality over

4 years but also used cubic splines to make the results more intuitive.

Several strengths in our study: (1) The Mimic-III database

is a comprehensive, openly accessible repository with trustworthy

data, a wide range of covariables, and adequate confounding factor

modification. (2) Because the study is non-linear, according to the

smooth curve fitting diagram that was employed, the outcomes were

steady. Our results are further validated by the K-M survival curve

approach, which is beneficial for future study discoveries. (3) No

patients were harmed or violated in the course of this investigation.

(4) Our follow-up period was longer compared to earlier research on

the connection between serum sodium levels and heart failure.

A few limitations in our study: (1) Because CHF was the research

subject, there are some restrictions on the generalizability and

extrapolation of this study, and it does not apply to individuals with

other conditions. (2) The serum sodium level was initially measured

when the patient was admitted to the intensive care unit (ICU), so

the results can be skewed. (3) We only investigated the impact of the

serum sodium levels on those patients. To assess this disease deeply,

we will analyse those risk factors affecting the basic conditions in the

future study. (4) Our research was unable to elucidate the underlying

mechanisms of serum sodium levels and all-cause mortality, which

requires further study. (5) As the data we extracted were baseline

indicators for patients on the first day of icu admission, there was

no way to obtain information on patients’ use of diuretics, which are

often a common cause of hyponatraemia, and due to the limitations

of the MIMICIII database plasma B-type natriuretic peptide (BNP)

or N-terminal pro-BNP levels had too many missing values, so they

were not taken into account in our study.

Conclusion

Our data show that after controlling for other factors, serum

sodium levels were u-shaped for all-cause mortality. In individuals

with CHF, elevated serum sodium levels are linked to an elevated risk

of short-, medium-, and long-term all-cause mortality. The chance of

dying from congestive heart failure (CHF) is closely correlated with
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elevated or decreased blood sodium levels, which may also be a new

risk factor for cardiovascular disease.

Data availability statement

Publicly available datasets were analyzed in this study. This data

can be found at: https://mimic.mit.edu/.

Ethics statement

TheMassachusetts Institute of Technology (Cambridge,MA) and

Beth Israel Deaconess Medical Center (Boston, MA) approved the

database’s establishment, and consent was acquired for the first data

gathering. Hence, this research was exempt from the ethical approval

statement and the necessity of informed consent.

Author contributions

SP, JP, and LY were in charge of the research’s overall execution

and manuscript writing. WK was in charge of analyzing the

data. All authors contributed to the article and approved the

submitted version.

Acknowledgments

We thank Ms. Linlin Jiang and Ms. Xinglin Chen who offered

instruction in the data analysis process.

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. Gheorghiade M, Abraham WT, Albert NM, Gattis Stough W, Greenberg BH,
O’Connor CM, et al. Relationship between admission serum sodium concentration
and clinical outcomes in patients hospitalized for heart failure: an analysis from the
OPTIMIZE-HF registry. Eur Heart J. (2007) 28:980–8. doi: 10.1093/eurheartj/ehl542

2. Tanai E, Frantz S. Pathophysiology of heart failure. Compr Physiol. (2015) 6:187–
214. doi: 10.1002/cphy.c140055

3. Kearney MT, Fox KA, Lee AJ, Prescott RJ, Shah AM, Batin PD, et al. Predicting death
due to progressive heart failure in patients with mild-to-moderate chronic heart failure. J
Am Coll Cardiol. (2002) 40:1801–8. doi: 10.1016/S0735-1097(02)02490-7

4. Senni M, De Maria R, Gregori D, Gonzini L, Gorini M, Cacciatore G, et al.
Temporal trends in survival and hospitalizations in outpatients with chronic systolic
heart failure in 1995 and 1999. J Card Fail. (2005) 11:270–8. doi: 10.1016/j.cardfail.2004.
11.003

5. Madan VD, Novak E, Rich MW. Impact of change in serum sodium concentration
onmortality in patients hospitalized with heart failure and hyponatremia. Circ Heart Fail.
(2011) 4:637–43. doi: 10.1161/CIRCHEARTFAILURE.111.961011

6. Schrier RW, Abraham WT. Hormones and hemodynamics in heart failure. N Engl J
Med. (1999) 341:577–85. doi: 10.1056/NEJM199908193410806

7. Johnson A, Pollard TJ, Shen L, Lehman LH, Feng M, Ghassemi M,
et al. MIMIC-III, a freely accessible critical care database. Sci Data. (2016)
3:160035. doi: 10.1038/sdata.2016.35

8. Aldahl M, Jensen AC, Davidsen L, Eriksen MA, Møller Hansen S, Nielsen BJ, et al.
Associations of serum potassium levels with mortality in chronic heart failure patients.
Eur Heart J. (2017) 38:2890–6. doi: 10.1093/eurheartj/ehx460

9. Li F, Xu M, Fan Y, Wang Y, Song Y, Cui X, et al. Diffuse myocardial fibrosis and
the prognosis of heart failure with reduced ejection fraction in Chinese patients: a cohort
study. Int J Cardiovasc Imaging. (2020) 36:671–89. doi: 10.1007/s10554-019-01752-0

10. Fonarow GC, Bui AL, Horwich TB. Epidemiology and risk profile of heart failure.
Nat Rev Cardiol. (2011) 8:30–41. doi: 10.1038/nrcardio.2010.165

11. Felker GM, Leimberger JD, Califf RM, Cuffe MS, Massie BM, Adams KF, et al. Risk
stratification after hospitalization for decompensated heart failure. J Card Fail. (2004)
10:460–6. doi: 10.1016/j.cardfail.2004.02.011

12. Klein L, O’Connor CM, Leimberger JD, Gattis-Stough W, Piña IL, Felker GM, et al.
Lower serum sodium is associated with increased short-term mortality in hospitalized
patients with worsening heart failure: results from the outcomes of a prospective trial of
intravenous milrinone for exacerbations of chronic heart failure (OPTIME-CHF) study.
Circulation. (2005) 111:2454–60. doi: 10.1161/01.CIR.0000165065.82609.3D

13. Matsue Y, Yoshioka K, Suzuki M, Torii S, Yamaguchi S, Fukamizu S, et al.
Prognostic importance of sodium level trajectory in acute heart failure. Heart Vessels.
(2017) 32:1498–505. doi: 10.1007/s00380-017-1020-5

14. Lee SE, Choi DJ, Yoon CH, Oh IY, Jeon ES, Kim JJ, et al. Improvement of
hyponatraemia during hospitalisation for acute heart failure is not associated with
improvement of prognosis: an analysis from the Korean Heart Failure (KorHF) registry.
Heart. (2012) 98:1798–804. doi: 10.1136/heartjnl-2012-302334

15. Konishi M, Haraguchi G, Ohigashi H, Sasaoka T, Yoshikawa S, Inagaki H,
et al. Progression of hyponatremia is associated with increased cardiac mortality in
patients hospitalized for acute decompensated heart failure. J Card Fail. (2012) 18:620–
5. doi: 10.1016/j.cardfail.2012.06.415

16. Lu DY, Cheng HM, Cheng YL, Hsu PF, Huang WM, Guo CY, et al.
Hyponatremia and worsening sodium levels are associated with long-term
outcome in patients hospitalized for acute heart failure. J Am Heart Assoc. (2016)
5:e002668. doi: 10.1161/JAHA.115.002668

17. Krumholz HM, Chen YT, Bradford WD, Cerese J. Variations in and correlates of
length of stay in academic hospitals among patients with heart failure resulting from
systolic dysfunction. Am J Manag Care. (1999) 5:715–23.

18. McMurray JJ, Pfeffer MA. Heart failure. Lancet. (2005) 365:1877–
89. doi: 10.1016/S0140-6736(05)66621-4

19. Patel Y, Joseph J. Sodium intake and heart failure. Int J Mol Sci. (2020)
21:9474. doi: 10.3390/ijms21249474

20. Gheorghiade M, Rossi JS, Cotts W, Shin DD, Hellkamp AS, Piña IL, et al.
Characterization and prognostic value of persistent hyponatremia in patients with
severe heart failure in the ESCAPE trial. Arch Intern Med. (2007) 167:1998–
2005. doi: 10.1001/archinte.167.18.1998

21. Rusinaru D, Tribouilloy C, Berry C, Richards AM, Whalley GA, Earle N, et al.
Relationship of serum sodium concentration to mortality in a wide spectrum of heart
failure patients with preserved and with reduced ejection fraction: an individual patient
data meta-analysis(†): meta-analysis global group in chronic heart failure (MAGGIC).
Eur J Heart Fail. (2012) 14:1139–46. doi: 10.1093/eurjhf/hfs099

22. Sato N, Gheorghiade M, Kajimoto K, Munakata R, Minami Y, Mizuno
M, et al. Hyponatremia and in-hospital mortality in patients admitted
for heart failure (from the ATTEND registry). Am J Cardiol. (2013)
111:1019–25. doi: 10.1016/j.amjcard.2012.12.019

23. Avci BK, Küçük M, Müderrisoglu H, Eren M, Kutlu M, Yilmaz MB, et al. Relation
between serum sodium levels and clinical outcomes in Turkish patients hospitalized for

Frontiers inCardiovascularMedicine 12 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1082845
https://mimic.mit.edu/
https://doi.org/10.1093/eurheartj/ehl542
https://doi.org/10.1002/cphy.c140055
https://doi.org/10.1016/S0735-1097(02)02490-7
https://doi.org/10.1016/j.cardfail.2004.11.003
https://doi.org/10.1161/CIRCHEARTFAILURE.111.961011
https://doi.org/10.1056/NEJM199908193410806
https://doi.org/10.1038/sdata.2016.35
https://doi.org/10.1093/eurheartj/ehx460
https://doi.org/10.1007/s10554-019-01752-0
https://doi.org/10.1038/nrcardio.2010.165
https://doi.org/10.1016/j.cardfail.2004.02.011
https://doi.org/10.1161/01.CIR.0000165065.82609.3D
https://doi.org/10.1007/s00380-017-1020-5
https://doi.org/10.1136/heartjnl-2012-302334
https://doi.org/10.1016/j.cardfail.2012.06.415
https://doi.org/10.1161/JAHA.115.002668
https://doi.org/10.1016/S0140-6736(05)66621-4
https://doi.org/10.3390/ijms21249474
https://doi.org/10.1001/archinte.167.18.1998
https://doi.org/10.1093/eurjhf/hfs099
https://doi.org/10.1016/j.amjcard.2012.12.019
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Peng et al. 10.3389/fcvm.2022.1082845

heart failure: a multi-center retrospective observational study. Anatol J Cardiol. (2017)
17:2–7. doi: 10.14744/AnatolJCardiol.2016.6950

24. Bavishi C, Ather S, Bambhroliya A, Jneid H, Virani SS, Bozkurt B, et al.
Prognostic significance of hyponatremia among ambulatory patients with heart failure
and preserved and reduced ejection fractions. Am J Cardiol. (2014) 113:1834–
8. doi: 10.1016/j.amjcard.2014.03.017

25. Vicent L, Alvarez-Garcia J, Gonzalez-Juanatey JR, Rivera M, Segovia J, Worner
F, et al. Prognostic impact of hyponatraemia and hypernatraemia at admission and
discharge in heart failure patients with preserved, mid-range and reduced ejection
fraction. Intern Med J. (2021) 51:930–8. doi: 10.1111/imj.14836

26. Kovesdy CP. Significance of hypo- and hypernatremia in chronic kidney disease.
Nephrol Dial Transplant. (2012) 27:891–8. doi: 10.1093/ndt/gfs038

27. Lee WH, Packer M. Prognostic importance of serum sodium concentration and
its modification by converting-enzyme inhibition in patients with severe chronic heart
failure. Circulation. (1986) 73:257–67. doi: 10.1161/01.CIR.73.2.257

28. Rossi J, Bayram M, Udelson JE, Lloyd-Jones D, Adams KF, Oconnor CM, et al.
Improvement in hyponatremia during hospitalization for worsening heart failure is
associated with improved outcomes: insights from the acute and chronic therapeutic
impact of a vasopressin antagonist in chronic heart failure (ACTIV in CHF) trial. Acute
Card Care. (2007) 9:82–6. doi: 10.1080/17482940701210179

29. Lee DS, Austin PC, Rouleau JL, Liu PP, Naimark D, Tu JV. Predicting mortality
among patients hospitalized for heart failure: derivation and validation of a clinical model.
JAMA. (2003) 290:2581–7. doi: 10.1001/jama.290.19.2581

30. Patel YR, Kurgansky KE, Imran TF, Orkaby AR, McLean RR, Ho YL, et al.
Prognostic significance of baseline serum sodium in heart failure with preserved ejection
fraction. J Am Heart Assoc. (2018) 7:e007529. doi: 10.1161/JAHA.117.007529

31. Shorr AF, Tabak YP, Johannes RS, Gupta V, Saltzberg MT, Costanzo
MR. Burden of sodium abnormalities in patients hospitalized for heart
failure. Congest Heart Fail. (2011) 17:1–7. doi: 10.1111/j.1751-7133.2010.
00206.x

Frontiers inCardiovascularMedicine 13 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1082845
https://doi.org/10.14744/AnatolJCardiol.2016.6950
https://doi.org/10.1016/j.amjcard.2014.03.017
https://doi.org/10.1111/imj.14836
https://doi.org/10.1093/ndt/gfs038
https://doi.org/10.1161/01.CIR.73.2.257
https://doi.org/10.1080/17482940701210179
https://doi.org/10.1001/jama.290.19.2581
https://doi.org/10.1161/JAHA.117.007529
https://doi.org/10.1111/j.1751-7133.2010.00206.x
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

	Relationship between serum sodium levels and all-cause mortality in congestive heart failure patients: A retrospective cohort study based on the Mimic-III database
	Introduction
	Participants and methods
	Study design
	Study population
	Inclusion and exclusion criteria
	Variables


	Statistical analysis
	Results
	Characteristics and clinical parameters of CHF patients
	Threshold effect analysis for the relationship between serum sodium levels and all-cause mortality
	Results of the adjusted and unadjusted Cox proportional hazard models
	The results of non-linearity in serum sodium levels and all-cause mortality
	Survival status of the patients with different admission serum sodium levels


	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


