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Serum Chloride Is Inversely Associated With 3 Months Outcomes in Chinese Patients With Heart Failure, a Retrospective Cohort Study
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Background: Serum chloride was recently found to be associated with prognosis of heart failure in western countries. However, the evidence was scarce in Asia. We aimed to investigated the relationship between serum chloride and clinical outcomes in a Chinese cohort with hospitalized heart failure.

Methods: We retrospectively analyzed the data from PhysioNet, involving 1996 patients who were admitted with heart failure between December 2016 and June 2019. Outcome was a composite endpoint of all-cause death or rehospitalization at 3 months.

Results: The incidence of the composite endpoint was 26.8% (535/1,996); it was 32.2% (213/662), 25.0% (165/661), and 23.3% (157/673) by chloride tertiles (from the lowest to the highest), respectively. The serum chloride at admission was independently and inversely associated with the composite endpoint risk (hazard ratio: 0.967; 95% confidence interval: 0.939 to 0.996; p = 0.026) in contrast to sodium, which was no longer significant (p > 0.05) after multivariable adjustment. Pearson correlation between serum chloride and sodium was 0.747 (p < 0.001). However, an increased AUC was not observed by adding sodium to model composed of age, sex, NYHA class, diabetes, log BNP and chloride (0.620 vs. 0.612, p = 0.132). Subgroup analysis showed the presence or absence of hyponatremia did not affect the association between chloride and composite endpoint risk.

Conclusions: Low serum chloride at admission was associated with poor outcomes in Chinese hospitalized patients with heart failure. These findings warrant future studies for tackling the potential pathophysiological mechanisms and correction methods of hypochloremia in heart failure.
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INTRODUCTION

Heart failure is a leading cause of hospitalization in the elderly (1). Data suggests that the incidence of heart failure is mostly flat or declining but that the burden of mortality and hospitalization remains mostly unabated despite significant ongoing efforts to treat and manage heart failure (2). Nearly 80% of heart failure cost is due to hospitalization and readmission (3, 4). Early identification of patients at high-risk heart failure may allow for a more rapid optimization of therapy to symptoms' improvement and patient survival.

The main cause of heart failure readmission is exacerbated congestion due to neuroendocrine hyperactivation and fluid retention (5). Accumulating evidence suggests that serum sodium is an important determinant of fluid retention in heart failure (6, 7). Diuretics is the current cornerstone of decongestive treatment. However, available diuretics do not improve the long-term prognosis of heart failure (8, 9). Frequent diuresis can also lead to serious electrolyte disturbances. One of the electrolyte disorders that has been overlooked in the past is abnormal chloride homeostasis. In recent years, the pathophysiological role of serum chloride - an important anion in the body - has been gradually recognized in heart failure. It has been demonstrated that low serum chloride levels are associated with a poor prognosis in heart failure (10–12). However, most of the available evidence is focused on Europe and America, with only a few studies from Japan in Asia (13, 14) and little from China (15).

Therefore, we conducted a study in a Chinese population to examine the association of serum chloride with mortality and readmission rates.



MATERIALS AND METHODS


Study Population

A retrospective single-center database (16), which was interrogated in the PhysioNet (17), was established regarding the characteristics of heart failure patients in China by integrating electronic healthcare records and follow-up outcome data. The data collected information for a total of 2,008 adult patients with heart failure at Zigong Fourth People's Hospital, Sichuan, China from December 2016 to June 2019, and was approved by the ethics committee of Zigong Fourth People's Hospital (Approval Number: 2020-010). Informed consent was waived due to the retrospective design of the study. The study complies with the Declaration of Helsinki. Only the first admission for a patient was included in the cohort if they were subsequently readmitted. Data on subsequent hospital admissions and mortality were obtained at mandatory follow-up visit at 3 months (if the patient was unable to reach the clinical center, the follow-up visit was replaced by a telephone call).

Heart failure was defined according to the European Society of Cardiology (ESC) criteria (18). Data collected for the dataset included six categories: demographic data, baseline clinical characteristics, comorbidities, laboratory findings, drugs and outcomes.

Hypochloremia, hyponatremia and hypokalemia was defined as greater than two standard deviations (SD) below the mean electrolyte level in the normal distribution for the local population (<99 mmol/L, <137 mmol/L, and <3.5 mmol/L, respectively).



Outcomes

The outcome was the composite endpoint of all-cause death or rehospitalization at 3 months. Additional outcomes analyzed were all-cause death, and rehospitalization, respectively.



Statistical Analysis

Categorical data are presented as percentages, normally distributed continuous data are presented as mean ± SD and non-normally distributed variables are presented as median and interquartile range (IQR). Log-base-2-transformed BNP was used. Glomerular filtration rates were estimated by incorporating creatinine into the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula. The cohort was split into tertiles of serum chloride. For baseline characteristics analysis, the statistical differences among tertiles of serum chloride were tested with one-way ANOVA for continuous variables and chi-square test for categorical variables. The smooth curve fitting was used to identify non-linear relationships between serum chloride and outcome. Hazard ratios (HR) were estimated by Cox proportional-hazards models, with adjustment for potential confounding factors. Univariable analysis was conducted using all variables in the dataset and variables with p > 0.1 in univariable analysis or with more than 10% missing values (an arbitrary threshold) were not included in the multivariable analyses. Kaplan-Meier curves were used to demonstrate outcome by different groups. Cumulative mortality rates were compared by log-rank analysis. The model covariates were selected a priori (based on previous prognostic reports in patients with heart failure and clinical experience) either because of their prognostic relevance or their potential to confound the chloride-risk relationship. These included age, sex, systolic blood pressure, diabetes, New York Heart Association (NYHA) class I/II vs. III/IV, LVEF, as well as serum sodium, serum carbon dioxide combining power (CO2CP), blood urea nitrogen and eGFR (19). Receiver operating characteristic (ROC) curve analysis was used to estimate the predictive value of serum chloride and sodium for composite endpoint risk in heart failure patients. Pearson correlation coefficients were used to show correlations between serum chloride and sodium. The subgroup analyses were performed using stratified Cox proportional hazards models. Interaction among subgroups was inspected by the likelihood ratio test. All of the analyses were performed with the statistical software packages R 3.3.2 (http://www.R-project.org, The R Foundation) and Free Statistics software versions 1.3. Double-sided p-values <0.05 were considered statistically significant.




RESULTS


Baseline Characteristics

Of the initial 2008 patients, 12 were excluded because of missing values for serum chloride on admission (n = 11) or death time (n = 1). Thus, 1996 patients were finally included in the analysis (Figure 1). 91.1% participants were older than 60 years and 42.1% were males. The prevalence of hypochloremia was 26.1% (521/1996) in this cohort with heart failure.


[image: Figure 1]
FIGURE 1. Flow chart of patients selection.


The cohort was split into three groups across the serum chloride tertile. The baseline characteristics are shown in Table 1. Median chloride of patients in the first tertile (tertile 1) was 95.2 mmol/L (range 70.9–100 mmol/L) and 107.6 mmol/L (range 104.8–125.1 mmol/L) in the third tertile (tertile 3).


Table 1. Baseline characteristics according to chloride tertiles.
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Patients in tertile 1 [including those with hypochloremia] were more likely to have diabetes or chronic kidney disease, higher NYHA class, higher Charlson comorbidity index, a higher rate of hypokalemia and hyponatremia compared to patients in tertile 2–3 (p < 0.01) (Table 1). Interestingly, the patients had lower BMI, lower SBP, lower history of coronary artery disease, lower eGFR and BNP.



Chloride Levels and Clinical Outcomes

The composite outcome occurred in 535 (26.8%) participants at 3 months. Over the same period, there were 213, 165, and 157 composite endpoint events for tertile 1 to 3, respectively. There was a highest event incidence rate of 32.2% in tertile 1 compared with that in tertile 2 and 3 (25.0 and 23.3%, respectively). The spline analysis supported a linear association with the composite endpoint over the range of chloride within this population (p = 0.311 for non-linearity, Figure 2). Similar linear association with serum chloride and readmission rate was also observed (p = 0.128 for non-linearity, Supplementary Figure S1). However, there seems to be a U-shaped relationship between serum chloride and all-cause mortality (p = 0.023 for non-linearity, Supplementary Figure S2).


[image: Figure 2]
FIGURE 2. Spline plot for the associations of serum chloride with composite endpoint risk at 3 months. Hazard ratio (solid line) and 95% confidence intervals (dashed line) are estimated in a Cox proportional hazards model with adjustment for age, sex, NYHA class, diabetes, log BNP. Frequency bars show the proportion of patients with a specific chloride concentration.


The univariable and multivariable proportional hazards models (Table 2) showed that, admission chloride levels were inversely associated with the risk of composite endpoint. Each additional 1 mmol/L of chloride was associated with a 3% lower composite endpoint risk (HR, 0.970; 95% CI, 0.958 to 0.983; p < 0.001). After multivariate adjustment, this correlation remained stable (HR, 0.967; 95% CI, 0.939 to 0.996; p = 0.026).


Table 2. Univariable and multivariable cox proportional hazards models for composite endpoint.
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Kaplan–Meier estimates of the cumulative incidence of the composite endpoint, all-cause death, and rehospitalization are shown in Figure 3 (log-rank p < 0.01, p = 0.26 and p < 0.01, respectively for Figures 3A–C).


[image: Figure 3]
FIGURE 3. Kaplan–Meier estimates of 3 months outcomes according to serum chloride level. (A) for the composite endpoint event, (B) for all-cause death, (C) for all-cause rehospitalization. Chloride tertile1 is 70.9–100 mmol/L, tertile 2 is 100.1–104.7 mmol/L, and tertile 3 is 104.8–125.1 mmol/L.




Serum Chloride and Sodium Levels

Although sodium was also inversely associated with the risk of composite endpoint (HR, 0.953; 95% CI, 0.939 to 0.968; p < 0.001), after multivariable adjustment for other variables including chloride, sodium was not independently associated with the composite endpoint risk (HR, 1.007; 95% CI, 0.968 to 1.048; p = 0.713). Interestingly, Pearson correlation between serum chloride and sodium was 0.747 (p < 0.001) meaning that these variables potentially incorporate similar information. However, the ROC curve showed that AUC of model composed of age, sex, NYHA, diabetes, log BNP and chloride was 0.612; After adding sodium, AUC increased slightly and not significantly to 0.620 (p = 0.132, Supplementary Figure S3). Subgroup analyses found a consistent association between the chloride levels and risk of the composite endpoint across dichotomized subgroups of age (< or ≥60 years), sex, NYHA class (greater than class III), with or without diabetes, chronic kidney disease, hypokalemia, hyponatremia and heart failure type (heart failure with reduced ejection fraction (HFrEF) or preserved ejection fraction (HFpEF), Figure 4).


[image: Figure 4]
FIGURE 4. 3-months composite endpoint risk across subgroups. For all subgroups, the P for interaction >0.05. CKD indicates chronic kidney disease; HFrEF, heart failure with reduced ejection fraction (LVEF <50%); HFpEF, heart failure with preserved ejection fraction (LVEF ≥50%).





DISCUSSION

We selected a Chinese inpatient cohort with heart failure published in the PhysioNet database in 2021 to examine the relationship between serum chloride and prognosis. With the decrease of serum chloride level, BMI, BP, eGFR, BNP decreased, and the percentage of NYHA class III or above, the number of co-morbidities, hemoglobin, hematocrit, BUN, SCr, CO2CP, hypokalemia, and hyponatremia increased gradually. Importantly, lower serum chloride was associated with an increased risk of all-cause mortality or rehospitalization. This correlation remained stable after multivariable adjustment including serum sodium. In addition, subgroup analysis showed that the presence or absence of hyponatremia did not affect the negative association of serum chloride with the risk of the composite endpoint.

In this study, serum sodium <137 mmol/L was defined as hyponatremia. It was different to the traditional value, found in most studies, of 135 mmol/L. And it might interfere with the results of the multivariate regression. So, we used serum sodium concentration rather than hyponatremia in the multivariate regression analysis to avoid this bias. The lower history rate of coronary artery disease in the lowest chloride tertile was consistent with Zhang's study (15). However, the higher rate of Charlson comorbidity index above three points in this group might be risk factor of the adverse outcome.

Consistent with our results, previous studies demonstrated that admission serum chloride levels were independently and negatively associated with the risk of all-cause mortality or rehospitalization after multifactorial adjustment (10, 20–23). However, the data were either dated or with small sample sizes, mostly from Europe and USA, and the findings were not certain to be applicable to China. There were few studies on hypochloremia and heart failure in China. Our study extends these findings to Chinese hospitalized heart failure patients.

We found that low serum chloride was associated with adverse outcomes independently of serum sodium by multivariate Cox regression and ROC curve. However, correlation analysis of serum chloride and sodium showed a close correlation between them. This means the prognostic role of chloride might be affected by sodium. Previous studies have discussed the association and difference in prognostic ability between chloride and sodium concentrations in heart failure. However, there is still no clear conclusion. Some studies discovered chloride was independent of sodium for predicting high mortality in heart failure (10, 22). Others supported consideration of chloride and sodium interplay (15, 24). This difference may be related to study population, sample size, control of confounding factors, etc. Further studies are needed to better clarify this important interaction.

Although the underlying mechanisms of low serum chloride in the development of heart failure are not fully understood, some explanations can be hypothesized. Since chlorides are anions reabsorbed successively with sodium in the renal tubules, the possible mechanism of hypochloremia may be similar to the putative etiology of hyponatremia in heart failure patients (25). There are two mainstream statements: dilutional hypochloremia and depletive hypochloremia. The former is partly due to the reduced renal perfusion from the decreased cardiac output which stimulates the renin-angiotensin-aldosterone system as well as arginine vasopressin and sympathetic nervous system leading to fluid retention (14, 20). The latter is caused by the administration of diuretics, which inhibit the reabsorption of electrolytes in the thick ascending limb of the Henle loop and the distal convoluted tubule, promoting the excretion of chloride and leading to depletive hypochloremia. However, hypochloremia in turn induces renin secretion, increases the expression and activity of sodium-potassium-chloride cotransporters as well as sodium-chloride cotransporters, and promotes electrolytes reabsorption leading to diuretic resistance (25). Several studies have demonstrated that low serum chloride is apparently associated with neurohormonal activation and diuretic resistance, leading to impaired decongestive diuretic efficacy in patients with heart failure, which in turn increases the risk of death and readmission (26, 27). This may be a common consequence of hypochloremia.

Our results showed that in this Chinese inpatient heart failure cohort, low serum chloride at admission was associated with low BMI, low BNP, severe symptoms, high hematocrit, worsening renal function, and high co-morbidity. Ter Maaten JM et al. also found low baseline chloride was associated with high bicarbonate, poor diuretic response, and worsening heart failure (all p < 0.01) (20). These features are manifest after continuous administration of diuretics, and therefore the cause of hypochloremia is presumed to be depletion due to prehospital decongestive therapy. These findings are explainable. With a widespread implementation of heart failure guidelines in primary care clinics in recent years, the management of chronic heart failure has been dramatically improved. Out-of-hospital decongestion with oral diuretics has become routine. Hospitalization only occurs when oral diuretics fail. Therefore, most hospitalized heart failure patients, especially those with history of congestive heart failure, are in the second phase of decongestive therapy - removal of residual tissue congestion. The indicators of congestion at this stage are mostly high CA125, peripheral pitting edema, pulmonary rales, rather than high BNP, low hemoglobin, hematocrit and other indicators of intravascular congestion (28). Therefore, the prognostic role of serum chloride is not related to traditional prognostic indicators such as BNP or LVEF (regardless of heart failure type, HFrEF or HFpEF) (12). Meanwhile, we should recognize although it is common to attribute hypochloremia to diuretics use, some hypochloremia is not related to diuretics use. This has been reported in canine congestive heart failure patients where 24% of 1st time congestive heart failure admissions were hypochloremia in the absence of diuretic treatment (29). Therefore, recording hypochloremia in heart failure patients without diuretics will possibly reveal other mechanisms. Unfortunately, prehospital diuretics were not included in this dataset.

In addition, we found that the curve fit suggested a negative linear association between serum chloride and the risk of composite outcome; the similar relationship was observed between serum chloride and the risk of rehospitalization (Supplementary Figure S1). Interestingly, a U-shaped relationship was observed between serum chloride and all-cause mortality (Supplementary Figure S2). Our data suggests a decreased hazard ratio in the higher tertile, although this result must be taken cautiously, since only a small number of patients (n = 82) had hyperchloremia (chloride >110 mmol/L). However, this result may be valid, since it was supported also by previous studies (11). The pathophysiological explanation of this behavior is still difficult to provide and further studies are needed to clarify this issue.

The significant increase in mortality and readmission in patients with low serum chloride raises the question whether serum chloride levels may be a potential target for oral supplements or the use of chloramphetamine diuretics such as acetazolamide. Therefore, larger randomized studies are needed in the future to verify these findings and evaluate whether therapeutic maintenance of chloride homeostasis can improve the survival of patients with heart failure, or whether hypochloremia is simply a bystander marker of other processes.

There are several limitations in this study. First, because this was a single-center retrospective investigation, causality could not be determined. The patients in this study were all from Southwest China. Further research is needed to see if our findings remain true in different populations. Second, the follow-up period was short. Third, although some covariates are adjusted in the regression model, there may still be some unknown or unobtainable confounders. For example, medication at admission and chloride levels at discharge were not documented. Fourth, the interaction between chloride and sodium remains unclear in heart failure, which requires further analysis. Finally, the serum sodium concentration was determined by the indirect potentiometry, whose accuracy is inferior to that of direct potentiometry (30).



CONCLUSIONS

In a southern Chinese hospitalized heart failure cohort, we found that admission serum chloride levels were independently and negatively associated with midterm all-cause mortality and readmission rate, and there was no interaction with serum sodium. Future research should focus on the pathophysiological mechanisms that cause hypochloremia and the prognostic impact of correcting hypochloremia.
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BMI (kg/m?) 20.8(18.5, 23.4) 200(18.1,22.59° 20.8(18.4, 23.5P 21.3(19.0, 24.1) <0.001
SBP (mmHg) 1313 +£24.2 124.1 £ 22.9%° 132.1 +24.0° 137.4 238 <0.001
DBP (mmHg) 767 £142 73.6 £ 13.6° 76,8+ 13.9° 796+ 14.4 <0.001
Heart rate (opm) 82.0(70.0,98.0) 82.0(70.0,98.0) 81.0(69.0,99.0) 83.0(71.0,98.0) o797
NYHA class Illor IV 1,649 (82.6) 560 (84.6) 536 (81.1) 553 (82.2) 0.227
Coronary artery disease 141 (7.1) 36 (5.4) 52(7.9 53(7.9) 0.136
Diabetes 463 (23.2) 169 (26.5 159 (24.1) 135 (20.1) 0.049
Chronic kidney disease 472(23.7) 180 (27.2 138 (20.9) 154 (22.9) 0.022
ccl =3 478(23.9) 181 (27.3> 147 (22.2) 150 (22.3) 0.046
LVEF (%) (n = 629) 50.7 £ 13.1 50,5+ 13.2 50.7 £139 508+ 123 0.964
LVEF 250% 347 (85.2) 97 (63.9) 123 (55.2) 127 (56.2) 0.898
LVEDD (mm) (0 = 1,303) 5324108 525+ 118 5404107 53099 0135
E/Aratio (n = 522) 1.0(07,1.6) 09(0.7,1.7) 11(07,16) 09(0.7,16) 0.729
TRV(ms) (0 = 788) 3006 31x07° 30+£06 29406 0.035
SCr (umol/L) 87.0(64.9,122.7) 89.8(64.8,127.2) 87.6(65.4,119.4) 85.5(64.2,115.8) 0282
BUN (mmol/L) 80(59,11.5) 9063, 12.87° 7.6(68,11.1) 75(6.7,106) <0.001
GFR (MU/min/1.73 m?) 64.8(41.6,90.1) 59.8(39.2,90.0) 64.6(42.0,89.4) 69.3(44.8,91.7) 0.098
Cystatin (mg/L) 1.6(1.2,2.2) 1.7 (1.3, 2.3p0 15(1.2,2.1) 15(1.2,2.1) <0001
Hematocrit (%) 0.4+0.1 0.4 +£0.190 0.4 +0.1° 03+01 <0.001
Hemoglobin (g/L) 1151 245 119.1 4+ 24.9°0 1149 23.9° 111.3+242 <0.001
CO,CP (mmolrL) 23848 255+ 55% 238:+4.2° 221£4.1 <0.001
Phosphate (mmol/L) 1104 1206 11404 11£03 0.008
Potassium (mmol/L) 39(35,43) 39(35,4.4) 39(36,4.4) 39(35,43) 0.566
Hypokalemia 464 (23.2) 184 (27.8%° 144 (218) 136 (20.2) 0.003
Sodium (mmol/L) 139.0(136.0, 141.4)  135.2 (1320, 137.8° 139.1(137.0, 141.0 1415 (139.6, 143.1) <0.001
Hyponatremia 634(31.8) 432 (65.39° 166 (23.6)° 46 (6.8) <0.001
BNP (pg/mL) 754.8 (308.4, 1739.0) 608.1 (2083, 770.2 (337.2, 1833.0 838.3(397.5, 1740.0) <0.001
1660.0)%°

Log BNP 9.6(83,10.8) 92(7.7,10.79° 9.6 (8.4, 10.8° 9.7(8.6,10.8) <0.001
Number of event” 535 (26.8) 213(32.2%° 165 (25.0) 157 (23.3) <0.001

BMI, body mass index; SBR systolic blood pressure; DBF, diastolic blood pressure; HR, heart rate; NYHA, New York Heart Association; CCl, Charlson comorbidity index; LVEF, left
ventricular ejection fraction; LVEDD, left ventriculer end-diastolic diameter; TRV, tricuspid regurgitation velocity; SCr, serum creatinine; BUN, blood urea nitrogen; eGFR, estimated
glomerular filtration rate; CO,CR, carbon dioxide combining power; BNF, brain natriuretic peptide; Log BNP: log-base-2 BN

*: number of patients meeting the composite outcome.

a: p < 0.05 compared with tertile 2; b: p < 0.05 compared with tertile 3; p-value from Turkey or Games-Howell test.
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