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Background: Hypochloremia is an independent predictor for mortality in patients with coronary artery disease (CAD) but whether the same correlation exists in CAD patients with congestive heart failure (CHF) is unclear.

Methods: This is an analysis of data stored in the databases of the CIN-I [a registry of Cardiorenal Improvement (NCT04407936) in China from January 2007 to December 2018] and Medical Information Mart for Intensive Care (MIMIC)-III. CAD patients with CHF were included. The outcome measures were 90-day all-cause mortality (ACM) and long-term ACM.

Results: Data from 8,243 CAD patients with CHF were analyzed. We found that 10.2% of the study population had hypochloremia (Cl− <98 mmol/L) in CIN-I (n = 4,762) and 20.1% had hypochloremia in MIMIC-III (n = 3,481). Patients suffering from hypochloremia were, in general, older and had a higher prevalence of comorbidities. After adjustment for confounders, hypochloremia remained a significant predictor of short-term mortality risk [90-day ACM: adjusted hazard ratio (aHR), 1.69; 95% CI, 1.27–2.25; P < 0.001 in CIN-I, and 1.36 (1.17–1.59); P < 0.001 in MIMIC-III]. Hypochloremia was also associated with long-term mortality [aHR, 1.26; 95% CI, 1.06–1.50; P = 0.009 in CIN-I, and 1.48 (1.32–1.66); P < 0.001 in MIMIC-III]. Prespecified subgroup analyses revealed an association of hypochloremia with long-term ACM to be attenuated slightly in the women of the two databases (P interaction < 0.05).

Conclusions: Hypochloremia is independently associated with higher short-term and long-term ACM. Further studies are needed to determine if early preventive measurements and active intervention of hypochloremia can reduce the mortality risk of CAD patients with CHF.
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INTRODUCTION

Coronary artery disease (CAD) is a leading cause of morbidity and mortality worldwide. Often, CAD is complicated with heart failure (HF), hypertension, and chronic kidney disease (CKD) (1, 2), and the mortality of patients with CAD is increased markedly if they also have HF (3). Congestive heart failure (CHF) describes an inadequacy of the pumping function of the heart (4), which is tightly linked to CAD (5).

Li and colleagues indicated that hypochloremia is associated with an increased risk of all-cause mortality (ACM) among patients in the Cardiac Care Unit (those with severe CAD) (6). Several studies have shown that hypochloremia is independently associated with mortality among patients with cardiovascular disease, especially those with acute HF or CHF even after taking the use of diuretics into account (7–10). Often, patients with CHF and CAD have electrolyte disorders, such as hypochloremia, which may be related to diuretic use, insufficient intake of fluids, or a complex association between diseases.

However, it is not clear if the same connection exists among CAD patients complicated with CHF after full consideration of diuretic use. The loss of gastrointestinal digestive juices, derangement of secretion of adrenal hormones, the inflammatory response, and the critical role of chloride ions (Cl−) in several regulatory pathways central to HF have been postulated (11–14).

In this context, we aimed to assess the prevalence and mortality (short- and long-term) of hypochloremia among CAD patients with CHF.



METHODS


Data Collection

From January 2007 to December 2018, we accessed data from the Electronic Clinical Management System of Guangdong Provincial People's Hospital (Guangdong, China). The Cardiorenal Improvement (CIN)-I registry was registered at ClinicalTrials.gov (NCT04407936).

This was a single-center, observational, retrospective cohort study that included patients undergoing coronary angiography (15). Percutaneous coronary intervention (PCI) or coronary angiography was undertaken in accordance with the standard guidelines (16, 17). The information of patients at baseline was demographics, laboratory test results, and other clinical variables. Blood samples were collected in the early morning after an overnight fast.

In addition, we utilized the Medical Information Mart for Intensive Care (MIMIC)-III database to undertake validation. The MIMIC database was developed and is maintained by the Laboratory for Computational Physiology at the Massachusetts Institute of Technology (Cambridge, MA, USA). MIMIC-III contains data from the patients in the intensive care unit (ICU) and includes physiologic information from bedside monitors in the adult ICUs of Beth Israel Deaconess Medical Center, a tertiary-care university hospital in Boston (MA, USA). The database includes information from 2002 to 2011 (Figure 1) (18).


[image: Figure 1]
FIGURE 1. The flow of participants through the trial.




Study Population

All CAD patients with CHF in the CIN-I and MIMIC-III databases were eligible for inclusion in our investigation. Two exclusion criteria were used: (i) age <18 years; and (ii) data for serum levels of Cl− and follow-up were missing. Only the data of the first ICU admission of the first hospitalization in MIMIC-III were used. Accordingly, 4,762 CAD patients with CHF in CIN-I and 3,481 patients in MIMIC-III were enrolled (Figure 2).
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FIGURE 2. Restricted spline curve for the chloridion hazard ratio (HR). (A) CIN-I 90-day ACM; (B) CIN-I long-term ACM (C) MIMIC-III 90-day ACM; (D) MIMIC-III long-term ACM.




Endpoints and Definitions

The primary endpoints were 90-day ACM and long-term ACM after hospital admission. Follow-up information was accessed from Guangdong Provincial Public Security (which is paired with the Electronic Clinical Management System of Guangdong Provincial People's Hospital).

A Cl− concentration in serum <98 mmol/L denoted hypochloremia. CAD was diagnosed according to the 10th Revision Codes of the International Classification of Diseases (ICD-10; I20.xx–I25.xx, I50.00001, and I91.40001) in the CIN-I database and ICD-9 codes in the MIMIC-III database. “CHF” was defined as New York Heart Association class > 2 or Killip class > 1 (19). “CKD” was defined as an estimated glomerular filtration rate ≤ 60 ml/min/1.73 m2. “Anemia” was defined as hematocrit <36% for women and <39% for men (19). Information on comorbidities, such as atrial fibrillation, chronic obstructive pulmonary disease (COPD), and stroke, was collected for the analyses based on the recorded ICD-9 codes in the MIMIC-III database and ICD-10 codes in the CIN-I database.



Statistical Analyses

Descriptive statistics are given as the mean (SD), or numbers and percentages. Continuous variables were compared using the Student's t-test or Wilcoxon rank sum test, as appropriate. The chi-squared test was used to analyze categorical data. Patients were categorized into groups according to the cohort assessed (MIMIC-III or CIN-I).

Kaplan–Meier curves displayed the time-to-event data. Survival between groups was compared using log-rank tests. Restricted cubic splines were employed to inquire into the association between the serum level of Cl− and 90-day ACM and long-term ACM. Cox regression models for 90-day ACM and long-term ACM were fitted (Table 2) to evaluate the association between hypochloremia and study endpoints. Model 1 was unadjusted. Model 2 adjusted for age (as a continuous variable) and sex. Model 3 included the variables which were associated with mortality according to clinical experience {demographic characteristics (age and sex) and medical history [hypotension, anemia, diabetes mellitus (DM), atrial fibrillation, CKD, COPD, stroke, and acute myocardial infarction (AMI)]}. Ultimately, we took the results of model 3 as the primary results.



Subgroup and Sensitivity Analyses

To describe our results succinctly, we adopted COX regression models for 90-day ACM and long-term ACM. To avoid bias introduced by different models, the analysis of the primary outcome was replicated in a logistic regression model for 90-day ACM (Supplementary Table 1). Finally, we undertook analyses among five pre-specified subgroups [age (>65 or ≤ 65 years), sex (male or female), AMI (yes or no), use of diuretics (yes or no), and hyponatremia (yes or no)] to evaluate the impact of hypochloremia on long-term ACM among CAD patients with CHF. P < 0.05 (two-sided) was considered significant. Statistical analyses were undertaken using R 4.0.3 (R Institute for Statistical Computing, Vienna, Austria).




RESULTS


Characteristics of Patients

The characteristics of CIN-I and MIMIC-III databases at baseline are shown in Table 1. Among CAD patients with CHF in CIN-I, the mean age was 65.5 ± 10.9 years, 24.6% were women, 2,192 (46.5%) had AMI, 2,063 (43.7%) CKD, and 3,458 (72.6%) underwent PCI. Among CAD patients with CHF in MIMIC-III, the mean age was 74.3 ± 11.6 years, 38.6% were women, 1,789 (51.4%) had AMI, 946 (27.2%) had CKD, and 654 (20.6%) underwent PCI.


Table 1. Baseline characteristics of the included patients in a registry of Cardiorenal Improvement (NCT04407936) (CIN-I) and Medical Information Mart for Intensive Care (MIMIC-III).
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More details of patient characteristics at baseline according to the cutoff of the Cl− level in serum (98 mmol/L) are shown in Table 2. A total of 8,243 CAD patients with CHF upon hospital admission were divided into two groups. Hypochloremia accounted for 10.2% (n = 484) of cases in CIN-I and 20.1% (n = 698) of cases in MIMIC-III (Chi-square test: P <0.001). Among patients with hypochloremia in these two databases, patients with hypochloremia were negatively associated with an increased serum level of sodium ions (Na+) and positively associated with the prevalence of DM, CKD, and AMI. The prevalence of diuretic use was higher among patients with hypochloremia than in those not suffering from hypochloremia. Nevertheless, there was no significant difference between the prevalence of atrial fibrillation or stroke and the serum level of Cl−.


Table 2. Baseline characteristics of the patients with coronary artery disease (CAD) and congestive heart failure (CHF).
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Cl– Levels and Clinical Endpoints

During a median follow-up of 3.7 (range, 2.1–5.9) years, 1,123 (23.6%) patients died in CIN-I. During a median follow-up of 3.2 (range, 0.2–4) years, 1,807 (51.9%) patients died in MIMIC-III. Moreover, 330 patients (6.9%) died in CIN-I and 330 patients (27.3%) died in MIMIC-III from all causes within 90-day follow-up after hospital admission. When the serum level of Cl− was low, there was an inverse association between the hazard ratio (HR) for the endpoint and serum Cl− level (Figure 3; P for non-linear < 0.001). Patients suffering from hypochloremia carried a higher mortality than those not suffering from hypochloremia (90-day ACM: 11.8 vs. 6.4%, P < 0.001 in CIN-I; 33.2 vs. 25.8%, P < 0.001 in MIMIC-III; long-term ACM: 30.4 vs. 22.8%, P < 0.001 in CIN-I; 63.3 vs. 49.0%, P < 0.001 in MIMIC-III). Kaplan–Meier analyses illustrated that hypochloremia may be related to worsening of 90-day ACM and long-term ACM in the two databases (P < 0.0001; log-rank test) (Figure 4). Cox proportional hazards models were used to evaluate the relationships between ACM and hypochloremia. These models indicated that hypochloremia was associated with a higher risk of 90-day ACM even after full adjustment of major confounders (HR, 1.69, 95% CI 1.27–2.25, P < 0.001 in CIN-I; HR, 1.36, 95% CI 1.17–1.59, P < 0.001 in MIMIC-III) as compared with a normal serum level of Cl− (Table 3A). Importantly, these data suggested that the serum Cl− level upon hospital admission was independently related to long-term ACM. In the CIN-I cohort, hypochloremia was associated with a higher risk of long-term ACM compared with a normal serum level of Cl− (model 1: HR 1.37, 95% CI 1.15–1.63, P < 0.001; model 2: HR 1.29, 95% CI 1.09–1.54, P = 0.004; model 3: HR 1.26, 95% CI 1.06–1.50, P = 0.009). In the MIMIC-III cohort, hypochloremia was at virtually the approximate risk of mortality (model 1: HR 1.48, 95% CI 1.33–1.64, P < 0.001; model 2: HR 1.52, 95% CI 1.36–1.69, P < 0.001; model 3: HR 1.48, 95% CI 1.32–1.66, P < 0.001) (Table 3B).


[image: Figure 3]
FIGURE 3. Kaplan-Meier curves for long-term all-cause mortality (ACM) of hypochloremia. (A) CIN-I; (B) MIMIC-III.
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FIGURE 4. Hazard ratios for long-term ACM in different subgroups (hypochloremia vs. non-hypochloremia).



Table 3. The association between hypochloremia and mortality in different models.
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For subgroups, Cox regression analysis demonstrated that hypochloremia was associated with a consistent risk of mortality across dichotomized subgroups (age, AMI, and diuretic use). However, the prespecified subgroup analyses revealed the association of hypochloremia with long-term ACM to be attenuated slightly in the women of the two databases (P interaction < 0.001) (Figure 5).


[image: Figure 5]
FIGURE 5. Central illustration.





DISCUSSION

Our study is the first systematic exploration of the prevalence and mortality of hypochloremia among CAD patients with CHF in two databases. Our study indicated that ~10% of CAD patients with CHF were complicated with hypochloremia in the CIN-I database and ~20% in the relatively high-risk MIMIC-III database. Among those patients, hypochloremia was independently associated with higher short- and long-term ACM. The impact of hypochloremia was consistent and independent of the presence of AMI or use of diuretics. In addition, the association of hypochloremia with long-term ACM was attenuated slightly in the women of the two databases.

Epidemiological data have demonstrated that HF is a global disease (20). The most common reason for HF is CAD (21). Physicians need to use indices to evaluate the outcome among CAD patients with CHF. Chloride is the most plentiful anion in the extracellular fluid (12). Some studies have suggested that regulation of renin secretion from the macula densa in the kidneys may be reliant on Cl− (22). The latter is crucial in acid–base balance, muscle activity, and immune regulation (23). Non-potassium-sparing diuretics are used widely (particularly among patients with HF). These agents primarily inhibit the Na+-potassium ion–Cl− cotransporter, which leads inevitably to the excessive wastage of Cl−. The prognostic value of Cl− on HF was reported by Grodin and colleagues, who stated that hypochloremia upon hospital admission was associated with poor long-term survival (8). Li et al. studied the relationship of Cl− and short-term mortality in all CCU patients who have complex conditions and many confounding factors (6). However, evidence of the prognostic value of Cl− for CAD patients with CHF is lacking. We revealed that the Cl− concentration is an independent factor of short- and long-term mortality for CAD patients with CHF in two databases.

The exact mechanisms underlying the relationship between hypochloremia and CAD with CHF are not known, but three hypotheses have been proposed. First, the reason why hypochloremia is associated with short- and long-term mortality is that a low concentration of Cl− might upregulate the expression of proinflammatory cytokines. This action may accelerate inflammation (24), which is a well-known predictor of poor outcomes and mortality for CAD (25–27) and HF (28). Second, Cl− has a critical role in regulatory pathways central to physiological stability. For example, a low concentration of Cl− means a high anion gap and high renin level (29–31), which is related to higher blood pressure (32) and stimulates HF directly (33). Additionally, several Cl− channels with important regulatory functions have been identified or characterized further recently (23, 34). Third, according to our results, hypochloremia could be considered a marker of clinical complexity because hypochloremia is observed more often in older patients with DM, CKD, or AMI, which eventually leads to a significantly increased mortality risk (35–39).

In addition, a study had reported that hypochloremia results in hyponatremia and that they are significantly associated with each other and increased mortality risk (9). The increase in the prevalence of hyponatremia reported in that study was consistent with our findings, but we did not find that hyponatremia affected death. This may have been because our study population had CHD with CHF. Furthermore, long-term ACM was attenuated slightly in the women of the two databases. However, it seems that this phenomenon is not reported previously. More randomized controlled trials and basic research are needed to validate these phenomena.

Two databases were selected for our study. There were certain differences between the two databases. A higher prevalence of hypochloremia and mortality was observed in the relatively high-risk MIMIC-III database, which was in line with clinical concepts. The same connection exists even in relatively high-risk groups, which indicates that our conclusion was applicable to a wider range of people. Interestingly, in the MIMIC database, hypochloremia seemed to have a more substantial effect on long-term ACM than short-term ACM.

Our study had three main limitations. First, our population was from two single-center retrospective cohort studies with a selection bias. However, the MIMIC-III database has been used widely and shown to be of high quality. In addition, we added a large sample database from China. Therefore, our study included sufficient samples to make it representative. Second, information on cause-specific death was not presented here, and it was difficult to examine a significant correlation between hypochloremia and cause-specific death. ACM is an important endpoint that clinicians concentrate upon commonly. Third, Cl− levels were extracted only upon hospital admission without assessment of their changes after hospital discharge.



CONCLUSIONS

Our results suggested that hypochloremia could be a risk-assessment tool for primary-care clinicians. The serum Cl− level may represent a therapeutic target rather than being a marker of disease severity. Early adequate assessment of hypochloremia and active supplementation with Cl− (such as oral and intravenous supplements of concentrated sodium chloride) may help to improve the prognosis of patients with CAD and CHF. Hence, evaluation of the mechanism of the association between hypochloremia and mortality in CAD patients with CHF, and whether the mortality risk decreases after treating hypochloremia, merit investigation. Also, more emphasis should be laid on female patients suffering from CAD with CHF. Large-scale multi-center prospective studies are needed to verify our conclusions.
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