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Abstract

Aims—Hyponatraemia is strongly associated with adverse outcomes in heart failure. However,
accumulating evidence suggests that chloride may play an important role in renal salt sensing and
regulation of neurohormonal and sodium-conserving pathways. Our objective was to determine the
prognostic importance of hypochloraemia in patients with heart failure.

Methods and results—~Patients in the BEST trial with baseline serum chloride values were
evaluated (7= 2699). Hypochloraemia was defined as a serum chloride <96 mmol/L and
hyponatraemia as serum sodium <135 mmol/L. Hypochloraemia was present in 13.0% and
hyponatraemia in 13.7% of the population. Chloride and sodium were only modestly correlated (-
= 0.53), resulting in only 48.7% of hypochloraemic patients having concurrent hyponatraemia.
Both hyponatraemia and hypochloraemia identified a population with greater disease severity;
however, renal function tended to be worse and loop diuretic doses higher with hypochloraemia. In
univariate analysis, lower serum sodium or serum chloride as continuous parameters were each
strongly associated with mortality (P <0.001). However, when both parameters were included in
the same model, serum chloride remained strongly associated with mortality [hazard ratio (HR)
1.3 per standard deviation decrease, 95% confidence interval (CI) 1.18-1.42, P <0.001], whereas
sodium was not (HR 0.97 per standard deviation decrease, 95% CI 0.89-1.06, A= 0.52).

Conclusion—Serum chloride is strongly and independently associated with worsened survival in
patients with chronic heart failure and accounted for the majority of the risk otherwise attributable
to hyponatraemia. Given the critical role of chloride in a number of regulatory pathways central to
heart failure pathophysiology, additional research is warranted in this area.

"Corresponding author: Yale University, 60 Temple Street, Suite 6C, New Haven, CT 06510, USA. Tel: +1 215 459 3709, Fax: +1 203
746 8373, jeffrey.testani@yale.edu.

Conflict of interest: none declared.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Testani et al.

Keywords

Page 2

Hypochloraemia; Serum chloride; Hyponatraemia; Serum sodium; Heart failure; Mortality

Introduction

Methods

Hyponatraemia is a common electrolyte disorder in patients with heart failure.l A substantial
body of literature now exists indicating that even mild hyponatraemia is a robust predictor of
adverse events including worsened survival, rehospitalization, prolonged length of stay, and
increased hospital resource utilization and cost.1=3 This consistent signal for adverse
outcomes, which is independent of traditional disease severity indicators, has motivated the
hypothesis that correction of hyponatraemia may improve outcomes.*=9 Unfortunately,
recent trials of vasopressin antagonists have yielded disappointing effects on short- and long-
term outcomes despite significant improvement in serum sodium levels,10:11

Reductions in serum sodium concentrations, by definition, cannot occur in isolation. In order
to preserve electroneutrality, an anion such as chloride or bicarbonate must be reduced in
parallel with the sodium. Serum chloride is traditionally viewed as a passive anion linked to
sodium concentration; however, accumulating evidence would argue to the contrary.12 It has
been recognized for decades that chloride is the predominant ion responsible for renal salt-
sensing mechanisms, with a limited direct role for sodium.13-16 Furthermore, a family of
serine-threonine kinases [With-No-Lysine (K), WNK] has recently been demonstrated to
play a key role in the regulation of sodium chloride homeostasis, the actions of the renin—
angiotensin-aldosterone system, and the transporters upon which loop and thiazide diuretics
work.17 Notably, chloride appears to bind directly to the catalytic site of these kinases,
regulating their ability to phosphorylate important sodium-regulatory pathways.18:19
Analogous direct regulatory functions of sodium have not been described.

Given the direct role of chloride in regulating neurohormonal activation and sodium
homeostasis, two critical pathways in heart failure, we hypothesized that serum chloride may
be an important prognostic factor and may explain much of the risk otherwise attributable to
serum sodium. Our goal in the current analysis was to describe the clinical characteristics
associated with low serum chloride and determine the independent prognostic importance of
serum sodium and serum chloride in patients with chronic heart failure.

The Beta-Blocker Evaluation of Survival Trial (BEST) was a National Heart, Lung, and
Blood Institute- (NHLBI) supported randomized placebo-controlled trial investigating the
impact of bucindolol, a non-selective beta-blocker, on all-cause mortality in chronic heart
failure patients. The design and primary results have been previously published.20 Briefly,
2708 patients with NYHA functional class Il or IV heart failure, an LVEF of <35%, and use
of an ACE inhibitor for =1 month (unless contraindicated) were randomized to bucin-dolol
or placebo. Exclusion criteria included reversible heart failure, uncorrected primary valvular
disease, decompensated heart failure, life expectancy of <3 years, a serum creatinine level of
>3.0 mg/dL, or the use of a beta-blocker within 30 days of baseline.
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Hyponatraemia was defined as a serum sodium concentration <135 mmol/L and
hypochloraemia as a serum chloride concentration <96 mmol/L, consistent with previously
published definitions.21:22 Baseline laboratory studies, including serum chloride and sodium
levels, were obtained at the screening visit, which could occur in either outpatients or
hospitalized patients. The primary results were similar regardless of the location of the
screening visit (P for interaction = 0.42) and thus the cohort was analysed as a whole. Loop
diuretic doses were converted to furosemide equivalents, with 1 mg of bumetanide = 20 mg
of torsemide = 40 mg of furosemide.?3 The chronic kidney disease epidemiology
collaboration equation was used to calculate estimated glomerular filtration rate (eGFR).
This research was determined to qualify as exempt by the Yale institutional review board.

Statistical analysis

Values reported are mean + standard deviation, median (quartile 1-quartile 3), and
percentile. Independent Student’s £test or the Wilcoxon Rank Sum test was used to compare
continuous variables. The y? test was used to evaluate associations between categorical
variables. Correlation coefficients reported are Spearman’s rho for continuous variables and,
in the case of two dichotomous variables, correlations are reported are phi. Linear regression
was used to determine if an independent association between either log-transformed loop
diuretic dose or log-transformed norepinephrine and serum chloride was present after
controlling for serum sodium and/or bicarbonate concentrations. Cox proportional hazards
modelling was used to evaluate time to event associations between serum electrolyte levels
(both categorical and continuous) and all-cause mortality. Candidate covariates entered in
the model were baseline characteristics with univariate all-cause mortality associations P
<0.2. Covariates that had a £ >0.2 but a theoretical basis for potential confounding were
forced into the model. Models were built using backward elimination (likelihood ratio test)
where all covariates with a £ <0.2 were retained. Kaplan—Meier curves for death from any
cause were plotted for the four combinations of groups between hypochloraemia and
hyponatraemia. The x-axis was terminated when the remaining number at risk was <10%.
The primary mortality findings were validated in patients with data available on serum
chloride surviving to the 3-month (7= 2481) and 12-month (/7= 1936) study visits. To
visually assess non-linear relationships between serum sodium and chloride and mortality
risk, univariate Cox regression using restricted cubic spline-smoothed baseline sodium and
chloride was performed. Plots of mortality risk over sodium and chloride were then created.
The added prognostic value of serum chloride and sodium with respect to mortality
compared with a multivariable model was assessed using the gain in receiver operating
characteristic (ROC) area under the curve (AUC), category-free net reclassification
improvement (NRI), and integrated discrimination index (IDI). AUC comparison was
performed using nested likelihood ratio tests The Hosmer—Lemeshow test was used to assess
calibration for each model. Statistical analysis was performed with IBM SPSS Statistics
version 21 (IBM Corp., Armonk, NY, USA) and Stata version 13 (StataCorp, College
Station, TX, USA), and statistical significance was defined as two-tailed 2 <0.05 excluding
interactions, where a £ <0.10 was considered significant.
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Of the 2708 patients enrolled in the BEST trial, 2699 (99.7%) had data on baseline serum
sodium and serum chloride levels available for analysis. The mean serum sodium was 139.0
+ 3.4 mmol/L and the mean serum chloride level was 101.3 £ 4.5 mmol/L. The distribution
of values in the population can be seen in Figure 1 and in the Supplementary material online,
Figure S1. Hyponatraemia (serum sodium <135 mmol/L) was present in 13.7% of the
population, and hypochloraemia (serum chloride <96 mmol/L) was present in a similar
13.0% of the population. The correlation between serum sodium and chloride was
surprisingly modest (= 0.53, P <0.001; Figure 1; Table 2). Due to this limited overall
correlation, amongst patients with hyponatraemia, only 46.3% also had hypochloraemia and,
amongst those with hypochloraemia, only 48.7% had hyponatraemia (Figure 1).

Similar to previous reports, in patients with hyponatraemia the majority of baseline
characteristics were consistent with a greater burden of disease severity (Table 1). This
overall pattern was also observed in patients with hypochloraemia (Table 1). Notable
differences in the pattern of baseline characteristics were a more pronounced relationship
between serum chloride and metrics of renal function and serum bicarbonate than that
observed with sodium (Tables 1 and 2). The association with baseline loop diuretic dose
tended to be stronger for serum chloride (r=-0.34, P <0.001; Figure 2) than for serum
sodium (r=-0.14, P <0.001; Figure 2) or serum bicarbonate (r=0.17, P <0.001). Ina
linear regression model including all three parameters, only serum chloride remained
significantly associated with the dose of loop diuretic (P <0.001). The correlation between
plasma norepinephrine and chloride was very weak but statistically significant (r=-0.08, P
<0.001). A similar significant correlation was not observed with serum sodium (r=-0.04, P
= 0.07). When both parameters were included in a regression equation, log-transformed
norepinephrine remained associated with chloride (2= 0.004) but not with sodium (P=
0.94).

Associations with mortality

Over a median follow-up of 737 days (400-1049), 857 patients (31.8%) died. Both serum
sodium and serum chloride were strongly related to mortality in univariate models, whereas
the serum bicarbonate level was unrelated to mortality (Table 3). However, in a multivariable
model containing both serum sodium and chloride, serum chloride remained highly
significantly associated with survival, whereas the association between serum sodium and
mortality was completely eliminated (Table 3). This relationship held following adjustment
for baseline characteristics including medication use, CAD, diabetes, hypertension, age,
gender, EF, systolic blood pressure, NYHA class, loop diuretic dose, haemoglobin level,
eGFR, blood urea nitrogen, and the blood urea nitrogen to creatinine ratio (Table 3). The
prognostic importance of serum chloride was not different in subgroups defined by an eGFR
<60 mL/min/1.73 m2, an EF below the median value (23%), randomization to bucindolol,
ACE inhibitor use, or a loop diuretic dose >160 mg/day (P for interaction =0.13 for all).
Adjustment for serum potassium did not diminish the prognostic importance of serum
chloride (adjusted for sodium and potassium HR 1.33, 95% CI 1.22-1.45, P <0.0001). The
association of both serum chloride and sodium with mortality was J-shaped (Figure 4). The
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prognostic value of serum chloride and sodium on parameters such as the improvement in
ROC AUC, category-free NRI, and IDI can be found in the Supplementary material online,
Table S1.

Similar observations with respect to chloride and sodium were evident at both 3 and 12
months (Table 3). Despite the fact that serum electrolyte levels were stable over time on a
population level (Supplementary material online, Figure S2), there was significant
prognostic value with serial values of serum chloride (Supplementary material online, Figure
S3). Notably, the presence of hypochloraemia at both baseline and 3 or 12 months was
consistently associated with worse prognosis than for those patients who never had
hypochloraemia or had transient hypochloraemia (Supplementary material online, Figure
S3).

Associations with categorical variables

Similar observations were noted when evaluating the dichotomous variables, where
hyponatraemia (HR 1.5, 95% CI 1.2-1.8, P <0.001) and hypochloraemia (HR 1.9, 95% CI
1.6-2.3, P <0.001) were strongly associated with mortality in univariate models. However,
despite a limited correlation between these parameters (r=0.39, P <0.001), when the two
were evaluated in the same model hypochloraemia remained significantly associated with
survival (HR 1.8, 95% CI 1.5-2.2, P <0.001) whereas hyponatraemia was not (HR 1.1, 95%
Cl10.93-1.4, P=0.23). These findings were consistently identified at baseline, 3, and 12
months where hypochloraemia was consistently associated with a higher risk of death
(Figure 3A-C).

Interaction with serum bicarbonate level

As discussed above, serum bicarbonate did not have a univariate or multivariable association
with mortality (Table 3). Similarly, there were no differences in survival between tertiles of
baseline serum bicarbonate (= 0.23). However, a highly significant interaction was present
between serum chloride and serum bicarbonate (adjusted P for interaction <0.0001).
Notably, serum chloride demonstrated a much stronger association with mortality in patients
with higher serum bicarbonate levels (Table 4). Similar trends were noted for serum sodium,
with greater risk found in patients with higher serum bicarbonate levels (Table 4) but the
interaction with sodium did not reach statistical significance (P for interaction = 0.23). A
borderline significant interaction was present (£ = 0.08) between the risk associated with
hypochloraemia and a loop diuretic dose above or below the median (80 mg of furosemide
equivalents). However, this interaction did not persist following multivariable adjustment (P
=0.38).

Discussion

The principal finding in this analysis is that a low serum chloride is strongly and
independently associated with reduced survival in patients with chronic heart failure.
Although serum sodium and chloride are often assumed to be very tightly correlated, we
found that the serum sodium level could explain <30% of the variability in the serum
chloride concentration. Notably, many patients had either hyponatraemia or hypochloraemia
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in the absence of the other electrolyte abnormality. Serum chloride had a stronger
relationship with metrics of renal function and loop diuretic dose than did serum sodium.
Importantly, the entirety of the survival disadvantage associated with low serum sodium was
explainable by the serum chloride concentration, and hypochloraemia in the absence of
hyponatraemia was a particularly ominous prognostic indicator. In the light of the growing
literature demonstrating the regulatory importance of chloride, these results raise the
question of whether chloride rather than sodium is the dominant cardio-renal electrolyte
marker, and possibly target, in patients with heart failure.

The association between serum sodium and adverse outcomes has been the subject of a large
number of studies; however, this is one of the first studies we are aware of in patients with
heart failure that has evaluated the importance of the effects of serum chloride on
outcomes.1:24:25 This lack of attention may have been driven by the fact that traditional
wisdom has maintained that chloride is primarily the counter ion for sodium and of
secondary importance.12 Searching the term ‘hyponatremia’ in Medline results in >11 000
citations, whereas searching ‘hypochloremia’ results in only 290 citations. Potentially as a
result, the majority of heart failure studies that we have access to or are aware of have not
collected serum chloride levels. These factors may explain why the current observations
have not previously been identified, given that the driving force for hypothesis-driven
research was absent and data availability was lacking.

The recent characterization of the WNK kinases as chloride-sensing kinases provides a
possible mechanism by which hypochloraemia could directly participate in the
pathophysiology of heart failure. Since their initial description, WNK Kkinases, and in
particular WNK1 and WNK4, have emerged as key regulators of blood pressure and
electrolyte homeostasis.26-29 Mutations in WNK1 and WNK4 have been demonstrated to
cause hypertension, hyperchloraemic metabolic acidosis, and hyperkalaemia through
increased renal sodium chloride reabsorption.27:30:31 |n recent years, it has become clear that
one of the key functions of WNKs is related to sensing and regulating chloride.18:32.33
Multiple studies have now shown that the WNK kinase network is critically involved in the
activation and regulation of the renin—angiotensin—aldosterone system and the associated
downstream sodium transport pathways.34-37 Notably, WNK3 was found to regulate the
activation of the sodium—potassium-2-chloride co-transporter (NKCC2), the target of loop
diuretics, in response to changes in intracellular chloride.33 Additionally, the WNK4-
mediated regulation of the Na—Cl co-transporter (NCC), the target of thiazide diuretics, is
also a chloride-dependent process.32 Of note, in the current analysis, serum chloride had a
much stronger association than serum sodium with loop diuretic dose. In addition to the
WNK system, several chloride channels with important regulatory functions have recently
been identified or further characterized.12:38 For example, Cappola and colleagues employed
a large-scale candidate gene approach to identify genetic variants associated with risk of
advanced heart failure. Of the two candidate genes identified through this investigation, one
of them appears to code for a renal chloride channel 3940 Given the importance of chloride
in renal signalling related to neurohormonal activation, sodium homeostasis, and regulation
of the site of action of commonly used diuretics, it is biologically plausible that states of
chloride depletion could directly contribute to the genesis of adverse events.
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In light of this critical role of chloride in regulating physiology central to heart failure, and
the strong association between low serum chloride and mortality, a viable hypothesis would
be that strategies targeted specifically at normalizing chloride levels could potentially
improve outcomes. In the current analysis, the non-electrolyte parameter most strongly
associated with chloride levels was the loop diuretic dose, and it is plausible that diuretic use
was the driver for much of the chloride depletion in this cohort. Notably, loop diuretics are
known to increase chloride excretion by as much as 20-fold, with a 10-20% excess of
chloride loss in relation to the amount of sodium and potassium excreted.#! The finding that
hypochloraemia was associated with the greatest risk in patients with higher levels of serum
bicarbonate and in those receiving high doses of loop diuretics supports the hypothesis that
total body chloride depletion via diuretics may be more important than dilutional
hypochloraemia. Although extensive research in the area of tubular chloride handling in
response to non-loop diuretics has not been conducted, it has been reported that co-
administration of acetazolamide with loop diuretics can reduce chloride losses by ~5%.42
Furthermore, a theoretical improvement in the urinary loss of chloride could be
accomplished with adjuvant thiazide diuretics which do not directly cause excess chloride
loss.#3 Additionally, the use of vasopressin receptor antagonists would be expected to
improve sodium and chloride in a 1:1 molar ratio in the setting of dilutional states.*3
However, the effectiveness of these approaches in improving serum chloride, and more
importantly hypochloraemia-associated outcomes, remains unknown.

Supplementation of additional chloride may be an alternative approach to normalizing
chloride stores and possibly improving outcomes. Some possible support for this hypothesis
is provided by the counterintuitive findings that administration of additional sodium
chloride, either by diet or intravenously, paradoxically leads to either no change or an actual
improvement in diuresis, renal function, rehospitalization, and death in several small
studies.**~46 Given that the primary goal in the majority of decompensated heart failure
hospitalizations is removal of sodium and fluid from the patient, the direct effect of
additional sodium administration is intuitively counterproductive. As a result, administration
of sodium chloride must be providing benefit via some alternative mechanism to offset the
negative stoichiometric effect of additional sodium.# In light of the findings from the
current analysis and the key role of chloride in regulating renal sodium homeostasis and
neuro-hormonal activation, it is plausible to hypothesize that the beneficial effects of sodium
chloride administration are derived from the supplemental chloride. Given that
administration of sodium chloride-based intravenous fluids outside of the confines of a
randomized clinical trial has been linked with adverse outcomes, investigation of the effects
of administration of sodium-free chloride salts (e.g. choline chloride or lysine chloride) is
warranted.4’

Due to the post-hoc nature of this study, the limitations of retrospective analyses apply and
uncontrolled confounding cannot be excluded. The BEST trial completed enrolment in 1998.
Although the majority of participants were on ACE inhibitors, other medical therapy was
inconsistent with contemporary standards. As a result, it is unclear how the current findings
will apply to more contemporary populations. Although inclusion of patients with a serum
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creatinine up to 3.0 mg/dL was permitted in the trial, the median creatinine value was 1.2
mg/dL, with ~80% of patients having a creatinine <1.5 mg/dL. As a result, these findings
probably do not apply to a population with more advanced renal insufficiency. The BEST
trial required an LVEF <35% and an NYHA class of Il or IV for enrolment and thus these
results may not be applicable to populations with less severe heart failure symptoms or
higher EFs. Although the BEST trial collected the dose of loop diuretic, no additional
information was available quantifying diuretic responsiveness. As a result, likely important
interactions between the genesis of hypochloraemia and diuretic response are not testable
with this data set. Furthermore, similar to many clinical trial populations, the average age in
BEST was younger than observed in routine clinical care. Additionally, data on BNP were
not available in the BEST cohort, preventing adjustment for this prognostically important
parameter. However, previously published work in two cohorts has found that the prognostic
effect of serum chloride persists after adjustment for BNP and NT-proBNP.24 Finally,
treating physicians were not blinded to the serum chloride or sodium concentrations and
may have modified treatment differentially based on these values. As a result of the above
limitations, replication of these findings in additional settings will be important.

Conclusion

Serum chloride is strongly and independently associated with worsened survival in patients
with chronic heart failure and accounted for the majority of the risk otherwise attributable to
hyponatraemia. Given the critical role of chloride in a number of regulatory pathways central
to heart failure, it is possible that serum chloride may represent a therapeutic target rather
than simply a marker of disease severity. Additional research is needed to validate these
findings and to explore whether therapeutic manipulation of chloride can improve outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
Box plot of baseline loop diuretic dose based on groups defined by the presence or absence

of hyponatraemia or hypochloraemia. Boxes represent the 25th to 75th percentile, the line
represents the median, and whiskers the 10th and 90th percentile. £ <0.001 for all
comparisons apart from the comparison between patients with isolated hypochloraemia and
those with hypochloraemia and hyponatraemia (rightward two boxes) where £=0.72.
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Figure 3.
Survival plots of the groups defined by hypochloraemia and hyponatraemia at baseline (A),

3 months (B), and 12 months (C). Low Na: hyponatraemia defined as a serum sodium <135
mmol/L. Low CI: hypochloraemia defined as serum chloride <96 mmol/L. £ <0.001 for
overall differences between groups. £<0.017 for the difference between isolated
hypochloraemia and isolated hyponatraemia at all time points.
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Figure 4.
Relationship between serum chloride (A) and serum sodium (B) and mortality risk. Risk was

calculated relative to the cohort mean value (101.3 mmol/L for serum chloride and 138.9
mmol/L for serum sodium.) The blue reference line indicates a relative risk of 1. Cl,
confidence interval.
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Correlation of serum chloride and sodium with parameters of renal function

Sodium Chloride

r P-value r P-value
Sodium - - 053 goo1*
Chloride 0.53 001" - -
Bicarhonate 005 2% =035 001"
eGFR 0.01 067 008  oo1*
BUN -013  oo1* 019 oo1*
Creatinine -0.01 0.755 -0.06 ggoa*
BUN/creatinineratio  -0.18 o1* -021 go1”

Table 2

BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate.

*
Significant P-value.
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Risk of death associated with serum chloride and sodium levels across tertiles of serum bicarbonate

Table 4

Serum chloride

Serum sodium

Serum bicarbonate tertile  HR (95% Cl) P-value  HR (95% CI) P-value
<26 mEg/L 1.06 (0.93-1.21)  0.386 1.07 (0.95-1.21)  0.271
26-28 mEg/L 1.21(1.06-1.38) (gge*  1.10(0.98-1.24) 0.119
229 mEg/L 152 (1.37-1.70) 9go1* 1.21(1.08-1.35) (qo1*

Cl, confidence interval; HR, hazard ratio.

The HR is expressed per standard deviation decrease.

P <0.0001 for chloride by tertiles of bicarbonate interaction and 2= 0.14 for sodium by tertiles of bicarbonate interaction.

*
Significant P-value.
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