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Abstract

Background—Little is known about the effects of hypokalemia on outcomes in patients with
chronic heart failure (HF) and chronic kidney disease (CKD).

Methods and Results—Of the 7788 chronic HF patients in the Digitalis Investigation Group
trial, 2793 had CKD, defined as estimated glomerular filtration rate (eGFR) <60 ml/min/1.73 m2,
Of these, 527 had hypokalemia (serum potassium <4 mEg/L) and 2266 had normokalemia (4—4.9
mEg/L). Propensity scores for hypokalemia were used to assemble a balanced cohort of 522 pairs
of patients with hypokalemia and normokalemia. All-cause mortality occurred in 48% and 36% of
patients with hypokalemia and normokalemia respectively during 57 months of follow-up
(matched hazard ratio {HR} when hypokalemia was compared with normokalemia, 1.56, 95%
confidence interval {Cl}, 1.25-1.95; P<0.0001). Matched HR’s (95% CI’s) for cardiovascular and
HF mortalities, and all-cause, cardiovascular and HF hospitalizations were 1.65 (1.29-2.11;
P<0.0001), 1.82 (1.28-2.57; P<0.0001), 1.16 (1.00-1.35; P=0.036), 1.27 (1.08-1.50; P=0.004) and
1.29 (1.05-1.58; P=0.014) respectively. Among 453 pairs of balanced patients with HF and CKD,
all-cause mortality occurred in 47% and 38% of patients with mild hypokalemia (3.5-3.9 mEg/L)
and normokalemia respectively (matched HR, 1.31, 95% CI, 1.03-1.66; P=0.027). Among 169
pairs of balanced patients with eGFR <45 ml/min/1.73 m?, all-cause mortality occurred in 57%
and 47% of patients with hypokalemia (<4 mEg/L) and normokalemia respectively (matched HR,
1.53, 95% Cl, 1.07-2.19; P=0.020).

Conclusions—In patients with HF and CKD, hypokalemia is common and associated with
increased mortality and hospitalization.
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Hypokalemia is common in heart failure (HF) and is associated with poor outcomes.!: 2
Chronic kidney disease (CKD) is also common in HF and is also associated with poor
outcomes.3 However, little is known about the prevalence and effect of hypokalemia in
chronic HF patients with CKD. While hyperkalemia is considered to be a more common
potassium-related problem in CKD,* hypokalemia may be potentially under-recognized in
these patients. Therefore, the purpose of this study was to examine the effect of hypokalemia
on outcomes in propensity-matched cohorts of chronic HF patients with CKD.

Source of Data

The Digoxin Investigation Group (DIG) trial was a randomized clinical trial of digoxin in
HF conducted in 302 centers in the United States and Canada between 1991 and 1993.5 We
obtained a public-use copy of the DIG data from the National Heart Lung and Blood
Institute. The DIG data was particularly suitable for the current analysis as it included a
large sample of chronic HF patients with CKD and did not include any intervention that may
have affected potassium homeostasis.

Study Patients

Of the 7788 ambulatory chronic systolic and diastolic HF patients in normal sinus rhythm
enrolled in the DIG trial, 6800 had a left ventricular ejection fraction <45%. Over 90% of
DIG participants were receiving angiotensin-converting enzyme (ACE) inhibitors and nearly
80% were receiving non-potassium-sparing diuretics. At the time of the DIG trial, beta-
blockers were not approved for use in HF. Patients with a serum creatinine >2.5mg/dL were
excluded. Of the 7788 patients, 6857 (88%) had data on baseline serum potassium. After
excluding 579 patients with potassium =5 mEqg/L, a cohort of 6278 patients were available
for these analyses.5

Chronic Kidney Disease

Of the 6278 patients, 2793 (44%) had CKD, defined as an estimated glomerular filtration
rate (eGFR) <60 ml/min/1.73 m2 body surface area.*: 7 To determine if the effect of
hypokalemia in HF patients with CKD can be replicated in those with more advanced CKD,
we assembled a separate cohort of 961 HF patients with more advanced CKD (Stage >3B,
defined as eGFR <45 ml/min/1.73 m?).8

Hypokalemia

Although hypokalemia has traditionally been defined as serum potassium <3.5 mEg/L, in
patients with HF, potassium levels <4 mEg/L are considered low and levels between 4 and 5
mEgq/L are considered optimal.l: 6: 9 In HF patients, potassium levels of <4 and >5 mEq/L
have been shown to be associated with poor outcomes when compared with 4-5 mEqg/L.1: 6
Therefore, we defined hypokalemia as potassium <4 mEg/L and normokalemia as 4-4.9
mEg/L. Of the 2793 patients with HF and CKD (eGFR <60 ml/min/1.73 m2), 527 (19%) had
hypokalemia.

Because hypokalemia was mild (3.5-3.9 mEg/L) in 87% of the 527 patients with
hypokalemia, we separately examined the effect of mild hypokalemia and more severe
hypokalemia (both versus normokalemia). Finally, to determine the effect of hypokalemia in
HF patients with more advanced CKD (eGFR <45 ml/min/1.73 m2), we assembled a cohort
of 961 HF patients with CKD Stage >3B (eGFR <45 ml/min/1.73 m2). Of these, 178 (19%)
had hypokalemia and only 26 (3%) patients had more severe hypokalemia (potassium <3.5
mEq/L).
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Study Outcomes

The primary outcome of our study was all-cause mortality. Secondary outcomes were
cardiovascular and HF mortality, and all-cause, cardiovascular and HF hospitalizations.
Vital status data were complete for 99% of patients during 57 months of follow-up.1°

Assembly of Balanced Study Cohorts

Because of the imbalances in baseline patient characteristics between patients with
normokalemia and hypokalemia (Table 1 and Figure 1), we used propensity score matching
to assemble a cohort in which these two groups would be balanced on all measured baseline
characteristics. 11716 We began by estimating propensity scores for hypokalemia for each
patient using a non-parsimonious multivariable logistic regression model.2: 16=22 A patient’s
propensity for hypokalemia is his/her probability of having hypokalemia given his/her
measured baseline characteristics. In the model, hypokalemia was the dependent variable
and 32 measured baseline patient characteristics (Figure 1) and two significant clinically
important interaction terms (Creatinine by diuretic use and creatinine by angiotensin-
converting enzyme inhibitor use) were included as covariates.

The efficacy of the propensity score model was assessed by estimating absolute standardized
differences for each covariate between the groups.13: 16: 23 Standardized differences directly
quantify biases in the means (or proportions) of covariates across the groups, and are
expressed as percentages of the pooled standard deviations,11: 13: 24, 25 which are presented
as a Love plot.16=22 An absolute standardized difference of 0% on a covariate indicates no
residual bias for that covariate and values <10% suggests inconsequential residual bias.16-22
Using a 1 to 1 greedy matching protocol, described elsewhere in detail, we matched 522
(99% of 527) patients with hypokalemia with 522 patients with normokalemia, who had
similar propensity scores,16-22

We repeated the above process to assemble three additional cohorts of patients as follows:
(1) Using 2724 HF and CKD (GFR <60 ml/min/1.73 m2) patients with normokalemia
(n=2266) and mild hypokalemia (potassium 3.5-3.9 mEq/L; n=458), we assembled a
matched cohort of 453 pairs of patients; (2) Using 2335 HF and CKD (GFR <60 ml/min/
1.73 m?) patients with normokalemia (n=2266) and more severe hypokalemia (potassium
<3.5 mEg/L; n=69), we assembled a matched cohort of 65 pairs of patients; and (3) Using
961 patients with HF and CKD Stage >3B (GFR <45 ml/min/1.73 m2) with normokalemia
(n=783) and hypokalemia (potassium <4 mEg/L; n=178), we assembled a matched cohort of
169 pairs of patients.

Statistical Analysis

For descriptive analyses, we used Pearson Chi square and Wilcoxon rank-sum tests for the
pre-match data, and McNemar’s test and paired sample t-test for post-match comparisons, as
appropriate. Kaplan-Meier plots and matched Cox regression analysis were used to estimate
associations of hypokalemia with various outcomes. Matched Cox regression models are
essentially stratified Cox regression models, in which the matching variable is the unit for
stratification. We confirmed the assumption of proportional hazards by a visual examination
of the log (minus log) curves. We conducted a formal sensitivity analysis to quantify the
degree of a hidden bias that would need to be present to invalidate conclusions based on
significant associations between hypokalemia and outcomes among matched patients.2” To
determine the homogeneity of the associations of hypokalemia with all-cause mortality
among patients with HF and CKD, we examined the association in various subgroups of
matched patients. We then formally tested for first-order interactions using Cox proportional
hazards models, entering interaction terms for the subgroup (e.g. sex by hypokalemia for the
sex subgroup). All statistical tests were evaluated using two-tailed 95% confidence levels
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and a p-value <0.05 considered significant. Data analyses were performed using SPSS for
Windows version 15,26

RESULTS

Patient Characteristics

The mean (£SD) age of the 1044 matched patients was 68 (x10) years, 404 (39%) were
women and 105 (10%) were non-whites. Before matching, patients with mild hypokalemia
were more likely to be women, have a history of hypertension and cardiomegaly, and
receive diuretics and potassium supplements. These and other pre-match imbalances were
balanced after matching (Table 1 and Figure 1). Post-match absolute standardized
differences for all observed covariates were below 10% suggesting substantial improvement
in covariate balance between the groups (Figure 1).3: 16: 25 pre- and post-match absolute
standardized differences for propensity scores were 48.3% and 0.04% respectively.

Hypokalemia and Mortality in Patients with HF and CKD

All-cause mortality occurred in 48% and 36% of patients with hypokalemia and
normokalemia respectively (matched hazard ratio {HR} when hypokalemia was compared
with normokalemia, 1.56, 95% confidence interval {Cl}, 1.25-1.95; P<0.0001; Table 2 and
Figure 2). Associations of hypokalemia with cardiovascular and HF mortalities among
matched patients are displayed in Table 2.

Hypokalemia and Hospitalization in Patients with HF and CKD

Cardiovascular hospitalization occurred in 59% and 53% of patients with hypokalemia and
normokalemia respectively (matched HR, 1.27, 95% CI, 1.08-1.50; P=0.004; Table 2).
Associations of hypokalemia with all-cause and HF hospitalizations among matched patients
are displayed in Table 2.

Mild Hypokalemia and Outcomes in Patients with HF and CKD
All-cause mortality occurred in 47% and 38% of patients with mild hypokalemia and

normokalemia respectively (matched HR, 1.31, 95% CI, 1.03-1.66; P=0.027; Table 3).
Associations of mild hypokalemia with other outcomes are displayed in Table 3.

More Severe Hypokalemia and Outcomes in Patients with HF and CKD

All-cause mortality occurred in 55% and 38% of patients with more severe hypokalemia and
normokalemia respectively (matched HR, 2.07, 95% CI, 1.12-3.83; P=0.021; Table 4).
Associations of more severe hypokalemia with other outcomes in patients with HF and CKD
are displayed in Table 4. Among the 527 patients with hypokalemia, all-cause mortality
occurred in 55% and 47% of those with more severe and mild hypokalemia respectively
(propensity-score adjusted HR for more severe hypokalemia, 1.36; 95% ClI, 0.94-1.95;
P=0.102).

Hypokalemia and Outcomes in Patients with HF and More Advanced CKD

All-cause mortality occurred in 57% and 47% of patients with hypokalemia and
normokalemia respectively (matched HR, 1.53, 95% CI, 1.07-2.19; P=0.020; Table 5).
Associations of hypokalemia with other outcomes in these patients are displayed in Table 5.

Findings from Sensitivity Analyses

For all-cause mortality, in the absence of a hidden bias, a sign-score test for matched data
with censoring provided strong evidence (P <0.0001) that patients with normokalemia
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clearly outlived those with hypokalemia. A hidden covariate that is a near-perfect predictor
of total mortality would need to increase the odds of hypokalemia by 25.2% to explain away
this association. Hypokalemia was also associated with reduction in cardiovascular mortality
(sign-score test P <0.0001), all-cause hospitalization (sign-score test P =0.004) and
cardiovascular hospitalization (sign-score test P=0.003), and a hidden covariate would need
to increase the odds of hypokalemia by 28.9%, 8.9% and 11.1% respectively to explain
away these associations.

Findings from Subgroups Analyses

The effect of hypokalemia on all-cause mortality was significant only in patients with IHD
but not in those without (p for interaction, 0.009; Figure 3). The effect of hypokalemia on
cardiovascular hospitalization was significant only among matched patients with IHD (HR,
1.35, 95% Cl, 1.11-1.64; P=0.003), but not in those without (HR, 1.13, 95% ClI, 0.84-1.51;
P=0.420; p for interaction, 0.321; data not shown). HR’s (95% CIs) for HF hospitalization
for matched patients with and without IHD were 1.46, 95% Cl, 1.14-1.87; P=0.003) and
1.00 (95% Cl, 0.70-1.42; P=0.978; p for interaction, 0.073; data not shown).

DISCUSSION

The findings of the current study suggest that in ambulatory patients with chronic HF and
CKOD receiving ACE inhibitors and non-potassium-sparing diuretics, hypokalemia (<4 mEq/
L) was common and was associated with increased mortality and hospitalizations. Further,
we demonstrate that hypokalemia was mild (3.5-3.9 mEg/L) in most patients, and that even
mild hypokalemia was associated with poor outcomes. Additionally, hypokalemia also
increased risk of death in those with more advanced CKD (eGFR <45 ml/min/1.73 m2). To
the best of our knowledge this is the first report of an association between hypokalemia and
poor outcomes in propensity-matched cohorts of HF patients with CKD. The findings are
important as both CKD and hypokalemia are highly prevalent in HF. While the presence of
CKD increases the risk of hyperkalemia and associated complications, these findings
demonstrate that underestimating the presence and the risk of hypokalemia in HF patients
with CKD is also a concern.

There are several potential explanations for the associations between hypokalemia and poor
outcomes in patients with chronic HF and CKD: confounding by imbalances in measured
baseline characteristics, confounding by unmeasured baseline characteristics, and/or an
intrinsic effect of low serum potassium. Bivariate associations between hypokalemia and
poor outcomes may potentially be explained by residual bias. However, all measured
baseline characteristics were well-balanced among our propensity-matched patients with
normokalemia and hypokalemia. Therefore, hypokalemia-associated poor outcomes
observed in our study may not be explained by imbalances in any of the measured baseline
characteristics.

Confounding by an unmeasured baseline characteristic may also potentially explain the poor
outcomes associated with hypokalemia. For example, we had no data on diuretic doses,
which may be a potential confounder, as sicker HF patients were more likely to receive
larger doses of diuretics and develop more severe hypokalemia. Diuretic use is associated
with poor outcomes, which has been shown to be dose dependent.16: 28 29 Although the
prevalence of diuretic use was similar, it is possible that those with hypokalemia were using
higher doses of diuretics. However, this is unlikely to explain away the observed
associations as the findings from our sensitivity analysis suggest that these associations were
robust and rather insensitive to the potential confounding effect of an unmeasured covariate.
Further, the potential effect of an unmeasured confounder can also be indirectly assessed by
examining balance on variables that might be strongly correlated with that unmeasured
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confounder.23 For example, NYHA class and symptoms and signs of fluid volume overload
would be strongly correlated with the diuretic doses. However, in our study, these markers
of higher diuretic doses were balanced after matching, suggesting that any confounding
effect by diuretic dose would likely be minimal. Finally, the observation that the
associations between hypokalemia and poor outcomes were observed at various degrees of
hypokalemia and at various stages of CKD also highlights the robustness of those
associations.

The notion that the associations between hypokalemia and poor outcomes may be intrinsic
in nature is biologically plausible. Hypokalemia is known to enhance membrane excitability,
increase cardiac automaticity, delay ventricular repolarization and predispose patients to
reentrant arrhythmias.3%~33 Hypokalemia-associated deaths have often been attributed to
cardiac arrhythmias and sudden cardiac death. We have previously demonstrated that in HF
patients with and without CKD, hypokalemia was associated with increased risk of death
without an increase in hospitalization suggesting sudden death may have precluded
hospitalization in those patients.1: 2 However, in the current analysis, we observed that
hypokalemia was associated with both increased death and hospitalization, suggesting that
the effect of hypokalemia in HF patients with CKD may be both sudden and non-sudden in
nature. The progressive deleterious effects of hypokalemia in HF patients with CKD may
also be mediated by aldosterone, which has been shown to cause myocardial fibrosis,
diastolic dysfunction and disease progression in HF.33736 Although the effect of
hypokalemia in the setting of acute myocardial infarction is well known,37=39 little is known
about the effect of hypokalemia in patients with chronic IHD. Although the prevalence of
hypokalemia was lower in patients with IHD (Table 1, pre-match), the effects of
hypokalemia were worse in those with IHD (Figure 3), suggesting that infarcted/ischemic
myocardium may provide a more suitable substrate for the adverse effects of hypokalemia.

An interesting observation of our study is that the prevalence of hypokalemia in patients
with HF and CKD was high (19%) and similar to that in HF patients in general.l» 2 Among
the 3739 patients without CKD and with valid serum potassium (excluded from the current
analysis), only 18% had potassium <4 mEg/L (data not shown). This is important as
hyperkalemia is often considered a more common problem of potassium homeostasis in
patients with CKD. However, findings from our study suggest that hypokalemia is common
in patients with HF and CKD receiving ACE inhibitors and that even a mild reduction in
serum potassium level (3.5-3.9 mEg/L) was associated with poor outcomes. These findings
are important because patients with HF and CKD often require larger doses of diuretics
increasing their risk of hypokalemia. Yet, hypokalemia in these patients is less likely to be
treated for fear of causing hyperkalemia. Therefore, taken together with our prior reports and
expert opinions, it may be suggested that serum potassium should be routinely monitored in
HF patients with CKD and carefully maintained between 4 and 5 mEg/L.1» 2: 6, 9, 40

There are a few limitations of our study. The MDRD formula may underestimate GFR in
patients with GFR >60 ml/min/1.73 m2.41 However, all patients in our analysis had eGFR
<60 ml/min/1.73 m2. Further, we were able to replicate our key findings in more advanced
CKD patients. As previously mentioned, diuretic dose was not available. B-type natriuretic
peptide (BNP) levels were also not available and could have provided further data on HF
severity. Findings of our study are based on predominantly white men in normal sinus
rhythm. Data on beta-blocker use was not collected in the DIG trial as these drugs were not
approved for use in HF at that time. The transfer of potassium from plasma into cells is
facilitated by stimulation of beta-2 receptors.#2—44 Therefore, the prevalence of hypokalemia
may be somewhat lower in patients receiving carvedilol and metoprolol extended-release,
the two most commonly used beta-blockers in HF.4> However, the effect of hypokalemia on
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outcomes is unlikely to be substantially different from that observed in our study. Future
studies may examine the effect of hypokalemia in contemporary HF patients with CKD.

In conclusion, in ambulatory patients with chronic HF and CKD, hypokalemia (<4 mEg/L)
is common and associated with increased mortality and hospitalization. Further,
hypokalemia in these patients is mostly mild (3.5-3.9 mEg/L) but even the mild
hypokalemia is associated with poor outcomes. Serum potassium should be routinely
monitored in HF patients with CKD, and should be carefully maintained between 4 and 5
mEq/L.
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Figure 1.

Love plot displaying pre- and post-match absolute standardized differences for baseline
covariates between patients with normokalemia (4-4.9 mEg/L) and hypokalemia (<4 mEg/
L)
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Figure 2.
Kaplan-Meier plots for all-cause mortality by serum potassium levels
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Figure 3.

Association of hypokalemia (serum potassium <4 mEg/L) with all-cause mortality in
subgroups of patients with chronic heart failure with chronic kidney disease
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