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Abstract

Background—Potassium homeostasis is essential for normal myocardial function, and low serum
potassium may cause fatal arrhythmias. However, the association of low potassium and long-term
mortality and morbidity in heart failure (HF) is largely unknown.

Methods and results—We studied 6845 HF patients in the Digitalis Investigation Group trial
with serum potassium levels <5.5 mEq/L. Of these, 1189 had low potassium (<4 mEq/L). Propensity
scores for low potassium were calculated for each patient and were used to match 1187 low-potassium
patients with 1187 normal-potassium (4-5.5 mEq/L) patients. Effects of low potassium on outcomes
were assessed using matched Cox regression analyses. All-cause mortality occurred in 379 (rate,
1103/10000 person-years) normal-potassium and 441 (rate, 1330/10000 person-years) low-
potassium patients, respectively during 3437 and 3315 years of follow-up [hazard ratio (HR), 1.25;
95% confidence interval (CI), 1.07-1.46; P=0.006]. Cardiovascular mortality occurred in 297
(864/10000 person-years) normal-potassium and 356 (1074/10000 person-years) low-potassium
patients (HR, 1.27, 95% CI, 1.06-1.51, P=0.009). Cardiovascular hospitalization occurred in 284
(rate, 2361/10000 person-years) normal-potassium and 301 (rate, 2704/10000 person-years) low-
potassium patients (HR, 1.13; 95% CI, 0.99-1.29; P=0.082).

Conclusions—In a cohort of ambulatory chronic systolic and diastolic HF patients who were
balanced in all measured baseline covariates, serum potassium <4 mEq/L was associated with
increased mortality, with a trend toward increased hospitalization.
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Potassium is an important determinant of myocardial function and low serum potassium may
cause arrhythmias and sudden death.!= Diuretics are commonly used in HF and hypokalemia
is an important complication of diuretic therapy.3- © Diuretic-associated increased mortality
and morbidity may in part be attributed to low potassium.’ The effects of low potassium on
cardiovascular morbidity and mortality are well known from studies in human hypertension
and in animal models.!» 2 8~11 However, the effects of low serum potassium on long-term
outcomes in HF have not been well studied. The objective of this study was to determine the
long-term effects of low serum potassium on mortality and hospitalization in a cohort of
propensity score matched chronic systolic and diastolic HF patients.

Patients and methods

Study design

We conducted a non-randomized propensity-matched study of the DIG trial, which was a
randomized clinical trial of digoxin in HF conducted in 302 centers (186 in the United States
and 116 in Canada) over 32 months during 1991-1993.12- 13 Detailed descriptions of the

rationale, design, implementation, and results of the DIG trial have been reported elsewhere.
12, 13

Study patients

All of the 7788 DIG participants were ambulatory chronic systolic and diastolic HF patients
in normal sinus rhythm. Of these, 6800 had left ventricular ejection fraction <=45%. Most DIG
participants were receiving angiotensin-converting enzyme (ACE) inhibitors and diuretics.
Beta-blockers were not approved for HF during the DIG trial and data on beta-blocker use were
not collected. We restricted our analysis to a subset of 6857 patients with valid baseline data
on serum potassium levels. Of these 6857 patients, 12 patients had serum potassium >5.5 mEq/
L and were excluded. We restricted our main analysis to a subset of 1187 pairs of patients with
normal and low serum potassium, who were matched by their propensities for low serum
potassium.

Low serum potassium

Serum potassium values between 3.5 and 4 mEq/L have been used to define low serum
potassium or hypokalemia.!!- 14 However, values of serum potassium for hypokalemia in HF
have not been clearly defined. Based primarily on effect of aldosterone antagonists in elevating
serum potassium and in reducing mortality in HF,!3> 16 Macdonald et al. suggested that a cutoff
of serum potassium level 4 mEq/L should be used to define hypokalemia in HF and serum
potassium should preferably be maintained at or above 4.5 mEq/L.! Therefore, for the purpose
of this analysis, we defined hypokalemia as serum potassium <4 mEq/L. Of the 6845 patients
in our analysis, 1189 (17.4%) had serum potassium <4 mEq/L.

Study outcomes

The primary outcomes were all-cause mortality and all-cause hospitalization. We also studied
mortality and hospitalizations due to cardiovascular causes and HF. All study outcomes were
ascertained by blinded study investigators. DIG participants were followed for a median of 38
months and vital status data were complete for 99% of the patients.!”

Propensity score methods

The propensity score is the conditional probability of receiving an exposure (e.g. having low
potassium) given a set of measured covariates.!3~2! Propensity score matching makes it

possible to design observational studies like randomized clinical trials in several key ways.2!
First, it allows investigators to assemble retrospectively a study cohort, in which patients are
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well balanced on all measured covariates. Second, it allows investigators to measure
objectively the achieved balance (i.e. bias reduction) in the study cohort. Finally, and perhaps
most importantly, it makes it possible do all these without knowledge of or access to outcomes
data, as investigators of a randomized clinical trial would not know the outcomes of the trial
during its design.2! Although, propensity score matching is often used to balance two treatment

groups,’> 22726 the method can also be used to balance patients across non-treatment exposures.
27-30

Calculation of propensity scores

We estimated propensity scores for low serum potassium for each of the 6845 patients using
a non-parsimonious multivariable logistic regression model. In the model, low serum
potassium was used as the dependent variable, and all measured baseline patient characteristics
shown in Table 1, except for glomerular filtration rate, chronic kidney disease, and ejection
fraction >45% (which are derived values), were included as covariates. We also tested the
following clinically plausible interaction terms: age and serum creatinine, age and potassium
supplement use, serum creatinine and ACE inhibitor use, serum creatinine and diuretic (non-
potassium-sparing) use, ACE inhibitors and potassium supplement use, and potassium-sparing
diuretics and potassium supplement use. None of these interactions were significant and were
dropped from the final model.3! The model was well-calibrated (Hosmer-Lemeshow test: p =
0.141) with reasonable discrimination (c statistic = 0.62).3!

Assembly of study cohort: propensity score matching

We used an SPSS macro to match each low-potassium patient with a normal-potassium patient
who had similar propensity scores to five, four, three, two and one decimal places in five
repeated steps. In the first step, we multiplied the raw propensity scores (e.g. 0.57520576) by
100,000 (e.g. 57520.58), then rounded it to the nearest value divisible by 0.25 (e.g. 57520.50).
We then matched low-potassium patients with normal-potassium patients who had similar
propensity scores by this standard. The pairs of matched patients were removed from the file.
In the second step, we multiplied the raw propensity scores by 10,000, rather than 100,000,
and repeated the above process. This was repeated three more times, each time, multiplying
by 1,000, 100 and finally 10. In all, we matched 1187 of the 1189 low-potassium patients with
1187 patients who had normal serum potassium, but had similar propensity for low potassium.
32 This near 100% match is noteworthy given the modest discrimination of our propensity
score model.3!» 33

Assessment of bias reduction and balance

Balances in the distribution of baseline covariates between patients with normal and low
potassium were assessed by estimating absolute standardized differences of covariates between
the two groups, before and after matching.”> 26> 27> 29, 30 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. Bias reduction was assessed by comparing
the absolute standardized differences of covariates before and after matching. An absolute
standardized difference of 0% on a covariate indicates no residual bias for that covariate, and
an absolute standardized difference below 10% suggest inconsequential residual bias.20

Statistical analysis

We used Kaplan-Meier plots and matched Cox regression analysis to estimate associations of
low potassium with various outcomes. We confirmed the assumption of proportional hazards
by a visual examination of the log (minus log) curves. We then repeated our analyses using

serum potassium as a continuous variable. To determine whether the loss of sample size in the
matching process affected our results, we estimated the effect of low potassium on outcomes
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in the full pre-match cohort of 6845 patients using three different approaches: (1) unadjusted,
(2) adjusted for raw propensity scores, and (3) adjusted for all covariates used in the propensity
score model.

Sensitivity analyses

Even though our matched cohort achieved excellent balance in all measured covariates between
the two groups, we do not know if there was bias due to imbalances in unmeasured covariates.
Therefore, we conducted a formal sensitivity analysis to quantify the degree of a hidden bias
that would need to be present to invalidate our main conclusions.3*

Subgroup analyses

Results

We conducted subgroup analyses to determine the homogeneity of the associations of low
potassium with all-cause mortality. We first calculated absolute risk differences, and then
estimated the effect of low potassium on mortality in each subgroup using Cox regression
model, in each case adjusting for propensity score for low potassium. Finally, we formally
tested for first-order interactions using Cox proportional hazards models, entering interaction
terms and adjusting for propensity scores, separately for each subgroup. All statistical tests
were evaluated using two-tailed 95% confidence levels, and data analyses were performed
using SPSS for Windows version 14.3

Patient characteristics

Association

The mean (£SD) age of the 2374 matched patients was 63 (x11) years, (median 65; range 21—
92),729 (31%) were women and 394 (17%) were non-whites. Before matching, low-potassium
patients were more likely to be women, non-whites, and have hypertension, elevated jugular
venous pressure and leg edema, cardiomegaly, and be receiving diuretics and potassium
supplements (Table 1). After matching, normal- and low-potassium patients were more similar
in regards to all measured baseline covariates (Table 1 and Figure 1). Our propensity score
matching reduced standardized differences for all observed covariates below 10% in absolute

value, demonstrating substantial improvement in covariate balance across the treatment groups
(Figure 1).

of low potassium with all-cause mortality

During a median follow up of 36.7 months, 820 (35%) patients in the matched cohort died
from all causes, including 653 (28%) due to cardiovascular causes and 311 (13%) due to
progressive HF. Kaplan-Meier survival curves for all-cause mortality are displayed in Figure
2a. All-cause mortality occurred in 379 (32%) of normal-potassium and 441 (37%) low-
potassium patients respectively during 3437 and 3315 years of follow up. Mortality rates for
normal- and low-potassium patients were respectively 1103 and 1330 per 10000 person-years
of follow up [hazard ratio {HR} 1.25;95% confidence interval { CI} 1.07—-1.46; P=0.006; Table
2]. When we used serum potassium as a continuous variable, each unit increase in serum
potassium was associated with 22% reduction in risk of total mortality (HR 0.78; 95% CI 0.66—
0.92; p =0.003).

In the full pre-match cohort of 6845 patients, 2260 (33%) patients died from all causes. All-
cause mortality occurred in 1818 (32%) of normal-potassium patients during 16391 years of
follow up (rate, 1109/10000 person-years), and 442 (37%) of low-potassium patients during
442 years of follow up (rate, 1332/10000 person-years; unadjusted HR 1.20; 95% CI 1.08-

1.33; p =0.001). When adjusted for all covariates (HR 1.21; 95% CI 1.09-1.35; p =0.001) or
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propensity scores (HR 1.19;95% CI 1.07-1.32; p=0.001), the association remained essentially
unchanged.

Results of sensitivity analyses

In the absence of hidden bias, a sign-score test for matched data with censoring provides modest
evidence that low potassium was associated with increased mortality. Our sensitivity analysis
suggests that an unmeasured binary covariate would need to increase the odds of low potassium
by more than 6.7% to explain away this association (z-statistic=2.77; two-tailed p = 0.0056),
suggesting that these results are sensitive to moderately strong hidden biases.

Low potassium and cause-specific mortalities

Kaplan-Meier survival curves for cardiovascular and HF mortalities are displayed in Figure
2b and 2c. Mortality due to cardiovascular causes occurred in 25% (rate, 858/10000 person-
years) of normal-potassium patients and 30% (rate, 1070/10000 person-years) low-potassium
patients (HR 1.19, 95% CI 1.00-1.41; P=0.056; Table 2). Mortality due to progressive HF
occurred in 11% (rate, 365 per 10000 person-years) of normal-potassium patients and 15%
(rate, 522 per 10000 person-years) low-potassium patients (HR 1.39, 95% CI 1.07-1.81;
P=0.013; Table 2). Associations of low potassium and other cause-specific mortalities are
displayed in Table 2.

Low potassium and hospitalizations

Hospitalizations due to all causes occurred in 1587 (67%) patients, including 1258 (53%)
hospitalizations due to cardiovascular causes and 763 (32%) due to worsening HF. All-cause
hospitalizations occurred in 67% each of normal- and low-potassium patients respectively
during 1957 and 1879 years of follow up. Rates for all-cause hospitalization per 10000 person-
years of follow up were 4047 and 4230 respectively for normal- and low-potassium patients
(HR 1.11, 95% confidence interval {CI} 0.98-1.25; P=0.107).

Hospitalizations due to cardiovascular causes occurred in 52% (rate, 2680 per 10000 person-
years) of normal-potassium patients and 54% (rate, 2848 per 10000 person-years) low-
potassium patients (HR 1.05, 95% CI 0.91-1.20; P=0.516). Hospitalizations due to worsening
HF occurred in 31% (rate, 365 per 10000 person-years) of normal-potassium patients and 33%
(rate, 522 per 10000 person-years) low-potassium patients (HR 1.12, 95% CI 0.95-1.32;
P=0.181).

Low potassium had no significant associations with hospitalizations due to supraventricular
arrhythmias (HR 1.09, 95% CI 0.73-1.63; P=0.680) or ventricular arrhythmias (HR 0.94, 95%
CI0.58-1.53; P=0.806). It also had no significant association with myocardial infarction (HR
1.20, 95% CI 0.83-1.74; P=0.345), unstable angina pectoris (HR 1.11, 95% CI 0.79-1.57;
P=0.541), or suspected digoxin toxicity (HR 0.58, 95% CI 0.23-1.48; P=0.257).

In the full pre-match cohort of 6482 patients, low potassium had no significant association with
all-cause hospitalizations (unadjusted HR 1.08; 95% CI 1.01-1.18; p =0.031), which remained
essentially unchanged after multivariable adjustment for all covariates (HR 1.07; 95% CI1 0.99—
1.16; p =0.087) or propensity scores (HR 1.06; 95%CI 0.98-1.14; p =0.155).

Subgroup analyses

The associations of low potassium and all-cause mortality were observed in a wide spectrum
of HF patients (Figure 3). There were no significant interactions between low potassium and
any of the subgroups, except for ischemic heart disease and chronic kidney disease (p for
interactions respectively 0.002 and 0.047). Of interest, the association of low potassium and
mortality was comparable, with 37% and 38% total mortality respectively among patients
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receiving and not receiving digoxin. The effects of low potassium on cardiovascular and HF
mortality were also similar in patients receiving and not receiving digoxin.

Discussion

The results of the current analysis demonstrate that in ambulatory chronic HF patients who
were well-balanced in all measured baseline covariates, compared to serum potassium levels
between 4 and 5.5, serum potassium levels, 4 mEq/L were associated with increased risk of
mortality due to all causes, cardiovascular causes, and progressive HF, with trends toward
increased hospital admissions due to all causes and cardiovascular causes. To the best of our
knowledge, this is the first report of long-term effect of baseline serum potassium on outcomes
in a propensity matched cohort of chronic HF. These findings are important as low serum
potassium is relatively common in HF, often precipitated by diuretics, also commonly used in
HF.

Possible mechanistic explanations

Low potassium may affect myocardial resting membrane potential, repolarization and relative
refractory times, and conduction velocity.? Data from animal models suggest that low
potassium, even when within the conventional range of serum potassium, may cause lethal
ventricular arrhythmias, impair myocardial responses to hypoxia, and may also impair
myocardial contractile and relaxation responses to epinephrine.”> 10-

Low potassium may also be a marker of use of diuretics, and more symptomatic HF by
indication. Use of non-potassium-sparing diuretics has been shown to increase mortality and
hospitalization in HF.3: 7> 37 There were no imbalances in any of the measured covariates,
including use of diuretics, between patients with normal and low potassium in the matched
cohort. Diuretic-associated hypokalemia has been shown to more severe in patients receiving
higher doses of diuretics.!! However, we had no data on diuretic dosage. We observed that
low potassium was associated with increased cardiovascular and HF mortality, but not with
hospitalization suggesting fatal arrhythmias as a possible mechanistic explanation of sudden
cardiac deaths associated with low potassium. However, we had no data on sudden cardiac
death.

Aldosterone, a mineralocorticoid and a potent neurohormone that is activated in HF,38
stimulates exchange of sodium and potassium in distal renal tubules, resulting in increased
excretion of potassium into the urine. Data from human hypertension suggest that non-
potassium-sparing diuretics are more likely to cause hypokalemia when serum aldosterone is
elevated.®: 3% 40 Thus, low potassium may be a marker of elevated aldosterone, which has bee
shown to cause myocardial fibrosis and progression of HF.38: 41 Suppression of aldosterone,
on the other hand, reduces mortality in HF.!- 16

Data from our subgroup analyses suggest that low serum potassium was significantly
associated with increased all-cause mortality among patients with ischemic heart disease, but
not among those without ischemic heart disease (Figure 3). Data from animal and human
studies suggest that hypokalemia is associated with increased risk of ventricular arrhythmias
in ischemic heart.*2~% We also observed low serum potassium associated increased all-cause
mortality was only observed among patients with chronic kidney disease but not among those
without chronic kidney disease (Figure 3). Diuretic use is a common cause of hypokalemia,
and HF patients with chronic kidney disease are more likely to use diuretics.*> Yet,
hyperkalemia, rather than hypokalemia, is more common in chronic kidney disease, and is a
reason for concern for adverse outcomes in these patients.* However, our data suggest that in
the context of HF and chronic kidney disease, low serum potassium may be associated with
increased adverse outcomes.
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Clinical implications

Low potassium, well tolerated in healthy adults, is believed to increase risks of morbidity and
mortality in patients with cardiovascular disease.** However, the effect of low potassium on
outcomes in HF is not well studied. Our findings suggest that maintaining serum potassium
>4 mEq/L may improve survival in chronic HF. Serum potassium of <3.5 mEq/L is clinically
considered low potassium. However, our findings suggest that serum potassium <4 mEq/L
may be associated with increased mortality. Data from hypertension studies indicate that use
of diuretics is an important cause of low potassium.®: 44 Diuretics are commonly used in HF
and may be associated with increased mortality and morbidity in HF.” Diuretics should be
avoided in New York Heart Association (NYHA) class I and II patients who are euvolemic
and are receiving appropriate neurohormonal blockade. For patients with NYHA class III-IV
patients with fluid overload, who must be treated with diuretics and spironolactone (or
eplerenone for post-myocardial infarction patients) may be used to antagonize the effects of
aldosterone and prevent hypokalemia, carefully avoiding hyperkalemia.!5 16 Alternately,
potassium supplement may also be used to avoid hypokalemia. Data from rat hypertension
models suggest that a high-potassium diet may be protective in part via the inhibition of cardiac
nicotinamide-adenine dinucleotide phosphate oxidase activities.*’ However, no such data are
available for human HF. Our findings also suggest that despite the known potential short-term
adverse effects of digoxin in patients with low potassium, no such interaction of digoxin and
low potassium on mortality were observed in our analysis.

Comparison with other published studies

The effects of low sodium on HF outcomes are well reported in the literature.*8> 4° The effects
of low potassium on outcomes in hypertension is also well reported.> 8 11 However, to the
best of our knowledge, this is the first report of the long-term effect of low potassium on
mortality and hospitalization in HF.

Strengths and limitations

Propensity score matching was an obvious strength of our study, which also provided the most
conservative estimates. However, like any non-randomized design, propensity matching may
not be able to balance unmeasured confounders. Even though a sensitivity analysis cannot
confirm the presence of such an unmeasured confounder, the results of our sensitivity analysis
suggests that our main conclusions may be sensitive to a hidden confounder.3* However, for
any unmeasured or hidden covariate to become a confounder, it must be strongly associated
with both low potassium and mortality, and not be strongly associated with any of the covariates
used in the propensity score model.

We were able to match all but 2 patients with low potassium, in contrast to typical ~60%
matching in other studies.26> 5 Our matching protocol also allowed near-exact matching by
the propensity score. The results of our study are based on predominantly white, male, and
relatively younger HF patients with normal sinus rhythm and not receiving beta-blockers, thus
limiting their generalizability. Other limitations of our study include lack of data on dose of
diuretics and sudden cardiac deaths. Finally, we had no data on serum magnesium, and thus
do not know to what extent the observed effect may be caused by low magnesium.

Conclusions

We observed associations between low potassium and increased mortality in a wide spectrum
of ambulatory patients with chronic mild to moderate systolic and diastolic HF. Low serum
potassium in HF may be caused by diuretic therapy or may be marker of increased
neurohormonal activity and disease progression. Diuretics should be avoided in HF patients
who are asymptomatic or minimally symptomatic without fluid overload. In symptomatic HF
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patients with fluid overload and receiving diuretics, normal serum potassium should be
maintained using potassium-sparing diuretics or potassium supplementation.
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Figure 1.
Absolute standardized differences in covariates between patients with normal and low serum
potassium, before and after propensity score matching
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Kaplan-Meier plots for mortality due to (a) all-causes, (b) cardiovascular causes, and (c)

worsening heart failure
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Hazard ratio and 95% confidence interval (CI) for all-cause mortality associated with low
serum potassium in subgroups of patients with chronic heart failure
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