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Abstract

Objectives—To investigate the association between serum potassium, mortality, and kidney 

outcomes in the general population and whether potassium-altering medications modify these 

associations.

Patients and Methods—We studied 15,539 adults in the Atherosclerosis Risk in Communities 

(ARIC) study. Cox proportional hazard regression was used to investigate the association of serum 

potassium at baseline (1987–1989), evaluated categorically (hypokalemia, <3.5 mmol/L; 

normokalemia, ≥3.5 and < 5.5 mmol/L; hyperkalemia, ≥5.5 mmol/L) and continuously using 

linear spline terms (knots at 3.5 and 5.5 mmol/L), with mortality, sudden cardiac death (SCD), 

incident chronic kidney disease (CKD), and end-stage renal disease (ESRD). The end date of 

follow up for all outcomes was December 31, 2012. We also evaluated whether classes of 

potassium-altering medications modified the association between serum potassium and adverse 

outcomes.

Results—Overall, 2.7% of the participants had hypokalemia and 2.1% had hyperkalemia. In a 

fully adjusted model, hyperkalemia was significantly associated with mortality (HR: 1.24; 95% 

CI: 1.04–1.49) but not SCD, CKD, or ESRD. Hypokalemia as a categorical variable was not 

associated with any outcome; however, associations of hypokalemia with all-cause mortality and 

kidney outcomes were observed among those who were not taking potassium-wasting diuretics 

(all P for interaction <.001).
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Conclusions—Higher values of serum potassium were associated with higher risk of mortality 

in the general population. Lower levels of potassium were associated with adverse kidney 

outcomes and mortality among participants not taking potassium-wasting diuretics.

Introduction

Potassium is crucial for physiological function, such as preserving intracellular fluid volume 

and maintaining nerve and muscle function. In normal physiology, serum potassium levels 

are maintained in the range of 3.5–5.5 mmol/L by both renal and extra-renal mechanisms.[1] 

The kidney in particular closely regulates potassium secretion, reabsorption and excretion.[2] 

Deviations of serum potassium from the normal range could indicate early kidney 

dysfunction not otherwise captured by standard biomarkers, and may herald subsequent 

adverse events.

Hypokalemia and hyperkalemia have been associated with chronic kidney disease (CKD) 

progression, end-stage renal disease (ESRD), and mortality in populations with CKD and 

heart failure.[3][4][5][6] However, little is known about whether abnormal potassium values 

are associated with mortality and incident kidney outcomes in the general population. In 

addition, serum potassium levels are heavily influenced by medications. For example, 

potassium-wasting diuretics can cause hypokalemia, while renin-angiotensin-aldosterone 

system inhibitors, β-blockers, and potassium-sparing diuretics can cause 

hyperkalemia.[7][8][9][10][11] Few studies have taken into account the role of these 

medications in the association between serum potassium and adverse outcomes.

In response to these uncertainties, we investigated the association between serum potassium 

and adverse outcomes, including all-cause mortality, sudden cardiac death (SCD), incident 

CKD, and ESRD, using data from the population-based Atherosclerosis Risk in 

Communities (ARIC) Study. To investigate whether deviations in serum potassium in the 

setting of medication use had different impact than deviations from other causes, we tested 

the interaction of serum potassium with the use of certain classes of potassium-influencing 

medications and adverse outcomes.

Methods

Data Source and Study Participants

The ARIC Study is a prospective epidemiologic study conducted in four U.S. communities. 

The baseline visit of the ARIC Study was in 1987–1989, when 15,792 participants aged 44–

66 were recruited and received an extensive baseline examination. Four subsequent visits 

were held (1990–1992, 1993–1995, 1996–1998 and, 2011–2013), and follow-up took place 

yearly by telephone interview to gather information on participants’ health status.[12][13] 

Research protocols of the ARIC study were approved by the institutional review board at 

each participating institution, and all participants provided informed consent.

All ARIC participants attending visit 1 with measured serum potassium and baseline 

covariates were included in the study. In evaluating the risk of incident CKD, we excluded 

206 participants with an estimated glomerular filtration rate (eGFR) <60 ml/min/1.73 m2 at 
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baseline; in evaluating the risk of ESRD, we excluded 14 participants with prevalent ESRD 

at baseline.

Measurement of serum potassium and other baseline covariates

The primary exposure was serum potassium concentration. Blood samples drawn at the 

baseline visit were aliquoted, centrifuged and stored at −70°C.[12] Potassium concentration 

was measured by an ion selective electrode using the DACOS Analyzer plus LYTES Option 

on the undiluted serum. The coefficient of variation of this measurement was 1.0%.[14]

Medical history and medication use were recorded at the baseline clinic interview.[12] 

Baseline serum creatinine was measured by the modified kinetic Jaffé method and calibrated 

to IDMS standards.[15][16] eGFR was calculated using the CKD-EPI creatinine equation[17]. 

Diabetes was defined based on historical definitions as the presence of any of the following 

conditions: random blood glucose ≥200 mg/dL, fasting blood glucose ≥140 mg/dL, self-

report of a physician diagnosis of diabetes and medication use for diabetes or high blood 

glucose in past two weeks. Hypertension was defined as baseline diastolic blood pressure 

≥90mmHg, systolic blood pressure ≥140mmHg or any medication use in the past two weeks 

for high blood pressure. History of cardiovascular disease was defined as presence of heart 

failure, prevalent coronary heart disease or angina. Potassium and total calorie intake was 

measured using a modified version of the 61-item food frequency questionnaire developed 

by Willett et al.[18][19] Potassium/calorie intake ratio was defined as potassium intake (mg) 

divided by total calories intake (kcal).

Outcomes

The primary outcome was mortality, ascertained by death certificates obtained monthly from 

state vital statistics files and county health departments. [20] The secondary outcomes 

included SCD, defined as definite or possible arrhythmic death adjudicated by a panel of 

physicians who reviewed all fatal coronary heart disease events,[21][22][23][24] and two 

incident kidney events: CKD, defined as baseline eGFR ≥60 ml/min/1.73m2 and at least one 

follow-up eGFR <60 mL/min/1.73m2 with a 25% drop in eGFR, or a CKD-related 

hospitalization (eTable 1); and ESRD, defined as patients on dialysis or with a kidney 

transplant, determined through linkage to the US Renal Data System. To identify the cause 

of out-of-hospital deaths, next of kin and other informants, certifying and family physicians, 

and coroners or medical examiners were contacted by letter and/or telephone interview.[20] 

Hospitalizations are determined by self-report and active surveillance of community hospital 

discharge lists.[25][26] The end date of follow up for all outcomes was December 31, 2012.

Statistical Analysis

Baseline serum potassium concentration was evaluated as a categorical variable 

(hypokalemia: <3.5 mmol/L, normokalemia: ≥3.5 and <5.5 mmol/L, and hyperkalemia: ≥5.5 

mmol/ L) and as a continuous variable using linear spline terms with two knots at 3.5 and 

5.5 mmol/L. These cut-offs were based on evaluation of the distribution of potassium levels 

in the study population and review of the existing literature.[27][28][29]
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We tested for trends in potential confounders by baseline potassium levels by regressing 

each variable on the ordinal category of potassium. Kaplan-Meier curves were used to assess 

cumulative survival during follow-up and the log-rank test was used to test differences in 

survival by potassium group. We used Cox proportional hazards regression to evaluate the 

association between serum potassium and outcomes. An unadjusted model included only 

serum potassium concentrations; subsequent models adjusted for age, sex, race-study center 

(Model 1), Model 1 + health characteristics including eGFR (treated as spline terms with 

two knots at 60 and 90 ml/min/1.73 m2), diabetes, hypertension and history of 

cardiovascular disease (Model 2), and Model 2 + medication use, including angiotensin-

converting-enzyme (ACE) inhibitors, potassium-wasting diuretics (loop diuretics, thiazide 

and thiazide-like diuretics), potassium sparing diuretics (aldosterone antagonists, triamterene 

and amiloride), β blockers and nonsteroidal anti-inflammatory drugs (NSAIDs) (Model 3). 

Of note, angiotensin receptor blockers came to the market in 1995, so no participant used 

this class of medications at baseline.

To evaluate whether the potassium-adverse outcome association differed among users of 

potassium-altering medications, we included a product term between drug class and 

potassium level in Model 3. A priori we specified three drug classes that might exhibit effect 

modification: potassium-wasting diuretics, potassium-sparing diuretics, and ACE inhibitors.

In sensitivity analyses, we evaluated risk-relationships using serum potassium levels 

measured at visit 2 as the exposure. Since potassium-wasting diuretics can cause 

hypomagnesemia, increased cholesterol, and increased uric acid levels[30][31][32][33][34][35], 

we evaluated levels by diuretic use and analyzed the potassium-adverse outcome association 

when adjusting for baseline magnesium, uric acid, and cholesterol (non-HDL-C) level. We 

tested the effect of additional adjustment for potassium supplementation and potassium/

calorie intake ratio. We evaluated the relationship between corrected Q-T interval, potassium 

levels, and outcomes. To further address the possibility of confounding by indication 

(participants using potassium-wasting diuretics might be different from other participants), 

we performed propensity-matched analysis, matching 1:1 without replacement on the 

propensity to use potassium-wasting diuretics, using covariates from Model 3 (N=2,960 in 

each arm). Finally, we conducted competing risk analyses for SCD, incident CKD, and 

ESRD by including mortality (non-SCD in the SCD analysis) as a competing event.[36]

An α-level of 0.05 was used to determine statistical significance, and all statistical tests were 

two-tailed. Data analysis was performed using Stata/IC 14.0 for Windows.

Results

Study population and baseline characteristics

The study population included 15,539 adults aged 44–66 years old (Table 1). The mean 

serum potassium level of the participants was 4.4±0.5 mmol/L; mean eGFR was 102.4±15.8 

ml/min/1.73 m2. Overall, 2.7% of the participants had hypokalemia and 2.1% had 

hyperkalemia. At baseline, 19.1% of the population used potassium-wasting diuretics; 6.8% 

used potassium-sparing diuretics, and 3.4% used ACE-inhibitors. Most participants (79.9%) 

with hypokalemia were taking potassium-wasting diuretics. Participants with potassium 
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levels <3.5 mmol/L were more likely to be female, of black race, have lower potassium/

calorie intake ratio, higher eGFR, diabetes, hypertension, a history of CVD, and use 

potassium-wasting diuretics, potassium-sparing diuretics, β-blockers, and potassium 

supplementation (P for all trends <.001). Hyperkalemia was associated with shorter 

corrected QT duration; hypokalemia was associated with longer corrected QT duration 

(eFigure 1).

Serum potassium and all-cause mortality

There were 5,548 deaths over a median follow-up of 23.5 years, with 199, 5221 and 128 

among participants with baseline hypokalemia, normokalemia and hyperkalemia, 

respectively. As categorical variables, both hypokalemia and hyperkalemia were associated 

with death in unadjusted analysis (reference: normokalemia) (Figure 1). The associations 

between hypokalemia and mortality were attenuated with adjustment for demographic 

characteristics (Model 1, HR: 1.28; 95% CI: 1.11–1.48, P=.001) and health characteristics 

(Model 2, HR: 1.01; 95% CI: 0.87–1.17, P=.92). Additional adjustment for medication use 

had little influence on this association. In contrast, the association between hyperkalemia 

and mortality persisted in all models (Model 1, HR: 1.33; 95% CI: 1.11–1.59, P=.002; 

Model 2, HR: 1.25; 95% CI: 1.04–1.50, P=.02; Model 3, HR: 1.24; 95% CI: 1.04–1.49, P=.

02) (Table 2).

When potassium was treated as a continuous variable, there was a nonlinear relationship 

between potassium levels and mortality (eTable 2). In unadjusted analysis, the hazard ratio 

for a 1 mmol/L increase in serum potassium was 0.39 (95%CI: 0.25–0.59, P<.001), 0.96 

(95%CI: 0.90–1.02, P=.16) and 1.94 (95%CI: 1.01–3.71, P=.05) for participants with 

hypokalemia, normokalemia and hyperkalemia, respectively. Associations were attenuated 

and not significant in the fully adjusted model except within the range of normokalemia 

(HR: 1.11; 95%CI: 1.04–1.19, P=.002).

Among the three tested classes of medications that influence potassium levels, only one 

demonstrated significant effect modification of potassium level and mortality. The 

association between potassium and mortality was U-shaped in persons not taking potassium-

wasting diuretics but flat in participants taking potassium-wasting diuretics (Figure 2). For 

example, hypokalemia was associated with death in persons not taking potassium-wasting 

diuretics (HR: 1.74 95%CI: 1.31–2.30, P<.001) but not in participants taking potassium-

wasting diuretics (HR: 0.90; 95%CI: 0.75–1.06, P=.21; P for interaction: <.001) (Table 3). 

No significant interaction with medication was detected for hyperkalemia, indicating that 

hyperkalemia was associated with higher risk of death regardless of potassium-wasting 

diuretic use.

Serum potassium and SCD

The number of SCD cases among participants with baseline hypokalemia, normokalemia 

and hyperkalemia were 32, 491, and 11, respectively. In the unadjusted model, only 

hypokalemia was associated with SCD and this association disappeared in model 2 and 

model 3. (Table 2). However, in continuous analysis, both lower levels of potassium <3.5 

mmol/L and higher levels of potassium ≥5.5 mmol/L were associated with SCD in the fully 
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adjusted analysis (eTable 2). No effect modification by medication class was found in the 

association between serum potassium and SCD.

Serum potassium and kidney outcomes

The number of incident CKD cases among participants with baseline hypokalemia, 

normokalemia and hyperkalemia were 128, 3,632, and 75, respectively; the number of 

incident ESRD cases among participants in these three categories were 22, 341, and 9. There 

were few consistent relationships between categories of hypokalemia and hyperkalemia and 

kidney outcomes (Table 2). In unadjusted analysis, hypokalemia was associated with 

incident CKD and ESRD; however, associations did not persist in the adjusted models.

Potassium-wasting diuretic use modified the relationship between hypokalemia and the 

kidney outcomes. In participants not taking potassium-wasting diuretics, hypokalemia was 

significantly associated with incident CKD and ESRD (HR for CKD: 1.65; 95% CI: 1.16–

2.35, P=.006; HR for ESRD: 2.63; 95% CI: 1.32–5.23, P=.006) (Table 3). However, in 

participants taking potassium-wasting diuretics, hypokalemia was associated with a 

decreased risk of kidney outcomes (HR for CKD: 0.80; 95% CI: 0.65–0.99, P=.04; P for 

interaction: <.001 (eFigure 2); HR for ESRD: 0.50; 95% CI: 0.28–0.91, P=.02; P for 

interaction <.001 (eFigure 3)). In addition, when we treated potassium level as a continuous 

variable, we observed that higher potassium levels were associated with CKD only in 

participants taking potassium-wasting diuretics (eFigure 2). We did not observe significant 

effect modification by potassium-sparing diuretic or ACE-inhibitor use.

Sensitivity analyses

In sensitivity analyses using serum potassium levels at visit 2 as the exposure, results were 

largely qualitatively similar but attenuated (eTable 3). We observed that participants using 

potassium-wasting diuretics had lower magnesium levels and higher uric acid and non-HDL-

C levels; however, additional adjustment for these variables did not change the results. 

Similarly, incorporating potassium supplementation, and the potassium/caloric intake ratio 

in our fully adjusted models had very little difference in results (eTable 4). While corrected 

QT duration was itself a predictor of subsequent mortality, including it in Model 3 did not 

significantly change the observed associations. In the propensity score-matched analyses, 

associations were of similar magnitude with maintained interactions; however, some of the 

associations were no longer statistically significant, likely due to the smaller sample size 

(eTable 5). There were no significant differences in the overall associations by competing 

risk analyses (eTable 6).

Discussion

In our population-based study of over 15,000 participants, we found that nearly 5% of the 

population had abnormal serum potassium values. Both hypokalemia and hyperkalemia 

were associated with mortality in unadjusted and demographic-adjusted models, and 

hyperkalemia continued to be associated with mortality after full adjustment. In addition, 

abnormal values of potassium were associated with SCD in continuous analysis. We also 
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observed an interesting interaction, whereby associations between hypokalemia and adverse 

outcomes were strongest among participants not using potassium-wasting diuretics.

Serum potassium and mortality

Few studies have evaluated the association between potassium levels and mortality in the 

general population. A study of 2,836 NHANES participants found that high-normal serum 

potassium levels (4.5–5.4 mmol/L) were significantly associated with all-cause mortality.[27] 

Another study of 7,636 men found that potassium >5.2 mmol/L was associated with a nearly 

two-fold risk of death among smokers.[37] Although we used slightly different cut-points for 

serum potassium, our results were consistent, adding to these efforts by investigating the 

modifying effect of potassium-altering medications, by specifically evaluating SCD as cause 

of death, and by extending follow-up to a median of 23.5 years.

Interactions with medications – mortality

One previous observational study investigated whether potassium-influencing medications 

altered the association between serum potassium and mortality in the general population. 

Fang et al found that high serum potassium associated with cardiovascular mortality in 

patients using diuretics (all classes), but not among those not using diuretics.[27] We also 

saw differences in the shape of the association between potassium and mortality by 

potassium-wasting diuretic use, but our results suggested effect modification at low levels of 

potassium. We note there were few participants with hyperkalemia taking potassium-wasting 

diuretics, limiting power. Heterogeneity in risk associations between potassium and 

mortality was also seen in the Antihypertensive and Lipid Lowering Treatment to Prevent 

Heart Attack Trial (ALLHAT), where the associations were weakest among persons in the 

diuretic arm.[28] Certainly, stronger associations among participants not taking diuretics may 

suggest that hypokalemia in such patients represents an underlying disease process such as 

chronic illness or hyperaldosteronism rather than a causal risk factor for mortality.

Interactions with medications – kidney outcomes

Our results are consistent with a previous study investigating the relationship between 

potassium levels and kidney outcomes. Among 1,001 healthy Japanese participants not 

taking diuretics, serum potassium levels <4 mmol/L were significantly associated with 

CKD.[38] We observed an a similar association among participants not using potassium-

wasting diuretics. Interestingly, the reverse was seen in participants taking potassium-

wasting diuretics, where hypokalemia was associated with decreased risk of CKD. A similar 

pattern held for mortality and ESRD, possibly suggesting that the health condition that 

caused hypokalemia (such as gastrointestinal disease or hyperaldosteronism) may be the 

source of the increased risk, rather than hypokalemia itself. Unfortunately, we have little 

data on this health conditions at baseline.

Potential mechanism of action

Potassium is highly regulated in the collecting duct of the nephron. The association between 

abnormal values of potassium and adverse outcomes may be explained by underlying 

disruption in kidney function, or by downstream effects of potassium itself. Both hypo- and 

Chen et al. Page 7

Mayo Clin Proc. Author manuscript; available in PMC 2017 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hyperkalemia have been associated with arrhythmias,[39][40][41][42][43] which can cause 

sudden cardiac death. Potassium levels affect the resting membrane potential of 

cardiomyocytes and the activity of potassium channels important for the cardiac electrical 

cycle, with hypokalemia inducing hyperpolarization, faster electrical conduction, and delays 

in ventricular repolarization, and hyperkalemia resulting in slower electrical 

conduction.[44][45] Prolonged hypokalemia is also thought to induce interstitial fibrosis and 

tubular atrophy in the kidney.[46][47]

Clinical implications

We demonstrate that abnormal values of potassium are relatively common in the general 

population. Although our study suggests that both hypokalemia and hyperkalemia may lead 

to adverse outcomes, our data are observational and cannot demonstrate causality. If 

abnormal potassium itself causes adverse outcomes – a plausible scenario, particularly for 

the development of arrhythmias – then clinical treatment may be beneficial. Indeed, 

correction of abnormal values of potassium is often prescribed, either by supplementation, 

changes in diet, or potassium-altering medications.[29][48][49][50][51] Whether any of these 

options improves outcomes is yet unknown and requires a randomized controlled trial.

Limitations

Our study has a number of limitations. First, potassium was measured once at baseline. 

Outcomes could occur up to 25 years later. Thus, we report not on the immediate impact of 

abnormal values of potassium as reported by Einhorn et al [52] but the long-term impact, 

which could be mediated by other events, such as the development of fibrosis. On the other 

hand, our prospective cohort was large, allowing for investigation of multiple outcomes, and 

provided clear temporality. Furthermore, in sensitivity analysis using potassium levels at 

visit 2 as the exposure, we obtained similar results. Second, residual confounding is a 

concern in all observational studies. However, adjusting for potassium intake, potassium 

supplementation, and magnesium, cholesterol, and uric acid levels did not change the 

association. Third, the number of SCD and ESRD cases was limited, limiting power to test 

effect modification by medication use.

Conclusion

In the general population, abnormal values of potassium were associated with all-cause 

mortality. There was effect modification by potassium-wasting diuretic use for many of the 

outcomes, with stronger associations in participants not taking this class of medications. 

While in clinical practice, hypokalemia can be corrected by increasing potassium intake and 

hyperkalemia can be alleviated by dietary potassium restriction, discontinuation of 

hyperkalemia-inducing medications and use of potassium-lowering medications,[29] future 

studies are needed to assess whether treatment of potassium levels outside of the normal 

range might improve outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cumulative survival by baseline serum potassium concentrationa

aThere were 5,548 deaths over a median follow-up of 23.5 years. There were 199 deaths 

among participants with baseline hypokalemia, 5221 deaths among participants with 

baseline normokalemia, and 128 deaths among participants with baseline hyperkalemia. The 

cumulative survival was significantly different among three serum potassium groups.
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Figure 2. Adjusted hazard ratio of mortality by potassium-wasting diuretics usea,b

aReference point (black diamond): The hazard of death among people not taking potassium-

wasting diuretics and with baseline serum potassium at 3.5 mmol/L Dots on the line denote 

that the corresponding hazard ratios are significant different from 1. Shading and error bars 

correspond to 95% confidence interval for the HR.
bHR: Hazard ratio
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