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Background and objectives: The relationship between serum potassium (SK) and mortality in chronic kidney disease (CKD)
has not been systematically investigated.
Design, setting, participants, & measurements: We examined the predictors and mortality association of SK in the Renal
Research Institute CKD Study cohort, wherein 820 patients with CKD were prospectively followed at four US centers for an
average of 2.6 years. Predictors of SK were investigated using linear and repeated measures regression models. Associations
between SK and mortality, the outcomes of ESRD, and cardiovascular events in time-dependent Cox models were examined.
Results: The mean age was 60.5 years, 80% were white, 90% had hypertension, 36% had diabetes, the average estimated GFR
was 25.4 ml/min per 1.73 m2, and mean baseline SK was 4.6 mmol/L. Higher SK was associated with male gender, lower
estimated GFR and serum bicarbonate, absence of diuretic and calcium channel blocker use, diabetes, and use of angiotensinconverting enzyme inhibitors and/or statins. A U-shaped relationship between SK and mortality was observed, with mortality
risk significantly greater at SK <4.0 mmol/L compared with 4.0 to 5.5 mmol/L. Risk for ESRD was elevated at SK <4 mmol/L
in SK categorical models. Only the composite of cardiovascular events or death as an outcome was associated with higher SK
(>5.5).
Conclusions: Although clinical practice usually emphasizes greater attention to elevated SK in the setting of CKD, our
results suggest that patients who have CKD and low or even low-normal SK are at higher risk for dying than those with mild
to moderate hyperkalemia.
Clin J Am Soc Nephrol 5: 762–769, 2010. doi: 10.2215/CJN.05850809

yperkalemia (serum potassium [SK] ⱖ5.5 mmol/L) is
common in patients with ESRD. In the dialysis population, the prevalence of hyperkalemia has been
estimated to range from 5 to 10% (1). Hyperkalemia is thought
to contribute to 2 to 5% of deaths among patients with ESRD
and accounts for up to 24% of emergency hemodialysis sessions
in this population (2– 4). Hyperkalemia has also been associated
with increased mortality (up to 17%) in the general hospitalized
population (5). Although nephron adaptation occurs in those
with progressive renal insufficiency by way of enhanced distal
tubular secretion of ingested potassium (6), mildly elevated
potassium levels are not uncommon and dietary restriction of
potassium is frequently considered prudent for patients with
advanced chronic kidney disease (CKD) to avoid dangerous
hyperkalemia (7).
Adverse effects of SK ⱕ3.5 mmol/L have been well docu-
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mented in the cardiovascular literature. Among patients with
heart failure, hypokalemia is associated with ventricular arrhythmias and death (8); however, little is known about adverse effects of hypokalemia in the CKD population, which is
known to be at high risk for cardiovascular disease in general
and sudden death in particular (9).
We postulated that lower (⬍3.5 mmol/L) levels of SK would
be associated with higher risk for mortality in a CKD population. The aims of this study were to examine the distribution
and predictors of SK and association, if any, of SK with mortality, ESRD, the composite outcome of death or ESRD, and the
composite of death or any cardiovascular event in a CKD
cohort.

Materials and Methods
Data Source: The Renal Research Institute CKD Study
This prospective observational study of adult patients with stages 3
through 5 CKD was conducted at four outpatient nephrology clinics in
the United States. Patients were recruited between June 2000 and
February 2006. The inclusion criteria were age ⬎18 years and a creatinine clearance of ⱕ50 ml/min by the Cockcroft-Gault formula, although subsequently estimated GFR (eGFR) values that were recalculated by the four-variable Modification of Diet in Renal Disease
(MDRD) equation were occasionally ⬎50 ml/min per 1.73 m2. A total
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of 834 patients enrolled in the study. Patients were followed by the
study coordinators whenever they presented for routine clinical care to
their nephrology clinics. The institutional review boards at all participating sites approved the study, and all patients provided written
informed consent. Details of the study design have been published
previously (10).

Study Variables
At enrollment and follow-up visits, data on demographic, anthropometric, cause of CKD, comorbidities, laboratory variables, medications,
and outcomes (ESRD, death, and cardiovascular events/procedures)
were collected. Of 834 patients, 820 had SK values available at study
entry and were included in the analyses. SK values that were obtained
from baseline and subsequent clinic visits were classified into the
following categories: ⱕ4.0, 4.0 to 5.5, and ⱖ5.5 mmol/L.
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Statistical Analysis
Linear regression models were used to assess predictors of SK at
baseline, with the adjusted R2 used to compare models in an all-subsets
regression analysis. The distributions of SK values was illustrated using
box plots by eGFR, gender, angiotensin-converting enzyme inhibitor
(ACEI) use and quartiles of serum carbon dioxide (CO2), using all
available SK values during follow-up time. The SAS mixed procedure
(SAS Institute, Cary, NC) was used to test for differences in SK values
between groups. To predict SK during follow-up time, we used mixed
linear regression models with a spatial anisotropic exponential covariance structure (to account for correlation between follow-up visits of
differing intervals). Separate Cox models evaluated the associations
between SK (as a continuous or as a categorical covariate) and time to
death, time to ESRD, the composite outcome of death or ESRD, the
composite of death or any cardiovascular event (defined as prespecified
coronary disease–, cerebrovascular disease–, or peripheral vascular

Table 1. Patient demographics, comorbidities, medication use, and laboratory variables by serum potassium
categories at enrollment
Variable

Demographics
age (years; mean ⫾ SD)
male (n 关%兴)
black (n 关%兴)
Vital signs (mean ⫾ SD)
BMI (kg/m2)
SBP (mmHg)
eGFR (ml/min per 1.73 m2)
Cause of CKD (n 关%兴)
diabetes
hypertension
Medication use (yes/no; n 关%兴)
ACEIs
ARBs
aspirin
␤ blockers
calcium channel blocker
diuretics
erythropoietin
statins
Laboratory (mean ⫾ SD)
serum albumin (g/dl)
serum CO2 (mEq/L)
serum potassium (mmol/L)
serum phosphorus (mg/dl)
Patient outcomes (n 关%兴)
death
ESRD
coronary artery disease
cardiovascular disease
peripheral arterial disease
any cardiovascular event

Overall
(n ⫽ 820)

Hypokalemia
(n ⫽ 122)

Eukalemia
(n ⫽ 633)

Hyperkalemia
(n ⫽ 65)

60.5 ⫾ 15.4
448 (55)
167 (20)

60.6 ⫾ 16.1
52 (43)
37 (30)

60.7 ⫾ 15.4
346 (55)
117 (19)

58.4 ⫾ 14.0
50 (77)
13 (20)

0.499
⬍0.0001
0.012

29.4 ⫾ 6.9
139.7 ⫾ 21.7
25.4 ⫾ 10.6

29.8 ⫾ 6.9
142.8 ⫾ 23.9
27.0 ⫾ 13.7

29.3 ⫾ 6.9
139.4 ⫾ 21.6
25.3 ⫾ 9.9

29.4 ⫾ 7.7
137.8 ⫾ 18.8
23.2 ⫾ 10.1

0.847
0.211
0.059

265 (32)
402 (49)

39 (32)
60 (49)

199 (32)
310 (49)

27 (42)
32 (49)

0.262
0.99

332 (41)
144 (17)
304 (37)
392 (47)
353 (43)
409 (50)
199 (24)
352 (42)

34 (28)
35 (29)
41 (34)
62 (51)
64 (52)
75 (61)
30 (25)
39 (32)

260 (41)
144 (23)
236 (37)
295 (47)
294 (46)
317 (50)
150 (24)
278 (44)

43 (66)
7 (11)
27 (42)
35 (54)
23 (35)
34 (52)
19 (29)
34 (52)

⬍0.0001
0.021
0.549
0.414
0.083
0.069
0.609
0.014

3.8 ⫾ 0.5
24.2 ⫾ 3.9
4.6 ⫾ 0.9
4.2 ⫾ 1.1

3.7 ⫾ 0.5
26.2 ⫾ 3.7
3.7 ⫾ 0.3
4.3 ⫾ 1.5

3.8 ⫾ 0.5
24.1 ⫾ 3.8
4.7 ⫾ 0.4
4.1 ⫾ 1.0

3.7 ⫾ 0.5
21.2 ⫾ 3.5
5.8 ⫾ 0.3
4.5 ⫾ 1.1

0.098
⬍0.0001
⬍0.0001
0.031

86 (10)
303 (36)
70
50
70
190

16 (13)
57 (36)
11 (9)
8 (7)
8 (7)
32 (27)

64 (10)
213 (35)
50 (8)
38 (6)
55 (8)
139 (22)

6 (9)
33 (48)
9 (14)
4 (6)
7 (11)
19 (29)

P

0.576
0.145
0.258
0.977
0.581
0.249

Hypokalemia: SK ⱕ4.0 mmol/L; eukalemia: SK ⬎4.0 and ⬍5.5 mmol/L; hyperkalemia: SK ⱖ5.5 mmol/L. ARB, angiotensin
II receptor blocker; BMI, body mass index; SBP, systolic BP.
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disease–related events that required hospitalization or revascularization procedures in any of the named three major arterial beds). All
models entered SK as either a baseline or a time-dependent variable that
changed at each measurement during the follow-up period. In baseline
models, SK was a weaker predictor than time-dependent SK, probably
because measures of SK that are more proximate to the event have
higher predictive power; therefore, only time-dependent models are
presented. Cox models were adjusted for age, gender, race, and diabetes status; history of cardiovascular disease; hypertension; and eGFR.
Variables that were considered but excluded as adjustments included
diabetes and race, based on P ⬎ 0.2. Models were considered both with
and without the inclusion of serum albumin. All analyses were conducted using SAS 9.2 (SAS Institute, Cary, NC).

Results

An average of six SK values per patient (n ⫽ 820) were
available during the course of the study. The average duration
of patient follow-up was 2.6 years (range 0.0 to 7.0 years), with
three nephrology clinic visits per year, on average. The average
number of visits for those with stage 3 CKD was 1.94 visits per
year and for stage 4 CKD or more was 2.58 visits per year. Table
1 shows baseline characteristics of patients who were included
in this analysis. Patients were predominantly white (80%) and
had a mean ⫾ SD age of 60.5 ⫾ 15.4 years (range 18.0 to 93.0
years) and mean eGFR of 25.4 ⫾ 6.9 ml/min per 1.73 m2 (range
3.7 to 91.7 ml/min per 1.73 m2). The majority had hypertension
(90%), and 36% had diabetes. The average SK level was 4.6 ⫾ 0.9
mmol/L (range 2.5 to 7.0 mmol/L).
Figure 1 shows the distribution of SK by eGFR category.
There were significant differences in the average SK values and
CKD stage (P ⬍ 0.05 for all pairwise mean differences). Figure
2 displays the distribution of SK by gender, ACEI use, and
quartiles of serum CO2. There were significant differences in
the average SK values between men and women (P ⬍ 0.0001)
and between ACEI users and nonusers (P ⬍ 0.0001). The significant trend in average SK by quartiles of serum CO2 (trend
P ⫽ 0.05) shows lower average SK with higher serum CO2

Figure 1. Box plot distributions of SK by eGFR categories (45 to
60, 30 to 45, 15 to 30, and ⬍15).

Figure 2. Box plot distributions of SK by gender, ACEI use, and
quartiles of serum CO2.

relationship. Figure 2 also shows the wide variation in SK
values at all levels of these strongly predictive covariates.
Table 2 shows a cross-sectional model predicting baseline SK
and a longitudinal model predicting SK during the follow-up
period. In the baseline model, higher SK was significantly associated with male gender, lower serum CO2, diabetes, and use
of ACEIs and/or statins. In time-dependent models, higher SK
was additionally associated with lower eGFR and absence of
diuretic and/or calcium channel blocker use. The estimated
correlation between repeated SK values from the same patient
in the longitudinal model was approximately r ⫽ 0.53, indicating relatively stable SK levels for a given patient over time.
Among the 820 patients, there were 86 deaths before reaching
ESRD. Using the three categories of SK in a Cox model adjusted
for age, gender, eGFR, hypertension, and history of cardiovascular disease, we found that pre-ESRD mortality was significantly higher for SK ⱕ4.0 mmol/L compared with SK ⬎4.0 and
⬍5.5 mmol/L, but higher SK (ⱖ5.5 mmol/L) was not associated
with elevated mortality (Table 3 ). Furthermore, when modeled
as a continuous variable, a marginally significant quadratic
effect was observed, with significant effects at lower SK (ⱕ4.0
mmol/L) but not at higher SK (ⱖ5.5 mmol/L; Table 3). Figure
3a displays the model-based U-shaped relationship between
risk for mortality and SK. After addition of serum albumin to
the model, low SK remained significantly associated with mortality (Table 3).
There were 303 ESRD events (n ⫽ 263 dialysis, n ⫽ 40
preemptive transplants). In the model with SK as a categorical
model, low SK (ⱕ4.0 mmol/L) but not higher SK (ⱖ5.5
mmol/L) was significantly associated with elevated risk for
ESRD (Table 3). When modeled as a continuous variable, a
significant quadratic effect was observed. Figure 3b displays
the U-shaped relationship between risk for ESRD and SK. After
addition of serum albumin to the model, low SK was marginally
associated with ESRD (Table 3).

Clin J Am Soc Nephrol 5: 762–769, 2010

Serum Potassium in CKD

765

Table 2. Predictors of SK at baseline and during follow-up
Predictors

Male gender
Serum CO2 (mEq/L)
eGFR (per 10 ml/min per 1.73 m2)
Diabetes
ACEI use
Diuretic use
Calcium channel blocker use
Statin use

Predictors of SK at Baseline
(n ⫽ 729)a

Predictors of SK over Time
(n ⫽ 5111)b

Estimate

P

Estimate

P

0.18
⫺0.05
⫺0.02
0.10
0.21
⫺0.07
⫺0.06
0.11

⬍0.0001
⬍0.0001
0.39
0.029
⬍0.0001
0.76
0.12
0.001

0.18
⫺0.03
⫺0.06
0.06
0.17
⫺0.12
⫺0.09
0.12

⬍0.0001
⬍0.0001
⬍0.0001
0.030
⬍0.0001
⬍0.0001
⬍0.0001
⬍0.0001

All variables from Table 1 were tested in the selection models, with significant variables retained (␣ ⫽ 0.05).
a
All variables simultaneously entered in a multiple linear regression model.
b
All variables simultaneously entered in a repeated measures regression model. The values of all covariates (except gender)
were allowed to change with follow-up time.

For the composite outcome of death or ESRD (Figure 3c), a
U-shaped relationship between SK and the composite outcome
was evident. There was a significantly higher hazard for death/
ESRD at lower serum SK, the significance of which was attenuated by adjustment for serum albumin in the model. As a
categorical variable, lower SK levels remained a significant
predictor of the composite outcome before and after adjustment
for serum albumin (Table 3). Higher SK was not significantly
associated with the composite outcome.
A total of 190 cardiovascular events (70 coronary, 50 cerebrovascular, and 70 peripheral vascular) that required hospitalization were documented during the course of the study. A significant quadratic relationship was seen between SK, and the
relative hazard of first cardiovascular event or death (Figure
3d) was noted. Unlike overall mortality, this was statistically
significant for SK ⬎5.5 mmol/L but not for lower potassium
(⬍4.0 mmol/L). After addition of serum albumin to the model,
higher SK but not lower SK was associated with the composite
outcome (Table 3).

Discussion
To the best of our knowledge, this is the first study to
investigate systematically the prevalence and mortality associated with SK levels that are obtained during routine clinical
practice in a large and diverse nondialysis prospective CKD
cohort. Our main finding is that SK level ⱕ4.0 mmol/L was
associated with a higher risk for mortality and ESRD compared
with SK between 4.1 and 5.5 mmol/L. These observations are of
clinical importance, because most physicians consider SK values of 3.5 to 3.9 mmol/L to be “within normal limits.” Our
multivariable analyses show that the lowest risk for mortality
was in the SK range of 4.1 to 5.5 mmol/L and that mortality or
ESRD risk was not significantly higher even at SK levels of 5.5
to 5.9 mmol/L, a range of SK values that almost always evokes
clinical concern with or without intervention (e.g., dietary advice, prescription of loop diuretic, discontinuation of potassium-sparing diuretics). This modest level of hyperkalemia

seemed to be well tolerated in this patient population from the
perspective of predicting mortality risk.
The link between relatively normal or low-normal levels of
SK (3.5 to 4.0 mmol/L) and mortality has not been previously
documented in the CKD population. This finding is not altogether surprising, however. Low SK levels affect myocardial
resting membrane potential, which increases the probability of
ventricular arrhythmias and sudden cardiac death (11). Hypokalemia can also predispose patients to developing diastolic
dysfunction, digoxin toxicity, and insulin resistance, all of
which increase the risk for cardiovascular events and death
(12–16). Dietary potassium depletion has been linked to the
genesis of hypertension, and supplementation can improve BP
control (17–19). Data from the cardiovascular literature suggest
that serum potassium levels ⬍4.0 mmol/L portend a worse
prognosis among those who have a history of heart failure or
acute myocardial infarction (20,21). Current American Heart
Association/American College of Cardiology guidelines recommend that serum potassium levels be maintained between
4.0 and 5.0 mmol/L in those with chronic heart failure (22). Our
study provides observational evidence that necessitates similar
guidelines for patients with CKD.
Not surprising, diuretic use was associated with lower SK
levels in this study. Non–potassium-sparing diuretic use has
been linked with increased mortality and hospitalization that
can likely be attributed to low SK levels (23). Several casecontrol studies reported an increased risk for cardiac arrest
among patients who received high dosages of thiazide diuretics. This risk was lowered when thiazide therapy was combined
with potassium-sparing diuretics (24 –26). Because diuretics are
very commonly used for volume and BP control in the CKD
population and hypokalemia is a frequent complication of this
class of medications, these results suggest that clinicians need
to monitor SK levels closely and consider using potassiumsparing diuretics and/or potassium supplements in patients
who have CKD and are prone to hypokalemia; however, clinical trials will need to be performed before formulating defin-
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Table 3. Cox models to determine association between SK (at baseline and as time dependent covariate) as
continuous and categorical covariate with mortality, ESRD, and cardiovascular events
Model 2 (with Serum
Albumin)

Model 1 (without Serum Albumin)
Parameter

Mortality
time-dependent continuous SKa
SK ⫽ 3.4 versus 5.0 mmol/L
SK ⫽ 3.8 versus 5.0 mmol/L
SK ⫽ 6.0 versus 5.0 mmol/L
time-dependent categorical SK
(eukalemia as reference)
hypokalemia (ⱕ4.0 mmol/L)
hyperkalemia (ⱖ5.5 mmol/L)
ESRD
time-dependent continuous SKb
SK ⫽ 3.4 versus 5.0 mmol/L
SK ⫽ 3.8 versus 5.0 mmol/L
SK ⫽ 6.0 versus 5.0 mmol/L
time-dependent categorical SK
(eukalemia as reference)
hypokalemia (ⱕ4.0 mmol/L)
hyperkalemia (ⱖ5.5 mmol/L)
ESRD or death
time-dependent continuous SKc
SK ⫽ 3.4 versus 5.0 mmol/L
SK ⫽ 3.8 versus 5.0 mmol/L
SK ⫽ 6.0 versus 5.0 mmol/L
time-dependent categorical SK
(eukalemia as reference)
hypokalemia (ⱕ4.0 mmol/L)
hyperkalemia (ⱖ5.5 mmol/L)
Cardiovascular event or death
time-dependent continuous SKd
SK ⫽ 3.4 versus 5.0 mmol/L
SK ⫽ 3.8 versus 5.0 mmol/L
SK ⫽ 6.0 versus 5.0 mmol/L
time-dependent categorical SK
(eukalemia as reference)
hypokalemia (ⱕ4.0 mmol/L)
hyperkalemia (ⱖ5.5 mmol/L)

HR

95% CI

2.40
1.65
1.34

1.13 to 5.09
1.04 to 2.61
0.59 to 3.03

1.73
1.57

1.02 to 2.95
0.78 to 3.20

1.87
1.42
1.26

1.25 to 2.79
1.11 to 1.82
0.91 to 2.14

1.69
1.02

1.25 to 2.29
0.70 to 1.48

2.17
1.57
1.25

1.50 to 3.15
1.25 to 1.97
0.90 to 1.73

1.71
1.12

1.31 to 2.22
0.81 to 1.57

1.34
1.07
1.84

0.86 to 2.09
0.81 to 1.41
1.24 to 2.74

1.33
1.75

0.95 to 1.86
1.18 to 2.62

P

0.04
0.20

0.0006
0.91

⬍0.0001
0.46

0.09
0.005

HR

95% CI

2.33
1.57
1.59

0.95 to 5.71
0.90 to 2.73
0.62 to 4.04

1.90
1.82

1.00 to 3.61
0.80 to 4.16

1.56
1.28
1.21

0.97 to 2.52
0.95 to 1.72
0.83 to 1.76

1.39
1.09

0.97 to 1.99
0.71 to 1.68

1.42
1.24
1.04

0.88 to 2.28
0.92 to 1.66
0.73 to 1.48

1.07
0.81

1.99 to 0.02
1.74 to 0.36

1.04
0.92
1.78

0.62 to 1.74
0.67 to 1.26
1.17 to 2.70

1.13
1.69

0.76 to 1.67
1.09 to 2.60

P

0.05
0.15

0.07
0.68

1.07
0.81

0.54
0.02

Model 1: ␤(SK2) ⫽ 0.32, P ⫽ 0.11; model 2: ␤(SK2) ⫽ 0.38, P ⫽ 0.10.
Model 1: ␤(SK2) ⫽ 0.24, P ⫽ 0.007; model 2: ␤(SK2) ⫽ 0.18, P ⫽ 0.09.
c
Model 1: ␤(SK2) ⫽ 0.72, P ⫽ 0.002; model 2: ␤(SK2) ⫽ 0.10, P ⫽ 0.32.
d
Model 1: ␤(SK2) ⫽ 0.31, P ⫽ 0.003; model 2: ␤(SK2) ⫽ 0.23, P ⫽ 0.04.
a

b

itive recommendations in this regard. We have no definitive
explanation for why statin use should be associated with higher
SK levels; however, we speculate that statin use by virtue of its
potential to cause subclinical muscle injury could be associated
with release of SK from cells, accounting for the higher SK.
Creatine phosphokinase levels, which would have allowed the
testing of this hypothesis, were not measured in this CKD
cohort; therefore, this potential mechanism cannot be commented on.

The association of higher SK with lower eGFR is not surprising. As renal function declines, potassium balance is usually
maintained via increases in potassium excretion per functioning
nephron (6). Hyperkalemia stimulates aldosterone secretion,
which also increases the fractional potassium excretion (27).
Patients who have CKD and have been given a potassium load
actually maintain their SK levels when compared with control
subjects, strongly supporting the presence of compensatory
extrarenal mechanisms of potassium loss (28). Patients with
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Figure 3. Relationship of SK and risk for mortality (a), risk for ESRD (b), risk for the composite of death or ESRD (c), and risk for
the composite of death or cardiovascular events that require hospitalization (d), using SK as a time-dependent continuous
covariate (smooth curves). In addition, SK as a categorical time-dependent covariate is shown, with the middle category (SK ⬎4.0
and ⬍5.5) as the reference group in the Cox model; 95% confidence intervals are given for the continuous SK models at SK values
of 3.0, 3.4, 3.8, 4.2, 4.6, 5.4, 5.8, and 6.2, with upper limits truncated at 8.0 in panel a.

CKD also have been found to have increased extrarenal potassium excretion through both increased intestinal potassium
excretion and increased potassium translocation into the intracellular component (29,30).
It has been postulated that those with diabetes are more
likely to have relative aldosterone insensitivity and therefore
are predisposed to the development of acidosis and hyperkalemia (31). In addition, inadequate insulin secretion may lead to
extracellular potassium shifts (32). We speculate that given that
this cohort of patients was being followed in nephrology clinics, concomitant diuretic use or nutritional advice to lower
potassium intake may have potentially attenuated the relationship between eGFR and SK, as well as that of diabetes status
and higher potassium levels, particularly among those with
stages 4 to 5 CKD. In our study, higher SK was associated with
use of renin-angiotensin-aldosterone system antagonists such
as ACEIs. Hyperkalemia is a widely recognized adverse effect
of the use of such agents. The risk for development of elevated
potassium levels is low (⬍6%) in those with normal renal
function but higher among those with CKD (5 to 50%) (33). In
this study, a modest degree of hyperkalemia (SK between 5.0

and 6.0 mmol/L) seemed to be well tolerated with no significantly elevated risk for mortality. In contrast, the association
between higher SK and the risk for cardiovascular events (or the
composite of cardiovascular event or death) is somewhat surprising, given our findings with respect to the outcome of
mortality or ESRD as the outcomes of interest; however, we
speculate that this may be due to the greater documentation of
cardiovascular events (related to hospitalization) among survivors in this cohort, who on average have a higher potassium
level (i.e., it is more likely related to a “survivor bias” than a
true “causal” link, although the latter cannot be excluded on the
basis of this study alone).
The association between increased risk for ESRD and hypoand hyperkalemia has not been previously documented in the
literature. In one study (34) patients with hypokalemia were
less likely to be taking ACEIs, which has been shown to slow
progression of CKD. In two other studies (35,36), patients with
hyperkalemia were more likely to have higher phosphorous
levels, lower eGFR, and lower bicarbonate levels, factors that all
have been independently linked to progression of CKD.
The strengths of our study include a large prospective cohort
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of CKD with availability of serum potassium in the majority of
patients at multiple time points during follow-up, permitting
analyses with SK as a time-dependent covariate. The long duration of follow-up (median 3 years) and detailed medication
data are additional strengths. Certain limitations merit consideration. Data on the dietary intake of potassium and protein
was not collected in the Renal Research Institute CKD Study;
however, we examined models with and without adjustment
for serum albumin, a major marker of nutritional status. The
predictive value of SK was slightly attenuated by this adjustment, suggesting that nutritional state may be part of the explanation for the link between low SK and mortality. In this
study, death, ESRD, and cardiovascular event information was
abstracted by study coordinators primarily from patient charts.
It is possible that some events were not detected. The average
time from the last SK measure until death was 8.2 months, and
the median was 5.8 months; therefore, we do not have values of
SK closer to the time of death.
The relatively weak association of higher SK with mortality
may be the result of dialysis initiation as “rescue” therapy in
the face of emergent hyperkalemia and absence of data pertaining to serum potassium just proximate to dialysis initiation
among those who reached ESRD. Similarly, the association
between higher levels of SK and cardiovascular events may
reflect a survivor bias rather than a causal effect, although the
latter cannot be excluded. Despite these limitations, the association, particularly at the lower end of the range of potassium
levels in this patient population, could more plausibly be causally linked (based on what is known about the adverse effects
of low potassium) to adverse outcomes in this and other patient
populations. Causal inferences cannot be drawn with certainty,
however, in the setting of an observational study such as ours.

Conclusions
Lower SK (even less than or equal to a “normal” level of 4.0
mmol/L) seems to predict mortality to a relatively greater
degree compared with the risk associated with SK ⱖ5.5
mmol/L. This study shows that the levels of SK that are associated with lowest risk for mortality are between 4.1 and 5.5
mmol/L, which suggests that maintaining SK in this range may
potentially help optimize survival in patients with CKD. Practice patterns could potentially be adapted to supplement potassium (through dietary modification or pills) and avoid use of
loop diuretics whenever possible. The benefits of potassiumsparing diuretics such as aldosterone receptor– blocking agents
may be due in part to their ability to “normalize” serum potassium levels. Aldosterone is increasingly recognized to be
important in the pathogenesis of CKD (37,38), and mineralocorticoid receptor blockade is an increasing used strategy in
lowering proteinuria with the potential of both slowing renal
disease progression and lowering mortality. These issues warrant future studies that specifically address the role of potassium supplementation in determining outcomes and study the
deliberate optimization of serum potassium levels by use of
specific drugs in randomized trials. Overall, our findings suggest that attention should be paid to patients who have CKD
and are at the lower ranges of SK as well as those with elevated
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serum potassium to prevent adverse outcomes such as mortality, ESRD, and cardiovascular events.

Acknowledgments
This study was funded by the Renal Research Institute (New York,
NY) and Amgen. R.S. is Principal Investigator and B.W.G. is a CoInvestigator in the Centers for Disease Control and Prevention’s National Chronic Kidney Disease Surveillance Project (MM-1149-0/10).
Report contents are solely the responsibility of the authors and do not
necessarily represent the official views of the Centers for Disease Control and Prevention.
The results from this analysis were presented in part as a poster
(TH-PO918) at the annual meeting of the American Society Nephrology; Philadelphia, PA; November 2 through 4, 2008.
We are grateful to all study coordinators and participating patients at
the following study sites: University of Michigan (Ann Arbor, MI),
Albany Medical Center (Albany, NY), Metabolism Associates (New
Haven, CT), and University of North Carolina, Chapel Hill (Chapel
Hill, NC).

Disclosures
None.

References
1. Tzamaloukas AH, Avasthi PS: Temporal profile of serum
potassium concentration in nondiabetic and diabetic outpatients on chronic dialysis. American J Nephrol 7: 101–109,
1987
2. Sacchetti A, Stuccio N, Panebianco P, Torres M: ED hemodialysis for treatment of renal failure emergencies. Am J
Emerg Med 17: 305–307, 1999
3. Morduchowicz G, Winkler J, Derazne E, Van Dyk DJ,
Wittenberg C, Zabludowski JR, Shohat J, Rosenfeld JB,
Boner G: Causes of death in patients with end-stage renal
disease treated by dialysis in a center in Israel. Isr J Med Sci
28: 776 –779, 1992
4. Shibata M, Kishi T, Iwata H: Clinical study of complications in dialyzed diabetics. Tohoku J Exp Med 141[Suppl]:
417– 425, 1983
5. Stevens MS, Dunlay RW: Hyperkalemia in hospitalized
patients. Int Urol Nephrol 32: 177–180, 2000
6. Gennari FJ, Segal AS: Hyperkalemia: An adaptive response
in chronic renal insufficiency. Kidney Int 62: 1–9, 2002
7. Musso CG: Potassium metabolism in patients with chronic
kidney disease (CKD): Part I—Patients not on dialysis
(stages 3– 4). Int Urol Nephrol 36: 465– 468, 2004
8. Cleland JG, Dargie HJ, Ford I: Mortality in heart failure:
Clinical variables of prognostic value. Br Heart J 58: 572–
582, 1987
9. Go AS, Chertow GM, Fan D, McCulloch CE, Hsu CY:
Chronic kidney disease and the risks of death, cardiovascular events, and hospitalization. N Engl J Med 351: 1296 –
1305, 2004
10. Perlman RL, Kiser M, Finkelstein F, Eisele G, Roys E, Liu L,
Burrows-Hudson S, Port F, Messana JM, Bailie G, Rajagopalan S, Saran R: The longitudinal chronic kidney disease
study: A prospective cohort study of predialysis renal failure. Semin Dial 16: 418 – 423, 2003
11. Schulman M, Narins RG: Hypokalemia and cardiovascular
disease. Am J Cardiol 65: 4E–9E, discussion 22E–23E, 1990

Clin J Am Soc Nephrol 5: 762–769, 2010

12. Reungjui S, Pratipanawatr T, Johnson RJ, Nakagawa T: Do
thiazides worsen metabolic syndrome and renal disease?
The pivotal roles for hyperuricemia and hypokalemia. Curr
Opin Nephrol Hypertens 17: 470 – 476, 2008
13. Srivastava TN, Young DB: Impairment of cardiac function
by moderate potassium depletion. J Card Fail 1: 195–200,
1995
14. Meldgaard L, Steiness E, Waldorff S: Time course of
ouabain uptake in isolated myocardial cells: Dependence
on extracellular potassium and calcium concentration. Br
J Pharmacol 73: 341–345, 1981
15. Steiness E: Diuretics, digitalis and arrhythmias. Acta Med
Scand 647: 75–78, 1981
16. Steiness E: Suppression of renal excretion of digoxin in
hypokalemic patients. Clin Pharmacol Ther 23: 511–514,
1978
17. Ascherio A, Hennekens C, Willett WC, Sacks F, Rosner B,
Manson J, Witteman J, Stampfer MJ: Prospective study of
nutritional factors, blood pressure, and hypertension
among US women. Hypertension 27: 1065–1072, 1996
18. Geleijnse JM, Witteman JC, den Breeijen JH, Hofman A, de
Jong PT, Pols HA, Grobbee DE: Dietary electrolyte intake
and blood pressure in older subjects: The Rotterdam Study.
J Hypertens 14: 737–741, 1996
19. Whelton PK, He J: Potassium in preventing and treating
high blood pressure. Semin Nephrol 19: 494 – 499, 1999
20. Hulting J: In-hospital ventricular fibrillation and its relation to serum potassium. Acta Med Scand 647: 109 –116,
1981
21. Ahmed A, Zannad F, Love TE, Tallaj J, Gheorghiade M,
Ekundayo OJ, Pitt B: A propensity-matched study of the
association of low serum potassium levels and mortality in
chronic heart failure. Eur Heart J 28: 1334 –1343, 2007
22. Hunt SA: ACC/AHA 2005 guideline update for the diagnosis and management of chronic heart failure in the adult:
A report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines (Writing Committee to Update the 2001 Guidelines for the Evaluation and Management of Heart Failure). J Am Coll Cardiol
46: e1– e82, 2005
23. Ahmed A, Husain A, Love TE, et al: Heart failure, chronic
diuretic use, and increase in mortality and hospitalization:
An observational study using propensity score methods.
Eur Heart J 27: 1431–1439, 2006
24. Siscovick DS, Raghunathan TE, Psaty BM, Koepsell TD,
Wicklund KG, Lin X, Cobb L, Rautaharju PM, Copass MK,
Wagner EH: Diuretic therapy for hypertension and the risk
of primary cardiac arrest. N Engl J Med 330: 1852–1857,
1994
25. Hoes AW, Grobbee DE, Lubsen J: Sudden cardiac death in

Serum Potassium in CKD

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

769

patients with hypertension: An association with diuretics
and beta-blockers? Drug Saf 16: 233–241, 1997
Hoes AW, Grobbee DE, Lubsen J, Man in ’t Veld AJ, van
der Does E, Hofman A: Diuretics, beta-blockers, and the
risk for sudden cardiac death in hypertensive patients. Ann
Intern Med 123: 481– 487, 1995
Hene RJ, Boer P, Koomans HA, Mees EJ: Plasma aldosterone concentrations in chronic renal disease. Kidney Int 21:
98 –101, 1982
Preston RA, Afshartous D, Garg D, Medrano S, Alonso AB,
Rodriguez R: Mechanisms of impaired potassium handling
with dual renin-angiotensin-aldosterone blockade in
chronic kidney disease. Hypertension 53: 754 –760, 2009
Bastl C, Hayslett JP, Binder HJ: Increased large intestinal
secretion of potassium in renal insufficiency. Kidney Int 12:
9 –16, 1977
Perez GO, Pelleya R, Oster JR, Kem DC, Vaamonde CA:
Blunted kaliuresis after an acute potassium load in patients
with chronic renal failure. Kidney Int 24: 656 – 662, 1983
Lush DJ, King JA, Fray JC: Pathophysiology of low renin
syndromes: Sites of renal renin secretory impairment and
prorenin overexpression. Kidney Int 43: 983–999, 1993
Allon M, Dansby L, Shanklin N: Glucose modulation of the
disposal of an acute potassium load in patients with endstage renal disease. Am J Med 94: 475– 482, 1993
Reardon LC, Macpherson DS: Hyperkalemia in outpatients
using angiotensin-converting enzyme inhibitors: How
much should we worry? Arch Intern Med 158: 26 –32, 1998
Jafar TH, Stark PC, Schmid CH, Landa M, Maschio G, de
Jong PE, de Zeeuw D, Shahinfar S, Toto R, Levey AS,
AIPRD Study Group: Progression of chronic kidney disease: The role of blood pressure control, proteinuria, and
angiotensin-converting enzyme inhibition—A patientlevel meta-analysis. Ann Intern Med 139: 244 –252, 2003
Schwarz S, Trivedi BK, Kalantar-Zadeh K, Kovesdy CP:
Association of disorders in mineral metabolism with progression of chronic kidney disease. Clin J Am Soc Nephrol 1:
825– 831, 2006
Nath KA, Hostetter MK, Hostetter TH: Pathophysiology of
chronic tubulo-interstitial disease in rats: Interactions of
dietary acid load, ammonia, and complement component
C3. J Clin Invest 76: 667– 675, 1985
Epstein M: Aldosterone blockade: An emerging strategy
for abrogating progressive renal disease. Am J Med 119:
912–919, 2006
Bianchi S, Bigazzi R, Campese VM: Long-term effects of
spironolactone on proteinuria and kidney function in patients with chronic kidney disease. Kidney Int 70: 2116 –
2123, 2006

