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Rationale & Objective: Both hypo- and hyper-
kalemia can cause fatal cardiac arrhythmias.
Although predialysis serum potassium level is a
known modifiable risk factor for death in patients
receiving hemodialysis, especially for hypokalemia,
this risk may be underestimated. Therefore, we
investigated the relationship between predialysis
serum potassium level and death in incident
hemodialysis patients and whether there is an
optimum level.

Study Design: Prospective multicenter cohort
study.

Setting & Participants: 1,117 incident hemodial-
ysis patients (aged >18 years) from the
Netherlands Cooperative Study on the Adequacy
of Dialysis-2 study were included and followed
from their first hemodialysis treatment until death,
transplantation, switch to peritoneal dialysis, or a
maximum of 10 years.

Exposure: Predialysis serum potassium levels
were obtained every 6 months and divided into 6
categories: ≤4.0 mmol/L, >4.0 mmol/L to ≤4.5
mmol/L, >4.5 mmol/L to ≤5.0 mmol/L, >5.0 mmol/
L to ≤5.5 mmol/L (reference), >5.5 mmol/L to ≤6.0
mmol/L, and >6.0 mmol/L.

Outcomes: 6-month all-cause mortality.

Analytical Approach: Cox proportional hazards and
restricted cubic spline analyses with time-dependent
Kidney Med Vol 4 | Iss 1 | January 2022
predialysis serum potassium levels were used to
calculate the adjusted HRs for death.

Results: At baseline, the mean age of the patients
was 63 years (standard deviation, 14 years), 58%
were men, 26% smoked, 24% had diabetes, 32%
had cardiovascular disease, the mean serum po-
tassium level was 5.0 mmol/L (standard deviation,
0.8 mmol/L), 7% had a low subjective global
assessment score, and the median residual kidney
function was 3.5 mL/min/1.73 m2 (IQR, 1.4-4.8
mL/min/1.73 m2). During the 10-year follow-up,
555 (50%) deaths were observed. Multivariable
adjusted HRs for death according to the 6
potassium categories were as follows: 1.42 (95%
CI, 1.01-1.99), 1.09 (95% CI, 0.82-1.45), 1.21
(95% CI, 0.94-1.56), 1 (reference), 0.95 (95%
CI, 0.71-1.28), and 1.32 (95% CI, 0.97-1.81).

Limitations: Shorter intervals between potassium
measurements would have allowed for more pre-
cise mortality risk estimations.

Conclusions: We found a U-shaped relationship
between serum potassium level and death in inci-
dent hemodialysis patients. A low predialysis serum
potassium level was associated with a 1.4-fold
stronger risk of death than the optimal level of
approximately 5.1 mmol/L. These results may
imply the cautious use of potassium-lowering
therapy and a potassium-restricted diet in
patients receiving hemodialysis.
Accumulating evidence points to the adverse impact of
dyskalemia on life expectancy in patients receiving

hemodialysis.1 Both hypo- and hyperkalemia can cause
potentially fatal cardiac arrhythmias and sudden death.2

Potassium homeostasis is mainly regulated by the kid-
neys, responsible for excreting 90% of the dietary potas-
sium intake. Patients receiving hemodialysis rely mainly on
potassium removal during each dialysis session.2 Hyper-
kalemia, defined as a serum potassium level of ≥5.5 mmol/
L, is a common electrolyte disorder occurring in 12%-20%
of patients receiving hemodialysis.3-6 Nonadherence to
dietary potassium restrictions and metabolic acidosis in-
crease the risk of hyperkalemia. Relatively little attention is
paid to hypokalemia and a low potassium level, defined as
serum potassium levels of <3.5 mmol/L and <4.0 mmol/
L, respectively, occurring in 2% and 13% of patients
receiving hemodialysis, respectively.3,5,6 Malnourishment,
metabolic alkalosis, potassium binders, and low potassium
dialysate are risk factors for hypokalemia.1,5 In addition,
patients receiving hemodialysis have low intracellular po-
tassium concentrations, despite the tendency of hyper-
kalemia development in them. Total body potassium levels
can be up to 10% lower in patients receiving hemodialysis
than in controls and is associated with an increased risk of
hypertension, cardiovascular disease, and death.7,8

The optimal predialysis serum potassium level is un-
known. There are no randomized controlled trials that
have examined the target predialysis potassium level with
regard to long-term outcomes. Therefore, we have to rely
on prospective cohort and registry studies. In the general
population, serum potassium levels between 3.5 and 5.0
mmol/L are considered to be within the normal range. In
patients with chronic kidney disease, the optimal range is
between 4.0 and 4.5 mmol/L.9 An important limitation to
previous studies investigating the relationship between
serum potassium levels and death on hemodialysis is the
inclusion of mainly prevalent instead of incident patients,
which may have resulted in survivor bias.10 Furthermore,
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PLAIN-LANGUAGE SUMMARY
Both high and low serum potassium levels can cause
fatal heart arrhythmias. In patients receiving hemodi-
alysis, the mortality risk of low serum potassium levels,
in particular, may have been underestimated. Therefore,
we investigated the relationship between predialysis
serum potassium level and 6-month mortality in 1,117
patients receiving hemodialysis during 10 years of
follow-up. In our analysis, we adjusted for the potential
confounders of age, sex, diabetes, cardiovascular dis-
ease, smoking, residual kidney function, and nutritional
state. We found that low (≤4.0 mmol/L) and high
(>6.0 mmol/L) predialysis serum potassium levels are
associated with a 1.4- and 1.3-fold, respectively,
stronger risk of death than the optimal serum potassium
level of approximately 5.1 mmol/L. These results may
imply the cautious use of potassium-lowering therapy
and a potassium-restricted diet in patients receiving
hemodialysis.

de Rooij et al
until now, cohort studies have estimated the risk of low
serum potassium levels in comparison with relatively
low levels (4.0-4.5 mmol/L) as a reference category
and, therefore, most likely underestimated the mortality
risk (hazard ratios [HRs], 1.03-1.14) related to
hypokalemia.4,11,12

Low predialysis serum potassium level is a potentially
modifiable risk factor; however, its adverse effect on death
in patients receiving hemodialysis may be underestimated.
Therefore, we studied the relationship between serum po-
tassium levels and death in a prospective cohort of incident
hemodialysis patients and investigated whether there is an
optimum level to pursue. Results from this study may
inform future guidelines for patients receiving hemodialysis.
METHODS

Study Design and Population

The Netherlands Cooperative Study on the Adequacy of
Dialysis-2 is a prospective multicenter cohort study of
patients, aged >18 years, with incident end-stage renal
disease, starting with their first dialysis treatment, as pre-
viously described in detail.13 Briefly, enrollment occurred
between 1997 and 2007 at 38 dialysis centers throughout
the Netherlands. The maximum follow-up was 10 years
after the start of hemodialysis, with the latest follow-up
date on January 1, 2018. The institutional review board
of the Academic Medical Hospital, Amsterdam, the
Netherlands approved the study (approval number,
MEC95/226a) and the institutional review boards of all
participating hospitals confirmed this by an additional local
approval. All patients gave written informed consent.
Follow-up visits were scheduled at 3 months after the start
2

of dialysis therapy, at 6 months, and subsequently at in-
tervals of 6 months. All centers predominantly used a
dialysate potassium concentration of 2 mmol/L and, if
indicated, 3 mmol/L. Baseline was defined as 3 months
after the start of hemodialysis treatment, when the pa-
tients’ fluid and metabolic conditions had stabilized. Dates
of mortality were immediately reported during follow-up
and ascertained by a nephrologist.

The cohort comprised 1,117 patients receiving hemo-
dialysis, without previous kidney replacement therapy, 3
months after starting dialysis. Survival time was defined as
the number of days between 3 months after the start of the
hemodialysis treatment (baseline) and the date of death,
the date of censoring due to loss to follow-up, kidney
transplantation, transfer to a nonparticipating dialysis
center, a switch to peritoneal dialysis treatment, or the end
of the follow-up.

Data Collection

Demographic and clinical data such as age, sex, ethnicity,
primary kidney disease, current smoking, medication, a
history of diabetes, cardiovascular disease, malignancy or
chronic lung disease, Subjective Global Assessment (SGA),
blood pressure, blood, and 24-hour urine samples were
collected at the start of dialysis treatment and at all visits
until the end of follow-up. Primary kidney disease was
classified according to the codes of the European Renal
Association–European Dialysis and Transplant Associa-
tion.13 We grouped patients into 4 classes of primary
kidney disease: diabetic nephropathy, glomerulonephritis,
renal vascular disease, and other kidney diseases. A history
of diabetes was defined based on diabetes mellitus regis-
tered as a comorbid condition or diabetic nephropathy as
primary kidney disease. Current smoking was defined as
current cigarette smokers, including those who quit
smoking in the past 3 months. Cardiovascular disease was
defined as any history of a cerebral vascular accident, a
myocardial infarction, or peripheral vascular disease.

For blood pressure, the mean systolic and diastolic
blood pressure values prior to dialysis over the previous 2
weeks were calculated. The nutritional state was measured
using a 1-7 score on SGA, with scores of 6-7 indicating
normal protein-energy wasting, scores of 4-5 indicating
moderate protein-energy wasting, and scores of 1-3
indicating severe protein-energy wasting.14

Serum potassium, albumin, creatinine, and urea levels
were measured during the prelude to dialysis and after the
long dialysis interval. In addition, urea and creatinine levels
were also measured in the urine. Residual kidney function
was estimated using combined urea and creatinine clearance
and corrected for body surface (mL/min/1.73 m2).

Statistical Analysis

Variables are presented as means ± standard deviations
(SDs), median (interquartile range), or numbers (pro-
portions) where appropriate and according to 6 predefined
baseline predialysis serum potassium level categories: ≤4
Kidney Med Vol 4 | Iss 1 | January 2022
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mmol/L, >4 mmol/L to ≤4.5 mmol/L, >4.5 mmol/L
to ≤5.0 mmol/L, >5.0 mmol/L to ≤5.5 mmol/L, >5.5
mmol/L to ≤6.0 mmol/L, and >6.0 mmol/L.

We assessed the relationship between predialysis serum
potassium level and all-cause mortality during 10 years of
follow-up using several methods. In all analyses, survival
was measured from 3 months (baseline) after the start of
hemodialysis. The survival probabilities for the 6 pre-
dialysis serum potassium categories at baseline were
visualized using Kaplan-Meier curves for the first 10 years
of follow-up.

For all following analyses, the predialysis serum po-
tassium level was included as a time-dependent variable
and updated at a 6-month interval after the start of the first
hemodialysis treatment. First, we used life tables to
calculate absolute mortality rates during the follow-up
within each of the 6 time-dependent predialysis serum
potassium level categories. Second, we used a time-
dependent Cox proportional hazards model to calculate
crude and multivariable adjusted HRs for 6-month all-
cause mortality during 10 years of follow-up. As normal
serum potassium levels vary from 3.5 to 5.5 mmol/L and
no optimum level has been definitively recommended
within that range, the predialysis serum potassium cate-
gory (>5.0 to ≤5.5 mmol/L) with the lowest mortality rate
in our cubic spline analysis was considered the reference
category.15 Analyses were adjusted for potential con-
founders measured at baseline: age, sex, current smoking,
history of diabetes, history of cardiovascular disease, re-
sidual kidney function, and SGA score (full model). We
did not control for time-varying confounding because later
values of time-dependent confounders may be influenced
by earlier levels of predialysis serum potassium. Therefore,
adjustments for such time-dependent variables could have
introduced bias.16 Third, the continuous relationship be-
tween time-dependent predialysis serum potassium level
and mortality was explored by modeling a 4-knot
restricted cubic spline with 95% confidence intervals
(CIs) adjusted for the previously mentioned confounders.
The knots were chosen at the 5th, 35th, 65th, and 95th
percentiles of the predialysis serum potassium level
distribution.17

We performed 4 sensitivity analyses. First, we repeated
our full time-dependent Cox proportional hazards model
with additional adjustments for serum phosphate level,
serum bicarbonate level, serum albumin level, and
normalized protein catabolic rate to assess any residual
confounding by nutritional state. Second, we performed
time-dependent Cox proportional hazard analyses consid-
ering as a secondary outcome cardiac death due to dys-
kalemia, cardiac arrest, myocardial infarction, and sudden
death. We did not include cardiac death in our primary
analysis as specific causes of death are more likely to be
misclassified. Third, we repeated our analyses without
censoring for patients switching to peritoneal dialysis. In
the primary analyses, we censored patients from the
moment they switched from hemodialysis to peritoneal
Kidney Med Vol 4 | Iss 1 | January 2022
dialysis, since we aimed to investigate only the effect of the
predialysis serum potassium level on the mortality risk in
patients receiving hemodialysis. However, this might have
resulted in informative censoring, since patients switching
to peritoneal dialysis are often in better or worse clinical
condition than the general population receiving hemodi-
alysis. Fourth, we repeated our Cox proportional hazards
model using the baseline predialysis serum potassium level
category as a fixed variable to calculate the HRs for 10-year
all-cause mortality and cardiac death. This enabled us to
evaluate whether the relationship between predialysis
serum potassium level and all-cause mortality is indeed a
short-term effect that can be better estimated using a time-
dependent analysis.

We assumed missing values to be missing at random.
Missing data were handled using 2 different strategies. For
missing predialysis serum potassium levels at baseline (n =
9; 1%), we carried the next observed predialysis serum
potassium level backward, and for the missing values
during the 10-year follow-up (n = 869; 13%), we carried
the last observed predialysis serum potassium level for-
ward. For the following missing baseline data—smoking
(n = 8; 1%), history of diabetes (n = 14; 1%) or history of
cardiovascular disease (n = 14; 1%), residual kidney
function (n = 259; 23%), and SGA score (n = 82; 7%), we
used multiple imputations to avoid bias and maintain
power, using 10 imputations, and including all relevant
baseline variables and the outcome in the model.18

In the proportional hazards regression models, the
proportionality assumption for each covariate was checked
by adding a product term between that covariate and the
logarithm of follow-up time. All analyses were performed
using SPSS 23.0 (International Business Machines Corpo-
ration) and R version 3.5.1 (R Core Team).
RESULTS

Baseline Characteristics

Of all Netherlands Cooperative Study on the Adequacy of
Dialysis-2 study participants, 1,117 patients receiving he-
modialysis survived the first 3 months after starting dialysis
and were therefore included in the analysis. At baseline, the
mean age of the study cohort was 63 years (SD, 14 years),
58% were men, 26% were current smokers, 24% had a
history of diabetes, 32% had a history of cardiovascular
disease, 7% had a low SGA score, and the median residual
kidney function was 3.5 mL/min/1.73 m2 (interquartile
range, 1.4-4.8 mL/min/1.73 m2). The mean predialysis
serum potassium level was 5.0 mmol/L (SD, 0.8 mmol/L).
The prevalence of the 6 predialysis serum potassium level
categories of ≤4.0 mmol/L, >4.0 mmol/L to ≤4.5 mmol/L,
>4.5 mmol/L to ≤5.0 mmol/L, >5.0 mmol/L to ≤5.5
mmol/L (reference), >5.5 mmol/L to ≤6.0 mmol/L, and
>6.0 mmol/L were 10%, 19%, 26%, 22%, 15%, and 8%,
respectively. Mean predialysis serum potassium levels in the
lowest (SD, ≤4.0 mmol/L) and highest (SD, >6.0 mmol/L)
potassium categories were 3.7 mmol/L (SD, 0.3 mmol/L)
3



Table 1. Baseline Characteristics of 1,117 Incident Hemodialysis Patients, Overall and According to 6 Predialysis Serum Potassium
Level Categories

Characteristic All Patients

Predialysis Serum Potassium Level Category, mmol/L

≤4.0 >4.0 to ≤4.5 >4.5 to ≤5.0 >5.0 to ≤5.5 >5.5 to ≤6.0 >6.0
Total, n (%) 1,117 117 (10) 208 (19) 287 (26) 241 (22) 170 (15) 94 (8)
Age, y 63 (14) 66 (13) 67 (11) 64 (14) 61 (14) 62 (14) 59 (15)
Men, n (%) 649 (58) 70 (60) 117 (56) 164 (57) 147 (61) 94 (55) 57 (61)
Ethnicity, n (%)
White 1,030 (92) 108 (92) 196 (94) 265 (92) 222 (92) 158 (93) 81 (86)
Black 25 (2) 4 (3) 3 (2) 4 (1) 8 (3) 3 (2) 3 (3)
Asian 60 (6) 5 (4) 9 (4) 18 (6) 11 (5) 9 (5) 8 (9)
Other 2 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (2)

BMI, kg/m2 24.7 (4.4) 24.5 (4.4) 25.0 (4.8) 25.2 (4.5) 24.1 (3.9) 24.8 (4.3) 24.1 (4.2)
SGA, n (%)
1-3; severe PEW 70 (7) 17 (15) 17 (9) 14 (5) 8 (4) 9 (6) 5 (6)
4-5; moderate PEW 275 (26) 31 (28) 65 (34) 63 (23) 54 (24) 40 (25) 22 (27)
6-7; normal PEW 690 (67) 62 (57) 109 (57) 193 (72) 159 (72) 112 (70) 55 (67)
Current smoking, n (%) 288 (26) 26 (22) 54 (26) 68 (24) 74 (31) 38 (22) 28 (30)

Primary kidney disease, n (%)
Diabetic nephropathy 176 (16) 18 (16) 35 (17) 42 (15) 37 (15) 30 (18) 14 (15)
Glomerulonephritis 113 (10) 10 (9) 12 (6) 30 (11) 24 (10) 21 (13) 16 (17)
Renal vascular disease 245 (22) 24 (21) 55 (27) 62 (22) 52 (22) 30 (18) 22 (24)
Other 574 (52) 64 (55) 104 (51) 153 (53) 128 (53) 85 (51) 40 (44)

Kt/V,a wk 3.5 (2.8-4.0) 3.7 (3.2-4.3) 3.6 (2.8-4.1) 3.4 (2.8-4.0) 3.3 (2.7-3.8) 3.3 (2.7-3.9) 3.3 (2.7-3.9)
Residual eGFR,a,b mL/min/
1.73 m2

3.5 (1.4-4.8) 3.5 (2.0-6.3) 3.8 (2.0-5.7) 3.5 (1.6-5.1) 3.0 (1.6-4.1) 2.3 (1.0-3.8) 1.5 (0.5-3.4)

Dialysis frequency, n (%)
1 d/wk 10 (1) 1 (1) 2 (1) 6 (2) 0 (0) 1 (1) 0 (0)
2 d/wk 430 (39) 44 (38) 81 (39) 120 (42) 94 (39) 56 (34) 35 (37)
3 d/wk 671 (60) 72 (62) 122 (59) 161 (56) 147 (61) 110 (66) 59 (63)

Systolic BP,c mm Hg 148 (19) 144 (21) 146 (19) 150 (18) 148 (20) 148 (20) 149 (17)
Diastolic BP,c mm Hg 80 (10) 79 (10) 78 (10) 80 (9) 81 (10) 80 (11) 82 (10)
History of diabetes, n (%) 260 (24) 31 (27) 55 (27) 66 (23) 51 (21) 37 (22) 20 (22)
History of cardiovascular
disease,d n (%)

354 (32) 44 (38) 79 (38) 92 (32) 70 (29) 50 (29) 19 (20)

History of chronic lung
disease, n (%)

98 (9) 11 (10) 23 (11) 22 (8) 21 (9) 13 (8) 8 (9)

History of malignancy, n (%) 131 (12) 13 (11) 29 (14) 31 (11) 26 (11) 24 (15) 8 (9)
Antihypertensives, n (%) 884 (80) 93 (80) 160 (77) 233 (82) 195 (81) 133 (79) 70 (78)
Insulin, n (%) 149 (13) 18 (16) 33 (16) 31 (11) 31 (13) 22 (13) 14 (15)
Lipid-lowering drugs, n (%) 284 (26) 30 (26) 62 (30) 77 (27) 59 (25) 36 (22) 20 (22)
Potassium, mmol/L 5.0 (0.8) 3.7 (0.3) 4.3 (0.1) 4.8 (0.1) 5.3 (0.1) 5.7 (0.1) 6.5 (0.3)
Hemoglobin, mmol/L 6.7 (0.9) 6.6 (1.1) 6.6 (1.0) 6.7 (0.8) 6.7 (0.8) 6.7 (0.9) 6.5 (0.8)
Bicarbonate, mmol/L 22 (3) 24 (3) 23 (3) 22 (3) 22 (3) 21 (4) 21 (3)
Cholesterol, mmol/L 4.7 (1.2) 4.8 (1.4) 4.9 (1.3) 4.6 (1.2) 4.6 (1.1) 4.9 (1.3) 4.7 (1.0)
Phosphate, mmol/L 1.9 (0.6) 1.6 (0.6) 1.7 (0.5) 1.8 (0.5) 1.9 (0.5) 2.0 (0.6) 2.2 (0.7)
Albumin, g/L 35 (6) 35 (6) 36 (6) 36 (6) 35 (6) 36 (6) 36 (6)
nPCR,e g/kg/d 1.0 (0.2) 1.0 (0.2) 1.0 (0.3) 1.0 (0.2) 1.0 (0.2) 1.0 (0.2) 1.0 (0.2)
Note: Continuous data are expressed as the mean (± standard deviation), unless otherwise indicated. Measurements were conducted prior to dialysis.
Abbreviations: BMI, body mass index; BP, blood pressure; eGFR, estimated glomerular filtration rate; Kt/V, K– clearance of urea, t– time, V– volume of distribution of
urea, approximately equal to patient’s total body water; nPCR, normalized protein catabolic rate; PEW, protein-energy wasting; SGA, Subjective Global Assessment.
aMedian (interquartile range).
bThe residual eGFR was based on combined urea and creatinine clearance and corrected for body surface.
cMean systolic and diastolic BP values shown are prior to dialysis, as measured over the previous 2 weeks.
dCardiovascular disease was defined as any history of a cerebral vascular accident, a myocardial infarction peripheral vascular disease, or heart failure.
eThe nPCR was calculated using the Watson nomogram.

de Rooij et al
and 6.5 mmol/L (SD, 0.3 mmol/L), respectively. Table 1
presents the baseline characteristics for all patients and ac-
cording to the 6 predialysis serum potassium level categories.
4

Compared with the reference category (>5.0 to ≤5.5 mmol/
L), patients in the lowest potassium level category were
older, smoked less often, and had lower SGA scores, whereas
Kidney Med Vol 4 | Iss 1 | January 2022



Table 2. Absolute All-Cause Mortality Rates (95% Confidence Intervals) According to 6 Time-Dependent Predialysis Serum
Potassium Level Categories During 10-Year Follow-up of 1,117 Incident Hemodialysis Patients

All-Cause Mortality

Time-Dependent Predialysis Serum Potassium Level Category, mmol/L

≤4.0 >4.0 to ≤4.5 >4.5 to ≤5.0 >5.0 to ≤5.5 >5.5 to ≤6.0 >6.0
Person-years 199.5 451.7 722.1 712.2 506.2 323.3
Deaths from all causes 52 86 154 122 78 63
Deaths from all causes/
100
person-years

26.1
(19.0-33.1)

19.0
(15.0-23.1)

21.3
(17.9-24.7)

17.1
(14.1-20.2)

15.4
(12.0-18.8)

19.5
(14.7-24.3)

de Rooij et al
those in the highest predialysis serum potassium level cate-
gory were younger and had lower residual kidney functions.
Phosphate levels increased with higher potassium level cate-
gories, whereas bicarbonate levels decreased.

Mortality Risk

During 10 years of follow-up, 75 (7%) patients receiving
hemodialysis switched to peritoneal dialysis and were thus
censored. Median survival for all patients during 10 years
of follow-up was 3.93 years. In total, 555 deaths were
observed over 2,915 person-years, resulting in an overall
crude all-cause mortality rate of 19.0 per 100 patient-years
(95% CI, 17.5-20.7 per 100 patient-years). Approximately
29% of all deaths were due to cardiac causes. The Kaplan-
Meier curves showing the survival probabilities for each
baseline predialysis serum potassium level category during
10 years of follow-up are demonstrated in Figure S1.
Table 2 shows the mortality rates (95% CIs) per 100
patient-years during 10 years of follow-up according to
the 6 time-dependent potassium level categories. The ab-
solute risk of death was clearly increased in the lowest
predialysis serum potassium level category of ≤4.0 mmol/
L compared with >5.0 to ≤5.5 mmol/L, which corre-
sponded to an excess rate of approximately 9 deaths/100
patient-years. The highest predialysis serum potassium
level category of >6.0 mmol/L corresponded to an excess
rate of approximately 2 deaths/100 patient-years
compared with the predialysis serum potassium level
category of >5.0 to ≤5.5 mmol/L.

After checking the proportional hazards assumption, we
found no sign of violation. Table 3 shows the crude and
Table 3. Hazard Ratios With 95% Confidence Intervals of 6-Mon
Dependent Predialysis Serum Potassium Levels in 1,117 Incident

Time-Dependent Predialysis
Serum Potassium
Level Category, mmol/L

Hazard Ratio (95% CI)

Crude Age and Sex A
≤4.0 1.64 (1.18-2.29) 1.47 (1.05-2.05
>4.0 to ≤4.5 1.22 (0.92-1.62) 1.13 (0.85-1.50
>4.5 to ≤5.0 1.28 (1.00-1.63) 1.18 (0.92-1.51
>5.0 to ≤5.5 1 1
>5.5 to ≤6.0 0.94 (0.70-1.26) 0.96 (0.72-1.29
>6.0 1.23 (0.90-1.69) 1.39 (1.02-1.90
Note: The serum potassium level of 5.0 to 5.5 mmol/L was taken as the reference c
mellitus, and history of cardiovascular disease. Model 2 had an additional adjustment
residual kidney function and subjective global assessment score.
Abbreviation: CI, confidence interval.
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multivariable adjusted relationship between the 6 time-
dependent predialysis serum potassium level categories
and 6-month mortality during 10 years of follow-up.
Additional adjustments for residual kidney function or
SGA did not materially attenuate the relationship between
predialysis serum potassium level and mortality. The HR of
time-dependent predialysis serum potassium ≤4.0 mmol/L
was 1.42 (95% CI, 1.01-1.99), implying that hypokalemia
is a 1.4-fold stronger risk factor compared with predialysis
serum potassium levels of >5.0 and ≤5.5 mmol/L, whereas
predialysis serum potassium levels of >6.0 mmol/L
resulted in an HR of 1.32 (95% CI, 0.97-1.81).

U-Shaped Relationship

Figure 1 shows the U-shaped relationship between time-
dependent predialysis serum potassium level and 6-
month mortality during 10 years of follow-up, expressed
using the multivariable adjusted HR, with a nadir at
approximately 5.1 mmol/L. HRs for death increased sub-
stantially below a predialysis serum potassium level of ≤4.5
mmol/L and above >5.7 mmol/L, with the effects of
lower predialysis serum potassium levels being more
pronounced. For example, patients receiving hemodialysis
with a predialysis serum potassium level of 4.0 mmol/L
compared with the optimum level of 5.1 mmol/L had an
almost 1.4-fold increased risk of death.

Sensitivity Analyses

We performed 4 sensitivity analyses. First, additional ad-
justments for the nutritional markers phosphate, bicar-
bonate, albumin, and normalized protein catabolic rate did
th All-Cause Mortality According to the 6 Categories of Time-
Hemodialysis Patients During 10 Years of Follow-up

djusted Model 1 Model 2 Model 3
) 1.40 (1.00-1.96) 1.48 (1.05-2.07) 1.42 (1.01-1.99)
) 1.04 (0.78-1.38) 1.10 (0.82-1.46) 1.09 (0.82-1.45)
) 1.17 (0.91-1.50) 1.22 (0.95-1.57) 1.21 (0.94-1.56)

1 1 1
) 0.98 (0.73-1.31) 0.96 (0.71-1.29) 0.95 (0.71-1.28)
) 1.38 (1.01-1.89) 1.36 (0.99-1.85) 1.32 (0.97-1.81)
ategory. Model 1 was adjusted for age, sex, current smoking, history of diabetes
for residual kidney function. Model 3 (full model) had an additional adjustment for
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Figure 1. Hazard ratio for 6-month all-cause mortality with 95%
confidence intervals (dotted lines) related to time-dependent
predialysis serum potassium levels in 1,117 incident hemodialy-
sis patients during 10 years of follow-up, calculated from our 4-
knot restricted cubic spline and adjusted for age, sex, current
smoking, a history of diabetes mellitus, and a history of cardio-
vascular disease.
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not materially alter the results of our main analysis
(Table S1). Second, considering cardiac death as an
outcome attenuated the results due to the loss of power but
showed a similar direction of the relationship (Table S2).
Third, repeating our analyses without censoring for pa-
tients who switched to peritoneal dialysis also did not
substantially change the effect between predialysis serum
potassium level and death (Table S3). Finally, considering
predialysis serum potassium level as a fixed category at
baseline did attenuate the strength of the relationship be-
tween predialysis serum potassium level category and 10-
year all-cause mortality as expected due to the dilution of
the effect of potassium over time (Tables S4 and S5).
DISCUSSION

This prospective study among exclusively incident hemo-
dialysis patients showed a U-shaped relationship between
predialysis serum potassium level and death during 10
years of follow-up, with an optimum level of approxi-
mately 5.1 mmol/L. Compared with this optimum level,
low (≤4 mmol/L) and high (>6 mmol/L) predialysis
serum potassium concentrations were 1.4- and 1.3-fold
stronger risk factors for death after multivariable adjust-
ment, respectively.

Our results are in line with the study by Torl�en et al,3

including >1,11,000 prevalent hemodialysis patients
showing adjusted HRs for all-cause mortality for time-
dependent serum potassium levels of <3.5 mmol/L
and ≥5.5 mmol/L of 2.0 (95% CI, 1.8-2.1) and 1.2 (95%
6

CI, 1.2-1.3) compared with the reference category of 4.0-
4.5 mmol/L, respectively. A limitation of this previous
study is the inclusion of prevalent patients, which may
have resulted in selection bias. In addition, estimates were
not adjusted for the potential confounders residual kidney
function and nutritional status. In contrast, another study
including 55,000 prevalent hemodialysis patients showed
low adjusted HRs for death of 1.0 (95% CI, 1.0-1.1) and
1.1 (95% CI, 1.0-1.2) for serum potassium <4.0 mmol/L
and >6.0 mmol/L, respectively, compared to the reference
category of 4.0 to 5.0 mmol/L.12 Next to selection bias
and their relatively low reference category, another
possible explanation for their low HRs could be the use of
serum potassium as a fixed variable in their model over a
median follow-up of 16.5 months. When considering
predialysis serum potassium level as a fixed value at
baseline, we had a similar finding, namely, a weakening of
the observed effect over time most likely due to dilution.

The relatively high optimum predialysis serum potas-
sium level of 5.1 mmol/L that we found is consistent with
2 previous studies. Kovesdy et al19 reported that predialysis
serum potassium levels between 4.6 and 5.3 mmol/L were
associated with the highest 3-year survival rate in >81,000
prevalent hemodialysis patients. Pun et al20 found that a
predialysis serum potassium level of 5.1 mmol/L resulted
in the lowest risk of sudden cardiac arrest.

Limitations of these 2 previous studies were again the
inclusion of prevalent patients and, in the study by Pun
et al,20 failure to adjust for potential confounders such as
smoking, residual kidney function, and nutritional status.

Serum potassium concentration rapidly decreases by
approximately 1 mEq/L in the first hour of hemodialysis
treatment, when the blood-to-dialysate gradient is great-
est, and an additional lowering of 1 mEq/L occurs over the
next 2 hours. A rapid rebound of serum potassium occurs
because of efflux from the intracellular compartment after
completion of the dialysis session.7 Patients with a rela-
tively low predialysis serum potassium level may experi-
ence more severe or prolonged hypokalemia after the
session, which may explain the increased risk of death that
we found.21 Another explanation could be that low pre-
dialysis serum potassium level is a proxy for malnourish-
ment, which is a strong risk factor for death.22,23

However, adjusting for SGA score, the normalized pro-
tein catabolic rate, serum phosphate, bicarbonate, and al-
bumin, as indicators of malnutrition, did not materially
attenuate the relationship between predialysis serum po-
tassium level and death. Finally, low total body potassium
is also a risk factor for death.8 Hemodialysis treatment may
reduce total body potassium by depleting intracellular
potassium stores. Although serum potassium level does not
necessarily reflect the intracellular potassium, a low pre-
dialysis concentration may serve as a proxy of a relatively
low total body potassium level.

There are several strengths to our study. First, to our
knowledge, this is the first study that included only inci-
dent hemodialysis patients. All previous studies
Kidney Med Vol 4 | Iss 1 | January 2022
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investigating the relationship between predialysis serum
potassium level and death mainly included prevalent he-
modialysis patients, thus being susceptible to survivor
bias.3,4,11,12,19,23,24 This is a form of selection bias that
occurs when the risk of an outcome is estimated from data
collected at a given time point among survivors rather than
on data gathered in a group of incident cases.10 As with
other biases, an increased study size cannot compensate for
survivor bias.25 Second, all measurements were performed
according to the study protocol, and, therefore, informa-
tion bias is unlikely. This is in contrast to the previous
studies in which data were collected from clinical records,
potentially resulting in information bias as data were
collected for a clinical reason. Third, we adjusted for
smoking, an important confounder that was unavailable in
the majority of the previous studies and, therefore, not
included in the model.4,11,12,23,24 Reverse causation owing
to inadequate control for smoking status can distort the
true relationship between hypokalemia and the risk of
death because smoking is associated with both decreased
serum potassium level and an increased risk of death.26

Finally, by modeling potassium freely in our restricted
cubic spline analysis, we could establish the optimum
predialysis serum potassium level as a reference category
and incorporate it into our main time-dependent analysis.
As this reference was found to be higher than those used in
previous studies, this may have allowed for a more valid
estimation of the HRs associated with dyskalemia, partic-
ularly hypokalemia. Using a lower reference category, as
most previous studies did, could have resulted in the un-
derestimation of the relative relationship between hypo-
kalemia and mortality.

Nevertheless, our study has some limitations. First, as
with most studies, we encountered missing data. To
maintain power and minimize any bias, we used multiple
imputations to account for these missing data. Second,
even though we updated predialysis serum potassium level
as a time-dependent variable, we could only do so for
every 6 months. As the serum predialysis potassium level
fluctuates, shorter intervals between measurements would
have allowed for more precise estimations of the mortality
risk and less “dilution” of the effect. Third, as we did not
have information on peridialytic changes in serum potas-
sium levels, the serum-to-dialysate potassium gradient, or
postdialysis serum potassium levels, we could not consider
the effects of these factors on the mortality risk. Fourth, we
used all-cause mortality as the primary outcome, which is
unequivocal, whereas the secondary outcome, cardiac
death, can be nondifferentially misclassified. Considering
cardiac death as an outcome showed slightly weaker but
similar results. In general, nondifferential misclassification
results in an underestimation of the effect.25

In conclusion, we found a U-shaped relationship be-
tween predialysis serum potassium levels and 6-month all-
cause mortality in incident hemodialysis patients in the
first 10 years of follow-up. Our results indicate an opti-
mum predialysis serum potassium level of approximately
Kidney Med Vol 4 | Iss 1 | January 2022
5.1 mmol/L. Low and high predialysis serum potassium
levels resulted in 1.4- and 1.3-fold stronger risk factors for
death, respectively, compared with the optimum level. If
proven causal, the clinical implication of these results is
that potassium-lowering therapy should be used with
caution in patients receiving hemodialysis with normal or
low serum potassium levels before the dialysis session.
Furthermore, as low predialysis serum potassium level
could result from malnourishment, the associated mor-
tality risk emphasizes the importance of preventing
nutritional disorders in patients receiving hemodialysis.
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