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ABSTRACT

Background. Hyperkalemia is common among hemodialysis (HD) patients and has been associated with adverse clinical
outcomes. Previous studies considered a single serum potassium (K) measurement or time-averaged values, but serum K
excursions out of the target range may be more reflective of true hyperkalemia events. We assessed whether hyperkalemia
excursions lead to an elevated risk of adverse clinical outcomes.

Methods. Using data from 21 countries in Phases 4–6 (2009–18) of the Dialysis Outcomes and Practice Patterns Study (DOPPS),
we investigated the associations between peak serum K level, measured monthly predialysis, over a 4-month period (‘peak
K’) and clinical outcomes over the subsequent 4 months using Cox regression, adjusted for potential confounders.

Results. The analysis included 62 070 patients contributing a median of 3 (interquartile range 2–6) 4-month periods. The
prevalence of hyperkalemia based on peak K was 58% for >5.0, 30% for >5.5 and 12% for >6.0 mEq/L. The all-cause mortality
hazard ratio for peak K (reference �5.0 mEq/L) was 1.15 [95% confidence interval (CI) 1.09, 1.21] for 5.1–5.5 mEq/L, 1.19 (1.12,
1.26) for 5.6–6.0 mEq/L and 1.33 (1.23, 1.43) for >6.0 mEq/L. Results were qualitatively consistent when analyzing
hospitalizations and a cardiovascular composite outcome.

Conclusions. Among HD patients, we identified a lower K threshold (peak K 5.1–5.5 mEq/L) than previously reported for
increased risk of hospitalization and mortality, with the implication that a greater proportion (>50%) of the HD population
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may be at risk. A reassessment of hyperkalemia severity ranges is needed, as well as an exploration of new strategies for
effective management of chronic hyperkalemia.
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INTRODUCTION

Hyperkalemia (HK) is common among patients with end-stage
kidney disease (ESKD) undergoing maintenance hemodialysis
(HD) [1–3]. Marked or complete impairment of renal potassium
(K) excretion can lead to HK [4] and subsequent increased mor-
tality risk [5, 6], most likely due to cardiac arrhythmias [7]. The
burden of HK to patients [8–10] and healthcare systems [11] is
well known. Common strategies to avoid and/or treat HK in-
clude lowering dietary potassium intake, lowering dialysate K
and initiating K-binding resins (K binders); other options in-
clude initiating loop diuretics or sodium bicarbonate [9, 10, 12–
14]. Because renin–angiotensin–aldosterone system inhibitor
(RAASi) agents can increase serum K levels [15, 16], discontinu-
ing RAASi use can also be used as an antihyperkalemic measure
[17]; however, this strategy may lead to suboptimal manage-
ment of cardiovascular (CV) complications of ESKD, particularly
associated with heart failure [18]. The extent to which these
strategies are initiated in HD patients in response to HK epi-
sodes is unknown.

Large cohort studies have demonstrated an elevated risk of
adverse events in HD patients with serum K levels >5.5 or >6.0
mEq/L [19–22]. These studies utilized a variety of methodologi-
cal strategies, including capturing short-term risk within 96 h of
K measurement [19], assessing long-term risk following a single
K measurement over multiple years [20] and investigating 3-
month time-averaged serum K [21, 22]. Serial K measurements
may be more informative than a single K measure by being
more sensitive to day-to-day fluctuations in serum K [23, 24]
and may be aligned with the concept that K excursions may
lead to events such as arrhythmias and sudden cardiac death.
However, simply averaging recent serum K levels may overlook
some at-risk patients because this measure does not reflect var-
iability or potential excursions out of the target range (e.g.
monthly serum K levels of 4.0, 6.0 and 5.0 would result in a 3-
month average value of 5.0).

As a potentially improved measure of risk due to HK, we in-
vestigated any HK excursions out of the target range that
patients experienced over the past 4 months. Retrospectively
assessing ‘target achievement’ as a mortality risk factor has
been studied among HD patients in the mineral and bone disor-
der (MBD) area [25, 26], but to our knowledge, not for K. We hy-
pothesize that HD patients with more severe HK excursions
over 4 months have a higher risk of mortality and other adverse
clinical outcomes over the subsequent 4 months.

MATERIALS AND METHODS
Data source

The Dialysis Outcomes and Practice Patterns Study (DOPPS) is
an international prospective cohort study of patients �18 years
of age treated with in-center HD in 21 countries. Maintenance
HD patients were randomly selected from national samples of
HD facilities in each country for inclusion in the DOPPS data-
base; detailed information is included in prior publications [27,
28] and at http://www.dopps.org. Study approval and patient

consent were obtained as required by national and local ethics
committee regulations. Information on patient demographics
and comorbidity history was abstracted from medical records at
DOPPS enrollment in each study phase. Data on predialysis
laboratory values (monthly) and medication prescriptions
(every 4 months) were abstracted from medical records at base-
line and during follow-up. This analysis used data from DOPPS
Phase 4 (2009–11), Phase 5 (2012–15) and Phase 6 (2015-2018) and
included all 21 countries: the USA, Canada, Japan, China,
Russia, Turkey, seven European countries (Belgium, France,
Germany, Italy, Spain, Sweden and the UK), six Gulf
Cooperation Council (GCC) countries (Bahrain, Kuwait, Oman,
Qatar, Saudi Arabia and United Arab Emirates), Australia and
New Zealand.

Variables and study design

The primary exposure variable was ‘peak K’, defined as the
highest value of a monthly predialysis serum K observed during
the 4-month exposure interval (Figure 1) and categorized as
>6.0, 5.6–6.0, 5.1–5.5 and �5.0 mEq/L (i.e. never exceeding 5.0
over the interval). Because a 4-month interval to define the ex-
posure period was required, we excluded patients who were en-
rolled in DOPPS for <4 months. We also required that patients
had serum K measured in at least 3 of the 4 months. Figure 2
details the number of patients meeting the eligibility criteria for
each analysis.

Our study design is illustrated in Figure 1; we divided time
into 4-month intervals to assess whether peak K over a 4-month
period was associated with an elevated risk of adverse clinical
outcomes over the subsequent 4 months. Multiple exposure–
outcome periods per patient were included to the extent that
data were available, that is, the unit of analysis was the 4-
month period. The primary outcome was all-cause mortality.
Secondary outcomes included all-cause hospitalization and a
composite CV outcome of CV death or CV hospitalization. Time
at risk began at the end of the 4-month exposure interval and
ended after the event of interest, 7 days after leaving the facility
due to transfer or change in modality, loss to follow-up, admin-
istrative end of the study phase or end of the 4-month follow-
up interval (whichever occurred first).

Statistical analyses

We summarized the distribution of HK excursions for each
threshold and reported the distribution of peak K by country.
We reported patient characteristics for included versus ex-
cluded patients and by peak K among patients included in the
primary all-cause mortality analysis.

We assessed the frequency of initiation—by region and peak
K—of five serum K management strategies: RAASi discontinua-
tion, K binder initiation, loop diuretic initiation, sodium bicar-
bonate initiation and lowering dialysate K. The outcome was
defined by the prescription at the end of the 4-month exposure
period. Evaluation of RAASi discontinuation was restricted to
patients prescribed a RAASi at the beginning of the period (i.e.
because only users could discontinue). Similarly, evaluations of
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medication initiation were restricted to patients not prescribed
the medication at the beginning of the period. The dialysate K
lowering (by �0.5 mEq/L) analysis was restricted to patients pre-
scribed dialysate K�2.5 mEq/L at the beginning of the period, be-
cause dialysate K levels <2.5 mEq/L would rarely be lowered

below 2.0 mEq/L. Exclusion criteria for medication analyses are
further described in Supplementary data, Figure S1.

We used Cox regression for time-to-event analyses of clini-
cal outcomes. Models were stratified by DOPPS phase and coun-
try and within-facility and within-patient clustering was

Peak serum K Follow-up for clinical outcomes

Months after DOPPS enrollment
0 1 2 3 4 5 6 7 8

K K K K K K K K K

9 ...

Peak serum K Follow-up for clinical outcomes

Rx change?
Rx change?

FIGURE 1: Illustration of data collection and study design. Exposure variable is peak K, i.e. the peak serum K level, measured monthly predialysis over the 4-month ex-

posure. For clinical outcomes, patients were followed for the next 4 months. For medication change outcomes, prescriptions at the end of the 4-month exposure period

were compared with the beginning of that period. Multiple exposure/outcome periods per patient may be included.

77 033 patients in DOPPS phases 4–6
(2009–2018) under protocol with

monthly lab collection

63 812 patients with exposure variable
measured and potentially eligible

for inclusion

62 070 patients in all-cause
mortality analysis

60 237 patients in all-cause
hospitalization analysis

23 312 patients in
CV event analysis

• 6313 patients excluded: enrolled in
  DOPPS for < 4 months
• 4651 patients excluded: < 3 months
  with lab data
• 2257 patients excluded: < 3 months
  serum K measurements

• 1742 patients excluded: no
  follow-up for mortality

• 1833 patients excluded: no
  hospitalization data

• 36 925 patients excluded: cause of
  death or hospitalization not provided
  by HD facility for any patients

FIGURE 2: Flow chart illustrating inclusion/exclusion criteria for analyses of clinical outcomes. Primary analysis: all-cause mortality. A large proportion of patients

were unavailable for CV event analyses due to electronic health record transfers from US providers that do not include information on the cause of death or

hospitalization.
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accounted for by using robust sandwich covariance estimators.
Potential confounders selected for adjustment included age,
sex, Black race, vintage, 13 comorbidities [coronary artery dis-
ease, cerebrovascular disease, heart failure, peripheral vascular
disease, other CV disease, cancer (nonskin), diabetes, gastroin-
testinal bleeding, hypertension diagnosis, lung disease, neuro-
logic disease, psychiatric disorder and recurrent cellulitis/
gangrene], albumin, phosphorus, hemoglobin, catheter use,
body mass index (BMI), lowest serum K value during the 4-
month exposure period (‘valley K’; to account for the likely U-
shaped association between serum K and outcomes [29]) and
frequency of K measurement. To expand on our primary find-
ings, we performed additional analyses for the number of
months (over the 4-month interval) during which serum K
exceeded HK excursion thresholds of 5.0, 5.5 and 6.0 mEq/L; for
more specific CV events; varying the level of covariate adjust-
ment; by international region; for subgroups defined a priori [di-
abetes, age, time since HD initiation (vintage) and history of
heart failure] and substituting mean serum K over 4 months or
the single most-recent serum K as the exposure variable.

We used multiple imputations, assuming data were missing
at random, to impute missing variables using the sequential re-
gression multiple imputation method by IVEware [30]. Results
from 20 such imputed data sets were combined for the final
analysis using Rubin’s formula [31]. The proportion of missing
data was 23% for medication prescriptions, 13% for comorbidity
history and �5% for all other variables. All analyses were con-
ducted using SAS software, version 9.4 (SAS Institute, Cary, NC,
USA).

RESULTS
Study sample

Our primary analysis included 244 177 4-month periods across
62 070 patients. Individual patients contributed a median of 3
[interquartile range (IQR) 2–6, range 1–9] of these 4-month peri-
ods. We excluded 14 963 patients (19%) due to missing data on
the outcome (i.e. no follow-up for mortality) or exposure (i.e. no
4-month period with at least three serum K measurements) as
illustrated in Figure 2. Excluded patients had a shorter time
since HD therapy initiation (median 0.9 versus 2.2 years) and
other differences specific to incident HD patients (e.g. lower se-
rum albumin, lower hemoglobin, greater catheter use) but mini-
mal differences in age or comorbidity history (Supplementary
data, Table S1).

Descriptive data

The distribution of the number of HK excursions over the 4-
month periods is shown in Figure 3 using different serum K
thresholds: >5.0, 5.5 and 6.0 mEq/L. Peak K over the 4-month
periods reached >6.0 mEq/L in 12% of periods, 5.6–6.0 mEq/L in
19% of periods, 5.1–5.5 mEq/L in 28% of periods and never
exceeded 5.0 mEq/L in 42% of 4-month periods. Patients in
Russia, Italy, Germany and Spain were most likely to have a se-
vere (>6.0 mEq/L) HK excursion, while patients in the USA,
Sweden, Canada and Japan were least likely (Figure 4).

Patient characteristics by peak K are summarized in Tables 1
and 2. Baseline patient characteristics for measures that are
largely time-fixed are shown in Table 1 (unit of analysis: pa-
tient). Patients with higher peak K levels tended to be younger,
were less likely to be black, had a longer time since HD initiation
and were less likely to have diabetes; minimal differences were

observed for other comorbidities. Dynamic patient characteris-
tics that may vary longitudinally within patients are shown in
Table 2 (unit of analysis: patient period); during periods with
higher peak K levels, mean phosphorus levels were higher and
mean albumin levels were slightly higher. The prevalence of
RAASi and K binder therapy was higher during periods with
higher peak K levels; loop diuretic use ranged from 19 to 25%
and sodium bicarbonate use was rare (�5%).

HK excursions and initiation of K-lowering strategies

While the prescription prevalences are shown in Table 2, the
frequency of initiating HK management strategies is illustrated
in Table 3 by region and peak K. RAASi discontinuation was ob-
served in 7–10% of users over the 4-month period and was not
more likely to occur among patients who had an HK excursion
>6.0 mEq/L. Initiation of loop diuretics and sodium bicarbonate
was rare (<3%) and also did not vary by peak K in the past
4 months. Among patients with a peak K >6.0 mEq/L in the past
4 months, K binder initiation was more common in Europe (7%)
and Japan (6%) than in North America (2%). Among patients
with a dialysate K�2.5 mEq/L, 22% of North American patients
were prescribed a lower dialysate K 4 months later, and this pro-
portion was much greater if the patients had a peak K >6.0
(64%) versus �5.0 mEq/L (12%) in the past 4 months. In Europe,
lowering the dialysate K was twice as common when peak K
was >6.0 (15%) versus �5.0 mEq/L (8%).

HK excursions and clinical outcomes

For the primary outcome of all-cause mortality, 9448 patients
died and the death rate was 0.123 per patient-year; 11% of 4-
month follow-up periods were truncated due to censoring. The
association between HK excursions and all-cause mortality over
the subsequent 4-month period is summarized in Table 4. The
all-cause mortality hazard ratio (HR) compared with peak K�5.0
mEq/L was 1.33 [95% confidence interval (CI) 1.23, 1.43] for peak
K>6.0 mEq/L, 1.19 (1.12, 1.26) for peak K 5.6–6.0 mEq/L and 1.15
(1.09, 1.21) for peak K 5.1–5.5 mEq/L. When dichotomizing at HK
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thresholds of >5.0, >5.5 and >6.0 mEq/L, the adjusted HR for all-
cause mortality ranged from 1.11 to 1.17 for one HK excursion
and from 1.20 to 1.29 for two or more HK excursions compared
with the reference of no HK excursions over the 4-month period
(Supplementary data, Table S2).

The associations of peak K with all-cause hospitalization
and a CV composite outcome (Table 4) were also strong and pos-
itive. Associations with more specific outcomes (CV death, sud-
den cardiac death, CV hospitalization, composite of all-cause
mortality þ CV hospitalization, composite of CV death þ

Table 1. Fixed baseline patient characteristics by peak serum K in the past 4 months

Characterisitcs

Peak serum K (mEq/L) during the 4-month exposure period

�5.0 5.1–5.5 5.6–6.0 >6.0

Patients, n (%) 27 631 (45) 16 653 (27) 10 857 (17) 6929 (11)
Characteristics

Age (years), mean 6 SD 65.2 6 14.4 63.6 6 14.6 62.1 6 14.7 60.9 6 14.9
Sex (men), % 58 58 57 57
Race (Black), % 31 26 21 17
Vintage (years), median (IQR) 1.6 (0.5–4.3) 2.5 (0.7–5.6) 3.2 (1.0–6.5) 3.3 (1.1–6.7)
Body mass index (kg/m2), mean 6 SD 27.7 6 7.0 27.4 6 7.0 26.9 6 6.8 26.3 6 6.4

Comorbid conditions, %
Coronary artery disease 26 27 27 29
Cerebrovascular disease 9 10 9 10
Heart failure 26 25 24 24
Peripheral vascular disease 18 20 20 23
Other CV disease 20 21 22 22
Cancer (non-skin) 9 9 9 10
Diabetes 60 58 54 49
Gastrointestinal bleeding 4 4 4 5
Hypertension diagnosis 80 81 82 83
Lung disease 9 9 10 10
Neurologic disease 7 7 7 9
Psychiatric disorder 19 19 20 19
Recurrent cellulitis, gangrene 5 7 7 8
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Table 2. Dynamic patient characteristics during the 4-month exposure period by peak serum K

Characterisitcs

Peak serum K (mEq/L) during the 4-month exposure period

�5.0 5.1–5.5 5.6–6.0 >6.0

4-month periods, n (%) 102 516 (42) 67 949 (28) 45 385 (19) 28 327 (12)
Valley Ka (mEq/L), %
<3.5 9 2 1 1
3.5–3.9 34 9 5 4
�4.0 57 90 94 95

Lab values (mean of 4 months)
Potassium (mEq/L), mean 6 SD 4.3 6 0.3 4.9 6 0.2 5.2 6 0.3 5.7 6 0.4
Albumin (g/dL), mean 6 SD 3.70 6 0.41 3.76 6 0.39 3.78 6 0.39 3.79 6 0.40
Hemoglobin (g/dL), mean 6 SD 10.9 6 1.0 10.9 6 1.1 11.0 6 1.1 11.0 6 1.1
Phosphorus (mg/dL), mean 6 SD 4.9 6 1.1 5.3 6 1.2 5.5 6 1.3 5.7 6 1.5
PTH (pg/mL), median (IQR) 280 (163 452) 300 (174 491) 298 (169 506) 295 (161 512)
Calcium (mg/dL), mean 6 SD 9.0 6 0.6 9.0 6 0.6 9.0 6 0.6 8.9 6 0.7

Catheter use (%) 17 16 15 18
Dialysate potassiumb (mEq/L), %

1.0–1.5 2 5 8 14
2.0–2.5 68 77 80 75
3.0–4.0 30 18 12 12

Other HK-related treatments, %
RAASi use 34 38 40 42
K binder 5 7 11 19
Loop diuretic 25 21 19 20
Sodium bicarbonate 4 4 4 5

Lab values represent the mean of up to 4 monthly measurements during the exposure period.

PTH, parathyroid hormone.
aValley K is the lowest serum K measured over the 4-month interval.

bDialysate potassium: 99% of dialysate K values in the 2.0–2.5 group were exactly 2 mEq/L and 94% of values in the 3.0–4.0 group were exactly 3 mEq/L.

Table 3. HK excursions over a 4-month period and initiation of K-lowering strategies by region

Regions
RAASi

discontinuation
K binder
initiation

Loop diuretic
initiation

Sodium bicarbonate
initiation

Dialysate K
lowered

North America
No. of eligible periodsa 32 242 90 335 74 924 88 963 22 646
Percentage of strategy initiatorsb 8.4 0.5 1.8 0.6 22.2
Percentage of strategy initiators by peak K (mEq/L) in past 4 months
�5.0 8.8 0.3 2.0 0.6 11.6
5.1–5.5 8.1 0.4 1.6 0.5 29.5
5.6–6.0 7.7 0.6 1.7 0.7 48.2
>6.0 9.0 1.7 1.8 0.6 63.5

Japan
No. of eligible periodsa 16 533 29 332 25 376 33 574 155
Percentage of strategy initiatorsb 9.0 1.9 0.7 0.1 —
Percentage of strategy initiators by peak K (mEq/L) in past 4 months
�5.0 10.1 0.5 0.9 0.1 —
5.1–5.5 8.9 1.3 0.6 0.0 —
5.6–6.0 8.7 2.9 0.6 0.1 —
>6.0 7.1 6.2 0.5 0.1 —

Europe
No. of eligible periodsa 9,700 20 896 17 119 24 375 9576
Percentage of strategy initiatorsb 9.6 2.9 2.0 0.9 11.4
Percentage of strategy initiators by peak K (mEq/L) in past 4 months
� 5.0 10.3 0.9 2.9 0.7 7.8
5.1–5.5 9.5 1.6 1.9 1.1 10.8
5.6–6.0 8.9 3.5 1.6 0.8 14.4
>6.0 9.8 6.7 1.5 1.0 14.7

Peak serum potassium: highest value of serum K over the 4-month exposure period.
aRAASi discontinuation analysis restricted to patients prescribed RAASi during the previous 4-month period, initiation analyses restricted to patients not prescribed

the medication during the previous 4-month period and dialysate K lowering (by �0.5 mEq/L) analysis restricted to patients prescribed dialysate K�2.5 mEq/L during

the previous 4-month period.
bStrategy initiators reflect the proportion of eligible patients who initiated the strategy (e.g. discontinued RAASi or new user of other medication). DOPPS countries

from other regions (China, Russia, Turkey, GCC, Australia/New Zealand) had too few patients to present stratified results.

—, data were suppressed due to a small sample size in Japan caused by near-uniform dialysate K of 2 mEq/L.
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hospitalization for myocardial infarction, stroke or heart failure)
were directionally consistent with the primary results
(Supplementary data, Table S3).

In unadjusted models, the association between HK excur-
sions and all-cause mortality was largely null; only after ac-
counting for differences in patient characteristics (e.g. patients
with HK excursions were on average younger and healthier) did
we observe a strong association (Supplementary data, Table S4).
The primary findings were generally consistent across regions;
the association between HK excursions and all-cause mortality
was strong in North America and Europe but weaker in Japan,
where the lower number of events resulted in a loss of precision
(Supplementary data, Table S5). Results were also robust to sub-
group analyses by diabetes, age, vintage and history of heart
failure (Supplementary data, Table S6). When analyzing mean
serum K or the single most recent serum K—rather than peak
K—over the 4-month exposure period, we observed a J-shaped
association with all-cause mortality (Supplementary data, Table
S7). In contrast to the peak K analysis, no elevated mortality
rate was observed in the 5.1–5.5 (versus 4.0–5.0) mEq/L group:
the HR was 1.01 (95% CI 0.95, 1.06) for mean serum K and 1.00
(0.94, 1.05) for the single most recent serum K level.

DISCUSSION

In this large international cohort study of HD patients we ob-
served consistent associations between one or more HK excur-
sions and mortality, hospitalizations and CV events. Even
patients with a peak serum K at levels currently considered
mildly hyperkalemic (5.1–5.5 mEq/L) [18] over a 4-month period
had a 13–15% greater rate (versus K�5.0 mEq/L) of mortality,
hospitalization and CV events over the subsequent 4 months.
This new finding implies that a much greater proportion (>50%)
of the HD population may be at risk for adverse clinical out-
comes than previously reported.

The associations we observed between HK and clinical out-
comes were directionally consistent with prior large cohort
studies; however, we identified an increased risk at serum K
levels (5.1–5.5 mEq/L) not recognized by most clinicians as
harmful, particularly for predialysis measurements in HD
patients. Indeed, the threshold identified in the present study is
lower than previously reported [19–22]. A prior DOPPS analysis
reported an increased risk of all-cause mortality at serum K lev-
els >5.5 mEq/L, but not as low as 5.1–5.5 mEq/L [20]; discrepan-
cies with our results appeared to be driven by parameterization
of the exposure as a single K value versus 4-month peak K,

which may have weakened the association between HK and
clinical outcomes (Supplementary data, Table S7). Brunelli et al.
[19] focused on short-term risk, linking clinical outcomes within
4 days following serum K measurement and found a greater risk
of hospitalization at K>5.5 mEq/L and a greater risk of death
and emergency department visits at K>6.0 mEq/L. This study,
designed to estimate the risk of events shortly following an HK
excursion, is more aligned with the potential mechanistic link
between individual episodes of HK and specific causes of death
and hospitalization, namely arrhythmias and sudden cardiac
death induced by HK. Other studies [21, 22] used a 3-month av-
eraged serum K and found an elevated risk of mortality at a
mean serum K >5.5 mEq/L. Our approach demonstrates an in-
creased risk even for seemingly mild HK excursions (5.1–5.5
mEq/L) that was not observable when simply averaging the se-
rum K values (Supplementary data, Table S7). It is possible that
patients may not be at immediate risk for acute events due to
serum K levels of 5.1–5.5 mEq/L, but when considering day-to-
day fluctuations in K levels, particularly the increase in the
postprandial phase, these slightly elevated levels may indicate
a risk of more severe and dangerous (yet unrecognized) HK
excursions in the subsequent weeks or months.

Regarding strategies to lower serum K, we focus on the initi-
ation of HK management strategies in secondary analyses. We
observed that patients with one or more HK excursions over a
4-month period were not more likely to initiate sodium bicar-
bonate or loop diuretics. These findings were not necessarily
surprising, given prior questions about their effectiveness in HD
patients [32, 33]. Although RAASi therapies have been shown to
increase serum K levels in HD patients [15, 16], we found that
RAASi discontinuation was unrelated to peak K levels over the
past 4 months in this HD population. Ideally patients would re-
main on RAASi therapy, given the probable CV benefits [34], par-
ticularly in heart failure and hypertension control, and achieve
better K control through other means as first-line therapy.
Initiation of two other K management strategies—lowering of
dialysate K and initiation of K binders—was more common in
patients with higher peak K levels over the past 4 months.
Changes in dialysate K were very common in North America,
while K binder initiation was more common in Europe and
Japan; however, both strategies are short-term treatments to
address acutely high serum K levels and are generally ineffec-
tive for long-term HK control. Altering the dialysate K is recom-
mended to manage changes in intradialytic serum K levels [13]
and has a strong impact on K levels measured immediately
postdialysis [35]. However, extracellular K is removed more

Table 4. HK excursions over a 4-month period and HRs (95% CIs) of clinical outcomes over the subsequent 4 months

Characteristics
Percentage of

4-month periods
All-cause

death
All-cause

hospitalization
Composite: CV death
or CV hospitalization

No. of patients 62 070 60 237 23 312
No. of events 9448 54 804 5570
Event rate (per patient-year) 0.123 0.854 0.186
Peak serum potassium (mEq/L)
�5.0 42 1 (Ref.) 1 (Ref.) 1 (Ref.)
5.1–5.5 28 1.15 (1.09, 1.21) 1.13 (1.11, 1.16) 1.13 (1.05, 1.22)
5.6–6.0 19 1.19 (1.12, 1.26) 1.16 (1.13, 1.19) 1.20 (1.10, 1.30)
>6.0 12 1.33 (1.23, 1.43) 1.28 (1.24, 1.32) 1.33 (1.21, 1.45)

Cox regression models, stratified by DOPPS phase and country, simultaneously adjusted for age, sex, Black race, vintage, 13 comorbidities, albumin, phosphorus, hemo-

globin, catheter use, BMI, valley K (lowest value of serum K over the 4-month period) and frequency of K measurement. Robust variance estimator used for hospitaliza-

tions and CV composite outcome, modeled as a time-to-first event within each 4-month follow-up period and may include multiple events per patient. Peak serum

potassium: highest value of serum K over the 4-month exposure period.
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efficiently than intracellular K (where 98% of the body’s K is
stored) during the intradialytic period, so after the HD session is
over, there is a K rebound when the intracellular K is redistrib-
uted [4]. It is thus not surprising that intradialytic K removal is
minimally correlated with predialysis serum K [36] and that HD
facilities using uniformly lower dialysate K prescriptions do not
have lower predialysis serum K levels [20]. K binders are often
used outside of North America [37] to manage high serum K, but
efficacy results have been mixed [14, 38] and long-term effec-
tiveness is limited by poor tolerability and potentially serious
gastrointestinal side effects [39–41].

Other options for long-term K management include dietary
restrictions and new pharmacological therapies. We found that
serum K was highest in some European countries, including
Spain and Italy, where Mediterranean diets are rich in K [42].
Greater dietary K intake has been associated with increased
mortality in HD patients [43]; however, dietary K restrictions are
burdensome to patients, can have poor adherence, can nega-
tively impact nutritional status and lead to CV-unhealthy diet
patterns [44]. Reducing serum K levels through means that al-
low for a liberal diet is considered important to patients [44].
Emerging therapies for the long-term treatment of chronic HK,
such as the novel potassium binders patiromer and sodium zir-
conium cyclosilicate (SZC), appear to effectively, sustainably
and safely reduce serum K levels [22, 45–47]. SZC has been
shown to be safe and effective to reduce predialysis K levels in
the HD setting [48]. Patiromer has been shown to reduce serum
K levels [49] and allow more RAASi use [50] in the non-dialysis
CKD setting, and real-world evidence suggests effectiveness in
the HD setting [51]. The impact of these therapies on HK in ev-
eryday dialysis practice, as well as their effects on clinical out-
comes, requires further investigation.

This study had some limitations. First, while we cannot rule
out residual confounding in this observational study, as
patients with more severe HK excursions tended to be younger
and healthier (Tables 1 and 2), and so adjustment for measured
confounders tended to increase the estimated effect
(Supplementary data, Table S4). We thus speculate that
unmeasured confounding due to patient health status would
more likely result in an underestimate than an overestimate of
the observed effect. However, we must also consider the possi-
bility that the observed association was driven in part by high K
levels being a marker for other adherence risk factors such as
skipping medications or missed/shortened HD treatments.
Second, we studied clinical and medication outcomes but
lacked data on dietary K intake and dietary interventions; we
can infer the importance of nutrition based on the strong corre-
lation between peak K and serum phosphorus levels in Table 2.
Third, we did not consider the day of the week or the time of
day of the serum K measurements. A prior DOPPS analysis [20]
showed the difference between serum K levels collected at the
first HD session of the week versus midweek was <0.2 mEq/L
within each country. While the time of day of the lab draw was
not available, it is likely that any misclassification would be
nondifferential and thus bias results toward the null (i.e. would
result in an underestimate of the HK effect). Fourth, DOPPS col-
lects cross-sectional data every 4 months on most oral medica-
tions and thus changes in prescription within each 4-month
period are unknown. For example, if K binders were started and
stopped during the same 4-month window in response to an HK
excursion, then we may be underestimating the reported asso-
ciation. Finally, we have no information on medication history
prior to DOPPS enrollment, so we cannot reliably report on the
duration of RAASi use prior to discontinuation.

This study also had several strengths. First, we utilized a
very large international sample of HD patients. Second, we
developed an approach to assess HK excursions using peak
serum K over 4 months rather than only assessing a single
value or deemphasizing HK excursions by averaging high and
low K values over time. Third, we chose a ‘mid-term’ 4-month
(versus 3-day or 3-year) follow-up period, but acknowledge
that different approaches (i.e. short versus long follow-up pe-
riod) may result in different findings because they function-
ally address different research questions [52]. Finally, we
adjusted for numerous potential confounders, including hypo-
kalemia, to minimize bias; patients with no HK excursions
>5.0 mEq/L during the exposure period should not be consid-
ered ‘well-controlled’ if serum K levels are too low due to mal-
nutrition, so we adjusted for ‘valley K’ to account for the

inclusion of hypokalemic patients in the reference group.
While it was important to adjust models for valley K, we chose
to focus the article on HK and not hypokalemia.

In summary, we observed clear associations between one or
more HK excursions and mortality, hospitalizations and CV
events using a novel peak K approach. An increased rate of
adverse events was observed for patients with a peak serum K
at a lower threshold (5.1–5.5 mEq/L) than previously reported
[19–22] and considered mild according to current recommenda-
tions [18], with the implication that a greater proportion of the
HD population (>50%) may be at risk. A reassessment of existing
HK severity ranges is needed, as well as an exploration of
new strategies for effective monitoring and management of
chronic HK.

SUPPLEMENTARY DATA

Supplementary data are available at ckj online.
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