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Abstract

Aims At present, the clinical burden of hypokalaemia and hyperkalaemia among European heart failure patients, and rela-
tionships between serum potassium and adverse clinical outcomes in this population, is not well characterized. The aim of this
study was to investigate associations between mortality, major adverse cardiac events, and renin–angiotensin–aldosterone
system inhibitor (RAASi) discontinuation across serum potassium levels, in a UK cohort of incident heart failure patients.
Methods and results This was a retrospective observational cohort study of newly diagnosed heart failure patients listed in
the Clinical Practice Research Datalink, with a first record of heart failure (index date) between 2006 and 2015. Hypokalaemia
and hyperkalaemia episodes were defined as the number of serum potassium measurements exceeding each threshold (<3.5,
≥5.0, ≥5.5, and ≥6.0 mmol/L), without such a measurement in the preceding 7 days. Risk equations developed using Poisson
generalized estimating equations were utilized to estimate adjusted incident rate ratios (IRRs) relating serum potassium and
clinical outcomes (death, major adverse cardiac event, and RAASi discontinuation). Among 21,334 eligible heart failure pa-
tients, 1969 (9.2%), 7648 (35.9%), 2725 (12.8%), and 763 (3.6%) experienced episodes of serum potassium <3.5, ≥5.0,
≥5.5, and ≥6.0 mmol/L, respectively. The adjusted IRRs for mortality exhibited a U-shaped association pattern with serum po-
tassium. Relative to the reference category (4.5 to <5.0 mmol/L), adjusted IRRs for mortality were estimated as 1.98 (95%
confidence interval: 1.69–2.33), 1.23 (1.12–1.36), 1.35 (1.14–1.60), and 3.02 (2.28–4.02), for patients with serum potassium
<3.5, ≥5.0 to <5.5, ≥5.5 to <6.0, and ≥6.0 mmol/L, respectively. The adjusted IRRs for major adverse cardiac events demon-
strated a non-statistically significant relationship with serum potassium. Discontinuation of RAASi therapy exhibited a J-shaped
trend in association with serum potassium. Compared with the reference category (4.5 to <5.0 mmol/L), adjusted IRRs were
estimated as 1.07 (0.89–1.28) in patients with serum potassium <3.5 mmol/L, increasing to 1.32 (1.14–1.53) and 2.19 (1.63–
2.95) among those with serum potassium ≥5.5 to <6.0 and ≥6.0 mmol/L, respectively.
Conclusions In UK patients with new onset heart failure, both hypokalaemia and hyperkalaemia were associated with
increased mortality risk, and hyperkalaemia was associated with increased likelihood of RAASi discontinuation. Our results
demonstrate the potential importance of serum potassium monitoring for heart failure outcomes and management.
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Introduction

Serum potassium concentrations below and exceeding the
homeostatic range of 3.5–5.0 mmol/L are typically defined
as hypokalaemia and hyperkalaemia, respectively.1 Both
hypokalaemia and hyperkalaemia are considered burden-
some electrolyte imbalances, associated with increased
mortality and morbidity.2–4

As a consequence of renal insufficiency, patients with
heart failure (HF) are at increased risk of hyperkalaemia,
and medications routinely prescribed for management of HF
are known to further affect serum potassium levels.5 In
particular, combination therapy with renin–angiotensin–
aldosterone system inhibitor (RAASi) and/or mineralocorti-
coid receptor antagonist (MRA) agents, while recommended
to reduce the incidence of hospitalization,5 may further in-
crease the risk of hyperkalaemia in this already-vulnerable
population.6,7 Furthermore, the down-titration or discontinu-
ation of treatment to manage hyperkalaemia has been asso-
ciated with worsening clinical outcomes and greater total
costs in patients with HF and other co-morbidities.8–10

At present, the clinical burden of hypokalaemia and
hyperkalaemia among European HF patients, and relation-
ships between serum potassium and adverse clinical out-
comes in this population, is not well characterized. Existing
real-world studies have primarily focused on the chronic
kidney disease (CKD) population11–14 or utilized data derived
from insurance-based health care systems that may not be
generalizable to other settings.2 Using primary care data
obtained from the Clinical Practice Research Datalink
(CPRD),15,16 this study developed risk equations to describe
associations between serum potassium and the incidence of
death, major adverse cardiac events (MACE), and RAASi dis-
continuation, in a UK cohort of newly diagnosed HF patients.

Methods

Study data and patient population

Data were obtained from the CPRD, which contains primary
care records for approximately 7% of the UK population and
is broadly representative of the general population in terms
of age, sex, and ethnicity.15,16 Data from the CPRD were
linked to the Hospital Episodes Statistics database,17 which
contains information on all admissions, outpatient appoint-
ments, and emergency episodes recorded within National
Health Service hospitals in England.

The study population composed of newly diagnosed HF pa-
tients (aged ≥18 years) listed on the CPRD between 1 January
2006 and 31 December 2015. The index date of the study was
defined as the first record of HF after the study start date;
consequently, patients with an HF diagnosis recorded prior

to 1 January 2006 were excluded. To mitigate potential con-
founding, patients with CKD [estimated glomerular filtration
rate (eGFR) <60 mL/min/1.73 m2] or on dialysis prior to or
at index date were excluded due to increased risk of
hyperkalaemia5; however, eligible HF patients could develop
CKD during follow-up. Patients with HF and CKD were identi-
fied on the basis of Read codes (CPRD) and International Clas-
sification of Diseases-10 codes (Hospital Episodes Statistics)
provided in Supporting Information, Table S1. Codes indicat-
ing HF type and severity, including left ventricular ejection
fraction (LVEF), New York Heart Association functional classi-
fication, and N-terminal pro-B-type natriuretic peptide, were
not used to identify HF, due to a paucity of relevant CPRD
data. Diagnoses of CKD were defined based on CKD stage
(CKD 3a to CKD 5) and eGFR measurements, while Read
and International Classification of Diseases-10 codes were ad-
ditionally used to define clinical outcomes and covariates.
This study was approved by the Independent Scientific
Advisory Committee for Medicines and Healthcare Products
Regulatory Agency database research on 15 December 2016
(study protocol 16_223R).

Study design and data structuring

The primary clinical outcomes were all-cause mortality, MACE
incidence (defined as a composite of arrhythmia, HF, myocar-
dial infarction, and stroke), and RAASi discontinuation (de-
fined as the first 90 day gap after the estimated end-date
of a RAASi prescription, using the medicines possession ratio).
Patients receiving RAASi therapy, and dates of RAASi
initiation/cessation during follow-up, were identified using
prescription data available on the CPRD; agents comprising
RAASi included angiotensin-converting enzyme (ACE) inhibi-
tors, angiotensin receptor blockers (ARBs), MRAs, and renin
inhibitors. Hypokalaemia was defined as a serum potassium
concentration of <3.5 mmol/L, while hyperkalaemia was de-
fined using serum potassium intervals of ≥5.0 to <5.5, ≥5.5
to <6.0, and ≥6.0 mmol/L.

Serum potassium was time updated during the study
period, consistent with the approach of other database
studies.14 An illustrative example of the last-observation-
carried-forward methodology adopted is provided in Suppor-
ting Information, Figure S1. Time-updated eGFR readings
were taken to be the most recently available reading at the
time of each serum potassium measurement. Patient inter-
vals were defined as the period between serum potassium
measurements, and clinical events were allocated to patient
intervals based on the date on which they occurred. Addi-
tional analyses examined exposure time and events that
occurred within a maximum of 30 days from each serum
potassium measurement; after this period, time elapsed or
events recorded were discarded and the remaining data
reanalysed.
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Time-updated serum potassium was analysed as a categor-
ical variable (<3.5, 3.5 to <4.0, 4.0 to <4.5, 4.5 to <5.0, 5.0
to <5.5, 5.5 to <6.0, and ≥6.0 mmol/L), and patient-years
spent in each serum potassium category were calculated. Pa-
tients were followed until the first occurrence of death, loss
to follow-up, or end of study. Loss to follow-up was defined
as the date a patient was transferred out of the practice,
the date that the practice left the database, or the latest
recorded event date.

Statistical analyses

Statistical analyses were performed using R version 3.3.2.18

Patient demographics were described using means, medians,
counts and/or proportions, and associated measures of
variability; summary statistics were calculated according to
patient characteristics at their index date. Baseline clinical
measurements were described using medians and interquar-
tile ranges, based on the first measurement taken in the
3 months following the index date. Disease history was
described by counts and proportions of patients who had his-
tory of disease during the 5 years prior to their index date.
Medication usage at baseline was described using counts,
and the proportion of patients prescribed a medication at
least once during the 6 month period centred around the in-
dex date. Missing values were omitted from all calculations
relating to baseline patient characteristics, disease history,
and medication usage.

Hypokalaemia and hyperkalaemia episodes were defined
as the number of serum potassium measurements exceeding
each threshold (<3.5, ≥5.0, ≥5.5, and ≥6.0 mmol/L), without
such a measurement in the preceding 7 days. Episodes were

therefore assumed to persist for a maximum of 1 week and
did not require a preceding measurement of normal serum
potassium levels.

Risk equations predicting the incidence of each outcome
(death, MACE, and RAASi discontinuation) were obtained by
fitting a statistical model to the event count in each patient
interval, using generalized estimating equations with an ex-
changeable working correlation structure. Events were as-
sumed to be Poisson distributed, and the risk equations
included a natural logarithm link function and an offset equal
to the natural logarithm of patient-years. Incident rate ratios
(IRRs) were estimated using 4.5 to <5.0 mmol/L as the refer-
ence serum potassium group. To account for long intervals
between serum potassium measurements and the occur-
rence of clinical events, IRRs were re-estimated after
restricting patient intervals to a maximum of 30 days post-
potassium measurement.

Five multiply imputed data sets were produced to inform
missing baseline measurements, which were carried forward
using the last-observation-carried-forward approach. This in-
cluded serum potassium, for which imputed data represented
17% of all patient time accumulated during the study. Model
coefficients and their standard errors were pooled across im-
puted data sets using Rubin’s Rules.19 Multiple imputation
was performed on all clinical variables using the method of
chained equations, as implemented in the R package ‘mice’,18

with all candidate covariates and outcome variables from the
analysis models included in the imputation models.

To control for observed factors other than serum potas-
sium, estimated IRRs were adjusted for confounding patient
demographics, clinical histories and co-morbidities, clinical
measurements, and medication usage. Model assessment
and final selection were performed based on the prediction

Figure 1 Study participation flow diagram.
CKD, chronic kidney disease; CPRD, Clinical Practice Research Datalink; eGFR, estimated glomerular filtration rate; HF, heart failure; ICD, International
Classification of Diseases.
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mean squared error on a randomly selected validation sub-
sample and the quasi-likelihood information criterion.

Results

Baseline patient demographics and medication
usage

A total of 21,334 incident HF patients were included in the
study (Figure 1), with a mean follow-up of 3.0 years. The
mean age was 73 years, 12,092 patients (56.7%) were male,
3562 (22.6%) were current smokers, and 4539 (21.3%) had
a history of arrhythmia (Table 1). Based on the earliest
measurement recorded in the first 3 months post-index,
the median serum potassium concentration across the HF
cohort was 4.4 mmol/L. At baseline, 9086 patients had se-
rum potassium levels recorded, of which 372 patients were
identified as having hypokalaemia (serum potassium
<3.5 mmol/L) and 1223 had hyperkalaemia (serum potas-
sium ≥5.0 mmol/L).

Despite the absence of LVEF data in our analyses, a sub-
stantial proportion of the overall HF cohort did not receive
pharmacological therapies recommended for patients with
reduced ejection fraction. Of note, beta blockers were re-
ceived by 9553 (44.8%) patients at baseline, while RAASi
agents and diuretics were received by 13,376 (62.7%) and
13,107 (61.4%) patients, respectively (Table 1). Compared
with doses recommended in European Society of Cardiology
2016 Guidelines,5 the mean daily doses of individual ACE
inhibitors, ARBs, and MRAs were consistently lower
(Supporting Information, Table S2).

Serum potassium, hypokalaemia, and
hyperkalaemia

A total of 3355 hypokalaemia episodes were experienced
among 1969 (9.2%) patients, corresponding to a crude rate
of 51.7 episodes per 1000 patient-years (Table 2). The
incidence of hyperkalaemia was highly sensitive to the serum
potassium threshold used, with 7648 (35.9%), 2725 (12.8%),
and 763 (3.6%) patients experiencing at least one episode
of hyperkalaemia when defined as ≥5.0, ≥5.5, and
≥6.0 mmol/L, respectively. Corresponding crude rates of
hyperkalaemia were 323.5, 79.9, and 16.1 episodes per
1000 patient-years, respectively.

We observed a statistically significant association between
the rate of the serum potassium testing and the proportion
of measurements ≥5.0 mmol/L. Across the HF cohort, the
median frequency of serum potassium measurements during
follow-up was 1.85 per year (interquartile range 1.06–3.27).
When patients were stratified by serum potassium testing

frequency, the proportion of measurements ≥5.0 mmol/L
was greater among patients with ≥1.85 serum potassium
measurements per year, compared with those with <1.85
measurements per year (17.8% vs. 13.8%; P < 0.001).

Incidence of adverse clinical events

Adjusted IRRs for mortality were found to exhibit a U-shaped
association pattern with serum potassium (Figure 2). Relative
to the reference category (4.5 to <5.0 mmol/L), adjusted
IRRs for mortality were estimated as 1.98 (95% confidence in-
terval: 1.69–2.33), 1.23 (1.12–1.36), 1.35 (1.14–1.60), and
3.02 (2.28–4.02), for patients with serum potassium <3.5,
≥5.0 to <5.5, ≥5.5 to <6.0, and ≥6.0 mmol/L, respectively.
Adjusted IRRs for MACE demonstrated a non-significant rela-
tionship with serum potassium, which was similarly observed
when the four components of MACE (arrhythmia, HF, myo-
cardial infarction, and stroke) were considered individually
in sensitivity analysis (data not shown).

The association between serum potassium concentration
and mortality risk was more pronounced after restricting ex-
posure time to a maximum of 30 days from each serum po-
tassium measurement (Figure 2). Relative to the reference
category, adjusted IRRs for mortality were estimated as
2.20 (1.80–2.70), 1.35 (1.17–1.58), 1.56 (1.21–2.01), and
3.21 (2.34–4.41), for patients with serum potassium <3.5,
≥5.0 to <5.5, ≥5.5 to <6.0, and ≥6.0 mmol/L, respectively.
Restricting patient intervals had little impact on adjusted IRRs
for MACE, which continued to exhibit a non-significant asso-
ciation with serum potassium.

A J-shaped trend in association between serum potassium
and RAASi discontinuation was observed (Figure 2); however,
statistically significant associations were only observed be-
tween high serum potassium levels and RAASi discontinua-
tion. Compared with the reference category, adjusted IRRs
were estimated as 1.07 (0.89–1.28) in patients with serum
potassium <3.5 mmol/L, increasing to 1.32 (1.14–1.53) and
2.19 (1.63–2.95) among those with serum potassium ≥5.5
to <6.0 and ≥6.0 mmol/L, respectively. After restricting
patient intervals to a maximum of 30 days from each serum
potassium measurement, adjusted IRRs for RAASi discontinu-
ation increased to 1.53 (1.22–1.92) and 3.76 (2.67–5.31)
among patients with serum potassium levels ≥5.5 to <6.0
and ≥6.0, respectively.

The effect of serum potassium testing frequency on ob-
served associations between serum potassium and adverse
outcomes was explored in sensitivity analyses. After stratify-
ing patients by the annual rate of serum potassium measure-
ments, adjusted IRRs for mortality, MACE, and RAASi
discontinuation demonstrated similar trends to the overall
HF cohort; however, reduced sample sizes gave rise to wider
confidence intervals and greater uncertainty (Supporting
Information, Figures S2–S4).
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Coefficient estimates and statistical inferences relating to
the fitted risk equations are summarized in Supporting
Information, Table S3. To illustrate their predictive outputs,
Figure 3 presents expected rates of death (per 1000
patient-years), disaggregated by the four most important pre-
dictive factors: RAASi usage, age, diuretic usage, and years
from index (Figure 3A–D, respectively). Thus, in addition to
hyperkalaemia and hypokalaemia, mortality risk was signifi-
cantly elevated in patients not prescribed RAASi, older pa-
tients, those prescribed diuretics, and as time from index
increased. Nevertheless, the observed U-shaped mortality risk
profile shown in Figure 2 remained evident. Association pat-
terns between serum potassium and MACE incidence
remained weak when event rates were further disaggregated
by time with HF, diuretics use, age, and history of MACE
(Supporting Information, Figure S5). When predicted RAASi
discontinuation rates were disaggregated by diuretic usage,
eGFR, insulin usage, and current smoking status, the J-shaped
association was preserved (Supporting Information, Figure S6).

Discussion

In this national patient cohort of new onset HF patients in the
UK, we demonstrate the potential importance of serum
potassium for HF outcomes. Both hypokalaemia and
hyperkalaemia were associated with increased mortality risk.
In addition, hyperkalaemia was associated with increased
likelihood of RAASi discontinuation. Although we could not
establish whether potassium itself was the cause or marker
of high risk, our results indicate that close monitoring of po-
tassium values is needed in HF management.

We developed risk equations that can be used to predict
the incidence of mortality, MACE, and RAASi discontinuation
with respect to serum potassium levels and identify clinical
factors that place newly diagnosed HF patients at greater risk
of adverse outcomes. Our data showed that hypokalaemia
(<4.0 nmol/L) and hyperkalaemia (≥5.0 mmol/L) were each
associated with an increased risk of all-cause mortality, while
the incidence of MACE exhibited a non-significant association
with serum potassium. We observed a J-shaped relationship
between serum potassium and RAASi discontinuation with a
small non-significant increase in RAASi discontinuation associ-
ated with hypokalaemia (<3.5 mmol/L) and greater (and sta-
tistically significant) increases in RAASi discontinuation
associated with hyperkalaemia (≥5.5 mmol/L). While our re-
sults are broadly consistent with relationships observed in
previous studies,3,4,20,21 our approach to restrict patient time
to a maximum of 30 days from each serum potassium mea-
surement resulted in a more robust estimation of associa-
tions between hypokalaemia and hyperkalaemia and
adverse clinical outcomes. Given the publicly funded nature
of the UK health care system, the CPRD represents a large,Ta
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Figure 3 Predicted incidence rates of death, disaggregated by (A) renin–angiotensin–aldosterone system inhibitor usage (dashed line: not prescribed;
solid line: prescribed), (B) age (dotted line: 60 years; dashed line: 70 years; solid line: 80 years), (C) diuretic usage (dashed line: yes; solid line: no), and
(D) time from index date (dotted line: 1 year; dashed line: 5 years; solid line: 10 years). The top four most important variables (according to the ab-
solute value of the t statistic) were varied, with all other baseline covariates reflective of the cohort average: male; aged 73 years; non-smoker; no
history of co-morbidities; no medications prescribed; 710 days elapsed since initial heart failure event; estimated glomerular filtration rate
67 mL/min/1.73 m

2
; body mass index 28 kg/m

2
; haemoglobin 13.9 g/dL; phosphorous 1.17 mmol/L; and white blood cell count 7.89 × 10

9
/L.

Figure 2 Adjusted incident rate ratios for (A) death, (B) major adverse cardiac event, and (C) renin–angiotensin–aldosterone system inhibitor discon-
tinuation as a function of serum potassium level in UK heart failure patients. Black: full patient intervals; grey: patient intervals restricted to 30 days.
Incident rate ratios were adjusted to account for confounding patient demographics, clinical histories and co-morbidities, clinical measurements, and
medication usage, as reported in Supporting Information, Table S3.

286 C. Linde et al.

ESC Heart Failure 2019; 6: 280–290
DOI: 10.1002/ehf2.12402



long-term data set of patients with a broad range of demo-
graphic, social, and clinical characteristics. This may imply
that our results are more generalizable to other countries
and health care systems, compared with those founded on
relatively short-term, claims-based data sets.2

Adjusted IRRs estimated in our study illustrated the
association between serum potassium concentrations outside
4.0–5.0 mmol/L and an increased risk of mortality among inci-
dent HF patients. In contrast, the incidence of MACE exhibited
a non-significant association with serum potassium levels in
this population. Although cause of death data were not
captured in this study, our findings suggest that increased
mortality observed among patients with hypokalaemia and
hyperkalaemia may not be related to MACE. However, given
our observation that patients with hypokalaemia at baseline
were more likely to have a history of arrhythmia, which may
predispose them to future events, we cannot rule out that
some part ofmortalitymay be related to sudden cardiac death.

Our results are generally consistent with available literature
relating elevated serum potassium to increased mortality risk
in populations with cardiovascular disease, including HF pa-
tients following myocardial infarction,22 cardiovascular dis-
ease patients receiving antihypertensive drugs,23 and HF
patients enrolled in the EMPHASIS-HF study (a randomized,
double-blind, placebo-controlled, multi-centre trial in which
patients with mild HF symptoms and a low ejection fraction
received eplerenone or placebo).24 More specifically, hypo-
kalaemia and hyperkalaemia were each associated with in-
creased risks of death and cardiovascular hospitalization in a
large database study of 6073 chronic HF patients.20 Contrary
to our findings, in which the optimal serum potassium range
was 4.0–5.0 mmol/L, improved outcomes were reported in
patients with high-normal potassium (5.0–5.5 mmol/L).20 In
a study of acute HF patients, serum potassium >4.6 mmol/L
was associated with increased risk of 90 day mortality,21while
chronic HF patients had an elevated all-cause mortality risk
when serum potassium was >4.8 mmol/L.4 Moreover, serum
potassium levels were independently associated with mortal-
ity in HF patients following discharge from acute HF-related
admissions.3 Similar to our findings, a U-shaped relationship
between mortality and serum potassium was reported, with
higher mortality risk observed at low and high potassium
values.3 Although comparisons between studies should con-
sider differences in contextual settings, populations, and pub-
lic health care systems, our findings illustrate the associations
between serum potassium and mortality risk observed across
multiple geographical locations and different co-morbid
populations.

We also report a J-shaped association pattern between se-
rum potassium and RAASi discontinuation risk. Adjusted IRRs
presented in this study relate to RAASi discontinuation rates
estimated among all patients and intervals observed during
the study period, including those patients and intervals
where RAASi therapy had not been prescribed. When

alternative definitions of RAASi exposure were investigated,
the relationship between elevated serum potassium level
and increased likelihood of RAASi discontinuation persisted.
The present study was restricted to an analysis of RAASi dis-
continuation; however, like recent literature relating serum
potassium to RAASi dosing in HF patients,25 our future work
will seek to investigate associations between serum potas-
sium, RAASi down-titration, and adverse outcomes among
those in UK clinical practice.

Guideline-recommended doses of ACE inhibitors, ARBs,
and MRAs have been evidenced to reduce the risk of hospi-
talization and death in HF patients with reduced ejection frac-
tion,5 while patients with preserved ejection fraction may be
receiving these agents for other indications.26 However, pre-
vious trials have demonstrated an association between RAASi
use and the incidence of hyperkalaemia events among HF pa-
tients.6,7 Although in line with current clinical practice, where
hyperkalaemia risk is managed through down-titration or dis-
continuation of such agents,5,27 suboptimal dosing has been
associated with increased adverse event risks and health care
costs.8–10 Such findings suggest that RAASi discontinuation is
an intermediate event rather than an endpoint in its own
right; thus, we included RAASi usage as a time-varying covar-
iate in our mortality risk equation to ensure that observed as-
sociations between serum potassium and the incidence of
death were independent of RAASi use. Furthermore, al-
though we explored potential interactions between RAASi
usage and serum potassium when developing risk equations
for adverse clinical outcomes, these results were not robust
due to low event counts in each of the patient subdomains
(e.g. 14 deaths were observed for patients on RAASi and with
serum potassium ≥6.0 mmol/L).

The avoidance of hyperkalaemia requires monitoring of
potassium intake, laboratory surveillance, and physician
awareness of drug interactions. Guidelines recommend the
combined use of RAASi and MRA agents to reduce mortality
and HF hospitalizations, and emerging therapies may offer so-
lutions to manage hyperkalaemia risk and facilitate such pre-
scriptions in HF patients.28 Novel potassium-binding agents
that effectively manage serum potassium levels may enable
continued RAASi and/or MRA therapy and provide significant
value in the future.29–33

Comparing hyperkalaemia incidence and related outcomes
across epidemiological studies is at present problematic, as
there is no standard definition of hyperkalaemia, nor a consis-
tent serum potassium threshold applied. The incidence of
hyperkalaemia observed in this study was highly sensitive to
the serum potassium threshold used, and estimated IRRs
for death and RAASi discontinuation were higher with in-
creasing serum potassium levels. Had the sample size allowed
for such analysis, further stratification of patients with serum
potassium ≥6.0 mmol/L may have strengthened the associa-
tion pattern between serum potassium and the incidence of
death and RAASi discontinuation.
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Limitations of this study are generally attributed to obser-
vational nature of this study and the constraints of the data
used to inform our analyses. Firstly, serum potassium data
were obtained from measurements taken during routine pri-
mary care, rather than collected according to a clinical trial
protocol. Our results suggest an association between fre-
quency of testing and the percentage of serum potassium
measurements ≥5.0 mmol/L; however, observed association
patterns between serum potassium and adverse clinical out-
comes were not significantly influenced by testing frequency
in sensitivity analyses.

Secondly, this study was limited to the data available
within the CPRD. Although causality cannot be inferred from
our results, we accounted for potential confounding by ex-
cluding CKD and dialysis patients and adjusting IRRs for pa-
tient demographics, clinical histories and co-morbidities,
clinical measurements (including eGFR), and medication
usage. Candidate covariates included those recorded within
the CPRD; as such, potential confounders not available in
this data set, particularly New York Heart Association
classification, N-terminal pro-B-type natriuretic peptide,
and LVEF, were not explicitly considered. Consequently,
we were unable to adjust for HF type and severity in our
analyses, and a lack of patient-level LVEF data precluded a
robust analysis of prescribed RAASi doses with respect to
maintenance doses recommended in European Society of
Cardiology 2016 Guidelines.5 Moreover, we did not have ac-
cess to serum creatinine levels and hence cannot ascertain
whether RAASI discontinuation was due to increased creat-
inine levels, serum potassium change, or both. Additionally,
we could not account for potential potassium supplement
intake or potassium-rich dietary intake of patients in the
cohort.

Finally, our analyses may overestimate the incidence of
hyperkalaemia, as genuine elevations in serum potassium
were unable to be distinguished from pseudo-hyperkalaemia
resulting from haemolysis during venepuncture. Despite its
limitations, one notable strength of the CPRD data set is its
size, which allowed for statistically robust estimates of ad-
verse clinical events risk that verified the association curves
observed across different geographical locations and co-
morbid populations.

In conclusion, this study developed risk equations to
describe the relationships between serum potassium and
adverse clinical outcomes among incident HF patients in
UK clinical practice. Serum potassium concentrations out-
side 4.0–5.0 mmol/L were associated with elevated mortal-
ity risk, while a J-shaped association between categorical
serum potassium and the incidence of RAASi discontinua-
tion was observed. Our results demonstrate the potential
importance of serum potassium in HF outcomes and man-
agement. Further work is needed to explore whether po-
tassium itself causes adverse outcomes or is a marker of
higher risk.
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measurements: (A) <1.063; (B) 1.063 to <1.850; (C) 1.850 to
<3.267; (D) ≥3.267. Grey: incident rate ratios for the overall
cohort; black: incident rate ratios for patients stratified by se-
rum potassium testing frequency.
Figure S3. Adjusted incident rate ratios for major adverse car-
diac events (MACE) as a function of serum potassium level in
UK heart failure patients, stratified by the annual frequency
of serum potassium measurements: (A) <1.063; (B) 1.063
to <1.850; (C) 1.850 to <3.267; (D) ≥3.267. Grey: incident
rate ratios for the overall cohort; black: incident rate ratios
for patients stratified by serum potassium testing frequency.
Figure S4. Adjusted incident rate ratios for renin-angiotensin-
aldosterone system inhibitor (RAASi) discontinuation as a
function of serum potassium level in UK heart failure pa-
tients, stratified by the annual frequency of serum potassium
measurements: (A) <1.063; (B) 1.063 to <1.850; (C) 1.850 to

<3.267; (D) ≥3.267. Grey: incident rate ratios for the overall
cohort; black: incident rate ratios for patients stratified by se-
rum potassium testing frequency.
Figure S5. Predicted incidence rates of MACE, disaggregated
by (A) time with HF (dotted line: 1 year; dashed line: 5 years;
solid line: 10 years), (B) diuretics usage (dashed line: yes; solid
line: no), (C) age (dotted line: 60 years; dashed line: 70 years;
solid line: 80 years), and (D) history of MACE (dashed line:
yes; solid line: no)
Figure S6. Predicted incidence rates of RAASi discontinuation,
disaggregated by (A) diuretics usage (dashed line: yes; solid
line: no), (B) eGFR (dotted line: 15 mL/min/1.73m2; dashed
line: 30 mL/min/1.73m2; solid line: 60 mL/min/1.73m2), (C)
insulin usage (dashed line: yes; solid line: no), and (D) current
smoking status (dashed line: yes; solid line: no)
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