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Abstract

Background: To address a current paucity of European data, this study developed equations to predict risks of mortality,
major adverse cardiac events (MACE) and renin angiotensin-aldosterone system inhibitor (RAASI) discontinuation using
time-varying serum potassium and other covariates, in a UK cohort of chronic kidney disease (CKD) patients.

Methods: This was a retrospective observational study of adult CKD patients listed on the Clinical Practice Research
Datalink, with a first record of CKD (stage 3a-5, pre-dialysis) between 2006 and 2015. Patients with heart failure at index
were excluded. Risk equations developed using Poisson Generalized Estimating Equations were utilised to estimate
adjusted incident rate ratios (IRRs) between serum potassium and adverse outcomes, and identify other predictive clinical
factors.

Results: Among 191,964 eligible CKD patients, 86,691 (45.16%), 30,629 (15.96%) and 9440 (4.92%) experienced at least
one hyperkalaemia episode, when defined using serum potassium concentrations 5.0-< 5.5 mmol/L, 5.5-< 6.0 mmol/L
and = 6.0 mmol/L, respectively. Relative to the reference category (4.5 to < 5.0 mmol/L), adjusted IRRs for mortality and
MACE exhibited U-shaped associations with serum potassium, with age being the most important predictor of both
outcomes (P < 0.0001). A J-shaped association between serum potassium and RAASI discontinuation was observed;
estimated glomerular filtration rate was most predictive of RAASI discontinuation (P < 0.0001).

Conclusions: Hyperkalaemia was associated with increased mortality and RAASi discontinuation risk. These risk
equations represent a valuable tool to predict clinical outcomes among CKD patients; and identify those likely
to benefit from strategies that treat hyperkalaemia, prevent RAASI discontinuation, and effectively manage
serum potassium levels.
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Background

Hyperkalaemia, typically defined as serum potassium
concentration exceeding 5.0 mmol/L, is a potentially
life-threatening electrolyte imbalance [1]. Recent epi-
demiological studies have consistently demonstrated
associations between hyperkalaemia and adverse clinical
outcomes; notably hospitalisation, cardiovascular mor-
bidity and mortality [2-6].

As a consequence of impaired renal function, patients
with chronic kidney disease (CKD) are at increased risk
of hyperkalaemia; and renin-angiotensin-aldosterone
system inhibitor (RAASi) agents routinely indicated for
CKD management [1, 7] are known to exacerbate this
risk [8]. Despite this, the current practice of
down-titrating or discontinuing guideline-recommended
RAASi therapy in response to acute hyperkalaemia [9,
10] has recently been associated with worsening clinical
outcomes and greater total costs in patients with CKD
or other comorbidities [11-14].

Real-world studies associating serum potassium and
adverse clinical outcomes in CKD patients, including
death, major adverse cardiac events (MACE), hospital-
isation and RAASi discontinuation, have previously
been conducted in the US [2-6]. In contrast to other
industrialised countries, healthcare in the US is
largely privatised, and the availability of clinical data
may be limited by the size, length and claims-based
nature of US healthcare records. Thus, it is unclear
whether existing data describing the epidemiology and
burden of hyperkalaemia may be generalisable to a
European CKD population. Using primary care data
obtained from the Clinical Practice Research Datalink
(CPRD) [15], this study sought to develop risk equa-
tions describing the relationship between serum po-
tassium concentration and incidence of death, MACE
and RAASi discontinuation, in a contemporary UK
cohort of CKD patients.

Methods

Study data and patient population

This retrospective analysis utilised data from the CPRD
and linked Hospital Episode Statistics (HES). The CPRD
is an observational research database comprised of
anonymised, longitudinal primary care records for
approximately 7% of the UK population. It is broadly
representative of the general population, and is the
world’s largest computerised database of medical records
suitable for public health research [16]. Linked HES
data described admissions, outpatient appointments,
and emergency episodes in National Health Service
hospitals in England [17]. The study was approved by
the Independent Scientific Advisory Committee for
Medicines and Healthcare Products Regulatory Agency
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database research on 15 December 2016 (study protocol
16_223R).

Inclusion criteria for the study were adult CKD patients
(aged >18 years) in the CPRD between 1 January 2006 and
31 December 2015, who experienced a first record of
CKD (stage 3a to 5, pre-dialysis; herein referred to as the
index date) after the study start date. Patients were
selected on the basis of estimated glomerular filtration
rate (eGFR; defined as <60 mL/min/1.73m?> [7]), Read
codes (CPRD), and ICD-10 codes (HES). Exclusion criteria
comprised patients on dialysis at index date or with a
CKD event prior to 1 January 2006, and patients with a
history of heart failure (HF; identified by Read and ICD-10
codes) at index date, due to the increased risk of hyperka-
laemia associated with RAASi usage [9]. Read and ICD-10
codes were further used to define clinical outcomes and
covariates (Additional file 1: Table S1).

Study design and data structuring

The clinical outcomes studied in this analysis included
all-cause mortality, incidence of MACE (myocardial
infarction, arrhythmia, HF, and stroke), and discon-
tinuation of RAASi medications. Using the medicines
possession ratio, RAASi discontinuation was defined
as the first 90-day gap after the estimated end-date of
a RAASI prescription. Agents comprising RAASi ther-
apy included angiotensin-converting enzyme (ACE)
inhibitors, angiotensin II receptor blockers (ARBs),
mineralocorticoid receptor antagonists (MRAs), and
renin inhibitors. Hyperkalaemia was defined according
to serum potassium intervals of >5.0 mmol/L to <
5.5 mmol/L, 25.5 mmol/L to <6.0 mmol/L, and >
6.0 mmol/L. Serum potassium < 3.5 mmol/L was clas-
sified as hypokalaemia.

Serum potassium was time-updated during the
follow-up period; an illustrative example of this
methodology is provided in Additional file 1 and
Additional file 2: Figure S1. In brief, each patient’s
most recent serum potassium measurement was
applied until a new measurement became available,
using a last-observation-carried-forward (LOCF) ap-
proach [4]. Further, time-updated eGFR readings were
the most recently available at the time of each serum
potassium measurement. The period between serum
potassium measurements defined patient-intervals,
and clinical events of interest were assigned to these
based on the date on which they occurred.

Time-updated serum potassium was evaluated cat-
egorically (< 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). Exposure time
in each serum potassium category was quantified in
patient-years. Patients were followed up to and including
the first occurrence of loss to follow-up, end of study
period (31 December 2015), or death.
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Statistical analyses

The data were analysed using R version 3.3.2 [18].
Means, medians, counts and/or proportions, and associ-
ated measures of variability were used to describe
patient demographics. Patient characteristics at index
date were used to calculate summary statistics; baseline
clinical measurements were defined as the first measure-
ment taken in the 3 months following the index date.
Disease history was analysed over the 5 years prior to
the index date and was expressed using counts and pro-
portions. Medication usage at baseline was defined as
having at least one prescription during a six-month
period centred around the index date and expressed as
counts and proportions. Missing values were not in-
cluded in calculations relating to baseline patient charac-
teristics, disease history and medication usage.

Hyperkalaemia episodes of increasing severity were
defined as serum potassium measurements within each
interval (=5.0 mmol/L to < 5.5 mmol/L, >5.5 mmol/L to
< 6.0 mmol/L, and > 6.0 mmol/L), without a hyperkalae-
mic measurement of at least that severity (serum potas-
sium >5.0 mmol/L, >5.5 mmol/L, and >6.0 mmol/L,
respectively) in the preceding 7 days. Subsequently,
hyperkalaemia episodes were assumed to persist for a
maximum duration of 1 week. The median time between
successive episodes was calculated among only those
patients who experienced the given number of episodes;
censoring due to death, loss to follow-up or end of study
period was not taken into account.

The incidence of each outcome (death, MACE and
RAASI discontinuation) was predicted using a risk equa-
tion obtained by fitting a statistical model to the event
count in each patient-interval. Risk equations were esti-
mated using Generalized Estimating Equations with an
exchangeable working correlation structure to account
for intra-patient correlation. Events were assumed to be
Poisson distributed. Risk equations included a natural
logarithm link function and an offset equal to the nat-
ural logarithm of patient-years (defined as the exposure
time in each patient-interval). Patients with a serum
potassium of 4.5 to < 5.0 mmol/L were used as the refer-
ence group for comparison, from which incident rate
ratios (IRRs) were estimated.

To address the possibility of long durations
between measurements of serum potassium and the
incidence of death, MACE and RAASi discontinu-
ation, adjusted IRRs were re-estimated after restrict-
ing patient-intervals to a maximum of 30 days
post-potassium measurement. Additional sensitivity

analysis explored the relationship between CKD
stage and observed associations between serum
potassium and clinical outcomes, by estimating

adjusted IRRs in CKD patients stratified according to
time-updated eGFR: 45 to <60 mL/min/1.73m?>
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(CKD 3a); 30 to <45 mL/min/1.73m> (CKD 3b); 15
to <30 mL/min/1.73m*> (CKD 4); <15 mL/min/
1.73m* (CKD 5).

Multiple imputation was used to inform missing base-
line measurements when estimating the risk equations,
which were carried forward using LOCEF. Five multiply
imputed datasets were produced; model coefficients and
their standard errors were pooled across datasets using
Rubin’s Rules [19], in order to capture the variance of
the coefficients both within and between the imputed
datasets. Using the method of Chained Equations, as im-
plemented in the R package ‘mice’ [18], multiple imput-
ation was performed on all clinical variables with all
candidate covariates and outcome variables from the
analysis models included in the imputation models.

Model assessment and final selection was informed by
the Quasi-Likelihood Information Criterion on a ran-
domly selected training sub-sample, and the prediction
mean squared error on a randomly-selected validation
sub-sample [20]. Predicted incidence rates and IRRs
were adjusted for covariates, included as explanatory
variables in the risk equations. Adjusted IRRs relating
serum potassium to the incidence of mortality and
MACE estimated by the fitted risk equations were
validated against those published by Luo et al. [4]: a
real-world study of CKD stage 3+ patients of similar
design to the present study, but using data collected in
the US.

Results

Patient demographics and characteristics at baseline

The analysed cohort consisted of 191,964 eligible CKD
patients, with a mean follow-up time of 4.96 years (Fig. 1;
Table 1). At baseline, the mean age was 72.48 years, the
majority of the cohort was female (60.61%), and diabetes
was the most prevalent comorbidity (14.63%). Based on
the earliest measurement recorded in the first 3 months
post-index, mean eGFR was 50.96 mL/min/1.73m? and
mean serum potassium was 4.47 mmol/L. When patients
were stratified by serum potassium category at baseline,
the proportion of female patients in each subgroup
decreased from 68.50% (<3.5 mmol/L category) to
53.22% (6.0 mmol/L category).

Approximately half of patients (48.06%) received
RAASi therapy, with ACE inhibitors being the most
commonly used agent (35.36%). When stratified accord-
ing to baseline serum potassium, patients with increas-
ing potassium levels were typically more likely to receive
ACE inhibitors, ARBs and MRAs. Other frequently
prescribed medications included statins (43.14%),
diuretics (40.19%), B-blockers (25.30%), and dihydropyri-
dine calcium channel blockers (23.78%).

In the absence of CKD-specific dosing guidelines,
Table 2 presents the proportion of patients who received
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Patients extracted from CPRD

378,601

Patients with recorded CKD event in
study period (Read, ICD-10, eGFR<60)

275,372
HF event prior to first CKD event in study
» period
9,347

HF or CKD event prior to study period

60,403

First CKD event in study period was dialysis

13,386

Follow-up date on or before index date

272

»

A 4

Final analysed CKD cohort
191,964

Fig. 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
A\

RAAS;i agents at doses recommended in European Soci-
ety of Cardiology guidelines for heart failure manage-
ment [9]. Over one-third of patients receiving ACE
inhibitors or MRAs (36.11% and 36.02%, respectively)
achieved the target maintenance dose for these therap-
ies; in contrast, 3.28% of those receiving ARBs achieved
the target dose. The majority of ARB-treated patients
(59.48%) achieved less than 50% of the recommended
target dose, compared to 37.38% of patients receiving
ACE inhibitors. No patients in receipt of MRAs achieved
less than 50% of the recommended target dose.

Serum potassium and hyperkalaemia

Using serum potassium intervals of >5.0 mmol/L
to <5.5 mmol/L, 25.5 mmol/L to <6.0 mmol/L,
and = 6.0 mmol/L to define hyperkalaemia of increasing
severity, 86,691 (45.16%), 30,629 (15.96%) and 9440
(4.92%) patients experienced at least one episode over the
follow-up period, respectively (Table 3). Based on these
serum potassium thresholds, crude incidence rates of
hyperkalaemia were 246.02, 62.66 and 15.00 events per
1000 patient-years, respectively. Hyperkalaemia recur-
rence exhibited a notable pattern; time intervals between
successive episodes of serum potassium >5.0 mmol/L
to < 5.5 mmol/L decreased from 1.80 years (time to first
episode), to 0.99 years (first to second episode), to
0.76 years (second to third episode), and to 0.61 years
(third to fourth episode). Similar patterns held true
when hyperkalaemia was defined according to serum
potassium intervals of >5.5 mmol/L to <6.0 mmol/L
and > 6.0 mmol/L.

Incidence of death, MACE, and RAASi discontinuation

In total, 44,961 deaths, 80,038 MACE and 75,488
RAASI discontinuation events were observed over the
follow-up period, which corresponded to crude event
rates of 47, 84 and 79 per 1000 patient-years,
respectively (Additional file 1: Table S2).

When considering the full duration of patient-intervals
between serum potassium measurements, adjusted IRRs
for death exhibited a U-shaped association with categor-
ical serum potassium levels (Fig. 2a). Relative to the ref-
erence category of 4.5 to <5.0 mmol/L, serum
potassium <4.0 mmol/L and >5.0 mmol/L were each
associated with increased mortality risk. Among patients
with serum potassium >5.5 mmol/L to <6.0 mmol/L,
the adjusted IRR for mortality was 1.60 (95% CI: 1.52—
1.68) compared with the reference category, which
increased to 2.88 (2.61-3.18) in patients with serum
potassium >6.0 mmol/L. In validation, the U-shaped
association pattern between potassium and mortality
observed in this study was similar to that published by
Luo et al. [4] (Additional file 3: Figure S2); in the case of
the latter, an adjusted IRR of 1.60 (1.37-1.88) was esti-
mated for patients with serum potassium >5.5 mmol/L
to < 6.0 mmol/L (as observed in our study), but a some-
what larger IRR of 3.31 (2.52-4.34) was estimated for
patients with serum potassium >6.0 mmol/L (compared
to 2.88 in our study).

Similar to mortality, serum potassium levels < 4.0 mmol/L
were associated with increased risks of MACE when
the full duration of patient-intervals were utilised (Fig. 2b).
However, confidence intervals relating to serum potassium
>5.0 mmol/L contained an IRR of unity, reflecting
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Table 2 Renin-angiotensin-aldosterone system inhibitor use at
baseline, relative to target maintenance doses recommended by
European Society of Cardiology guidelines for heart failure
management [9]

RAASI Number  RAASi dosing at baseline, n (%)°
agent of dents | 2100%0f  50% to <100% of < 50% of
patients target target target
ACE 53,571 19,345 14,202 (26.51%) 20,024
inhibitors® (36.11%) (37.38%)
ARBs® 18,671 613 (328%) 6953 (37.24%) 11,105
(59.48%)
MRAs® 3770 1358 2412 (63.98%) 0 (0.00%)
(36.02%)

ACE angiotensin converting enzyme, ARBs angiotensin receptor blockers, MRAs
mineralocorticoid receptor antagonist, RAASi renin-angiotensin-aldosterone
system inhibitors *Defined as medication prescribed within 3 months of the
index date PACE inhibitors included ramipril, lisinopril, enalapril maleate and
captopril “ARBs included candesartan cilexetil, losartan potassium and valsartan
9MRAs included spironolactone and eplerenone

increased uncertainty of the association between hyperka-
laemia and MACE. Relative to the reference category, ad-
justed IRRs for MACE were 1.07 (1.00-1.15) and 1.15
(0.98-1.36) for patients with serum potassium
>5.5 mmol/L to < 6.0 mmol/L and > 6.0 mmol/L, respect-
ively. In validation, the association between serum potas-
sium and MACE estimated by Luo et al. [4] exhibited a
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more pronounced U-shaped pattern than that observed
in our study (Additional file 3: Figure S2), with larger and
statistically significant adjusted IRRs of 1.12 (1.05-1.20)
and 1.88 (1.66-2.12) for patients with serum potassium
>55 mmol/L to <6.0 mmol/L and>6.0 mmol/L,
respectively.

Associations between adverse event risk and serum
potassium concentration were more pronounced after
restricting patient-intervals to a maximum of 30 days
from each serum potassium measurement. Relative to
the reference category, adjusted IRRs for patients with
serum potassium >5.5 mmol/L to <6.0 mmol/L were
estimated as 2.03 (1.84-2.23) and 0.97 (0.89-1.06) for
mortality and MACE, respectively; these increased to
4.39 (3.88-4.97) and 1.29 (1.08-1.55), respectively,
among patients with serum potassium >6.0 mmol/L.

The association between categorical serum potassium
and the incidence of RAASi discontinuation was
observed to be J-shaped (Fig. 2c). Based on the full dur-
ation of patient-intervals between serum potassium mea-
surements, adjusted IRRs for RAASi discontinuation
were estimated as 1.47 (1.42-1.53) for patients with
serum potassium >5.5 mmol/L to <6.0 mmol/L, and
increased to 2.79 (2.61-2.99) among those with serum
potassium >6.0 mmol/L, when compared to the refer-
ence category. Following restriction of patient-intervals

Table 3 Incidence and median time between hyperkalaemia episodes

Statistic Serum potassium interval to define hyperkalaemia®
>5.0 mmol/L to < 5.5 mmol/L =55 mmol/L to < 6.0 mmol/L 26.0 mmol/L
Incidence of hyperkalaemia
Total hyperkalaemia episodes 234,339 59,688 14,291
Mean number of hyperkalaemia 1.22 (2.29) 0.31 (1.05) 0.07 (0.44)
episodes per patient (SD)
Crude rate of hyperkalaemia per 246.02 (245.03, 247.02) 62.66 (62.16, 63.17) 15.00 (14.76,
1000 patient-years (95% Cl) 15.25)

Number patients experiencing hyperkalaemia
episodes (%)

105,273 (54.84%)
38,323 (19.96%)

(
18,253 (9.51%)
( )
(

No hyperkalaemia episodes

Exactly one hyperkalaemia episode
Exactly two hyperkalaemia episodes
10,352 (5.39%
19,763 (10.30%)
1.80 (0.72, 3.61)

Exactly three hyperkalaemia episodes
Four or more hyperkalaemia episodes

To first episode (among patients experiencing
1+ episodes)

First to second episode (among patients 0.99 (040, 1.99)

experiencing 2+ episodes)

Second to third episode (among patients 0.76 (0.31, 1.48)

experiencing 3+ episodes)

Third to fourth episode (@among patients 061 (0.26, 1.18)

experiencing 4+ episodes)

161,335 (84.04%)
18,765 (9.78%)
5683 (2.96%)
2606 (1.36%)
3575 (1.86%)
258 (1.13, 4.62)

182,524 (95.08%)
6985 (3.64%)
1449 (0.75%)
490 (0.26%)

516 (0.27%)

3.09 (141,5.7)
0.84 (0.24, 1.87) 0.65 (0.12, 1.66)
059 (0.19, 1.31) 041 (0.10, 1.13)

048 (0.15, 1.06) 0.30 (0.08, 0.84)

Cl confidence interval, IQR inter-quartile range, SD standard deviation *Hyperkalaemia episodes of increasing severity were quantified as serum potassium
>5.0 mmol/L to <5.5 mmol/L, >5.5 mmol/L to <6.0 mmol/L, and > 6.0 mmol/L, without a measurement of at least this severity (>5.0 mmol/L, >5.5 mmol/L,

and > 6.0 mmol/L, respectively) in the preceding seven days
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J

to a maximum of 30 days from each serum potassium
measurement, adjusted IRRs for RAASi discontinuation
increased to 1.90 (1.79-2.03) and 4.37 (3.99-4.79)
among patients with serum potassium >5.5 mmol/L to
< 6.0 mmol/L and = 6.0 mmol/L, respectively.

Observed associations between serum potassium
and clinical outcomes were preserved when patients
were stratified by CKD stage in sensitivity analyses
(Additional file 4: Figure S3). Adjusted IRRs for
mortality, MACE and RAASi discontinuation in pa-
tients with CKD 3a, CKD 3b, CKD 4 and CKD 5
demonstrated similar trends to one another and to
the overall cohort; however, smaller sample sizes gave rise
to wider confidence intervals and greater uncertainty, par-
ticularly for patients with eGFR < 15 mL/min/1.73m”.

Table 4 summarises coefficient estimates and statistical
inferences relating to the final fitted risk equations.
In addition to serum potassium concentration, age
and sex were significant risk factors for both death
and MACE (P <0.0001). Death was also significantly
associated with RAASi usage, time with CKD and
eGFR, while history of MACE of baseline was a sig-
nificant risk factor for MACE during follow-up (all
P <0.0001). For RAASi discontinuation, the most im-
portant risk factors were eGFR, diuretics usage, dia-
betes status and sex (all P <0.0001). Coefficient
estimates and statistical inferences obtained after
re-estimating the equations on patient-intervals re-
stricted to a maximum of 30 days are provided in
Additional file 1 (Table S3).

To illustrate the predictive outputs of the risk
equations, Fig. 3 presents the expected rates of death
(per 1000 patient-years) as a function of serum po-
tassium level. Predicted mortality rates were further
disaggregated by the four most important predictive
factors: age, RAASi usage, time with CKD and eGFR
(Fig. 3a, b, c and d, respectively). Similarly, association pat-
terns between serum potassium and MACE incidence,
disaggregated by age, history of MACE, time from index
and sex, are illustrated in Fig. 4a, b, c and d, respectively.
Expected rates of RAASi discontinuation according to
serum potassium level are presented in Fig. 5, disaggre-
gated by eGFR, diuretics usage, diabetes status and sex
(Fig. 5a, b, c and d, respectively).

Discussion

Using real-world data from 191,964 CKD patients in the
UK, we derived risk equations that may be used in clin-
ical practice to relate serum potassium and other pre-
dictive factors to the incidence of mortality, MACE and
RAASi discontinuation. Adjusted IRRs derived in this
analysis demonstrated U-shaped associations between
serum potassium and the risks of mortality and MACE
(though not as strongly in the case of the latter); and a
J-shaped association between serum potassium and the
incidence of RAASi discontinuation. Other statistically
important predictors of adverse clinical outcomes in-
cluded age and sex, time with CKD, RAASi usage, eGFR,
and history of MACE. The risk equations presented here
represent a valuable tool to identify CKD patients at
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Table 4 Model output for final risk equations

Explanatory variable Estimate SE t statistic P-value

Incidence of death

Constant —4.1733 0.2272 -1837 < 0.0001
Serum potassium: < 3.5 mmol/L 09137 0.0300 3047 < 0.0001
Serum potassium: 3.5 to < 4.0 mmol/L 0.2385 0.0171 13.96 <0.0001
Serum potassium: 4.0 to < 4.5 mmol/L 0.0184 0.0127 145 0.1395

Serum potassium: 5.0 to < 5.5 mmol/L 0.1304 0.0159 820 < 0.0001
Serum potassium: 5.5 to < 6.0 mmol/L 04689 0.0262 17.91 <0.0001
Serum potassium: 6.0 mmol/L 1.0578 0.0499 21.20 <0.0001
Age at baseline (years) 0.0715 0.0008 95.05 <0.0001
Sex at baseline: Female —0.3021 00111 -27.18 < 0.0001
Smoker at baseline: Yes 04211 00157 26.90 < 0.0001
Time with CKD (years) 0.0994 0.0022 4471 <0.0001
Time-updated eGFR (mL/min/1.73m? truncated at 60 mL/min/1.73m?) —0.0240 0.0006 —4332 <0.0001
Time-updated prescribed RAASI: Yes —0.7887 00113 —69.54 < 0.0001
Time-updated history of HF: Yes 0.8336 0.0213 39.08 < 0.0001
History of diabetes at baseline: Yes 0.3289 0.0160 20.58 < 0.0001
History of cancer at baseline: Yes 0.3858 0.0171 2260 < 0.0001
History of PVD at baseline: Yes 0.2370 0.0290 817 < 0.0001
History of dementia at baseline: Yes 0.7182 0.0251 2867 < 0.0001
History of MACE at baseline: Yes 0.2946 00133 2212 < 0.0001
Natural logarithm of baseline BMI (kg/mz) -09316 0.0601 —15.51 <0.0001
Natural logarithm of baseline haemoglobin (g/cL) -0.8928 0.0392 -22.76 < 0.0001
Prescribed diuretics +3 months of baseline: Yes 0.1574 00119 13.28 < 0.0001
Prescribed bronchodilators £3 months of baseline: Yes 03514 00154 22.81 < 0.0001
Prescribed insulin £3 months of baseline: Yes 0.3265 0.0338 9.66 < 0.0001
Prescribed statins +3 months of baseline: Yes —0.1796 00116 —1549 < 0.0001

Incidence of MACE

Constant -5.7072 0.0967 -59.01 < 0.0001
Serum potassium: < 3.5 mmol/L 03126 0.0416 752 <0.0001
Serum potassium: 3.5 to <4.0 mmol/L 01117 0.0199 562 <0.0001
Serum potassium: 4.0 to <4.5 mmol/L 0.0257 0.0140 1.84 0.0731

Serum potassium: 5.0 to < 5.5 mmol/L -0.0110 0.0182 -061 0.3322

Serum potassium: 5.5 to < 6.0 mmol/L 0.0722 0.0353 2.05 0.0492

Serum potassium: 26.0 mmol/L 0.1426 0.0825 173 0.0897

Age at baseline (years) 0.0407 0.0007 55.07 <0.0001
Sex at baseline: Female —0.2540 0.0148 -17.18 < 0.0001
Smoker at baseline: Yes 0.0628 0.0198 3.17 0.0027

Time with CKD (years) 0.0714 0.0027 26.33 < 0.0001
Time-updated eGFR (mL/min/1.73m?) -0.0032 0.0007 —4.88 <0.0001
History of diabetes at baseline: Yes 0.0518 0.0208 249 0.0181

History of MACE at baseline: Yes 0.7804 00174 44.80 <0.0001
History of rheumatologic disease at baseline: Yes 0.0930 0.0364 255 0.0153

History of CPD at baseline: Yes 0.2485 0.0220 11.29 <0.0001

Natural logarithm of baseline total cholesterol (mmol/L) —0.1001 0.0345 -291 0.0066
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Table 4 Model output for final risk equations (Continued)
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Explanatory variable Estimate SE t statistic P-value
Prescribed CCBs 3 months of baseline: Yes 0.1042 00152 6.86 < 0.0001
Prescribed insulin £3 months of baseline: Yes 0.2142 0.0416 5.14 <0.0001
Prescribed beta blockers £3 months of baseline: Yes 0.2504 00156 16.06 < 0.0001

Incidence of RAASI discontinuation
Constant -1.6740 0.0254 —65.84 < 0.0001
Serum potassium: < 3.5 mmol/L 0.0316 0.0329 0.96 0.2519
Serum potassium: 3.5 to <4.0 mmol/L —-0.1005 0.0144 —6.96 < 0.0001
Serum potassium: 4.0 to < 4.5 mmol/L —-0.0653 0.0095 —6.87 < 0.0001
Serum potassium: 5.0 to < 5.5 mmol/L 0.1148 0.0115 10.00 < 0.0001
Serum potassium: 5.5 to < 6.0 mmol/L 0.3858 0.0192 20.09 < 0.0001
Serum potassium: 26.0 mmol/L 1.0271 0.0352 29.16 <0.0001
Sex at baseline: Female -0.1364 0.0094 —1445 <0.0001
Time with CKD (years) 0.0161 0.0017 944 <0.0001
Time-updated eGFR (mL/min/1.73m?; truncated at 60 mL/min/1.73m?) —0.0205 0.0004 —4554 <0.0001
History of diabetes at baseline: Yes 0.2476 00128 19.32 < 0.0001
History of rheumatologic disease at baseline: Yes 0.1235 0.0227 545 <0.0001
History of MACE at baseline: Yes 0.1432 00112 12.76 <0.0001
Prescribed diuretics +3 months of baseline: Yes 0.2374 0.0096 24.60 < 0.0001
Prescribed insulin £3 months of baseline: Yes 0.1519 0.0239 6.34 < 0.0001
Prescribed CCBs +3 months of baseline: Yes 0.1197 0.0099 12.14 <0.0001

BMI body mass index, CCB calcium-channel blocker, CKD chronic kidney disease, CPD chronic pulmonary disease, eGFR estimated glomerular filtration rate, HF
heart failure, MACE major adverse cardiac events, PVD peripheral vascular disease, RAASi renin-angiotensin-aldosterone system inhibitor, SE standard error

increased risk of adverse clinical outcomes; and those
most likely to benefit from strategies that avoid hyperka-
laemia, prevent RAASi discontinuation, and effectively
maintain serum potassium homeostasis.

Our findings are broadly consistent with literature
reporting relationships between hypo- and hyperkalae-
mia and worsening clinical outcomes in CKD patients
[2-5]. In particular, mortality risk was lowest among
patients with serum potassium between 4.0-5.0 mmol/L;
an optimal range similarly identified in recent US studies
associating serum potassium with all-cause mortality in
patients with and without CKD, HF and/or diabetes [6],
and those examining in-hospital mortality risk among
hospitalised patients with CKD and/or cardiovascular
disease [21]. Other US studies have also demonstrated
significant relationships between all-cause mortality
and both hypo- (<3.5 mmol/L) and hyperkalaemia
(>5.0 mmol/L) in patients with CKD stages 3—4 [22]; and
between both all-cause mortality and hospital admissions
and hyperkalaemia (>5.0 mmol/L) in cardiovascular
disease patients treated with antihypertensive medica-
tions that impair potassium homeostasis [23]. Although
cause of death was not explored in our analysis due to
a paucity of relevant CPRD data, a previous study of
CKD patients with coronary artery disease found that
the risk of sudden cardiac arrest and death doubled

when serum potassium measurements taken before the
event exceeded 5.0 mmol/L [24].

Additional sensitivity analyses found that observed
relationships between serum potassium and mortality,
MACE and RAAS:i discontinuation were preserved when
patients were stratified by CKD stage, with little
variation in the association patterns between stages. This
finding is consistent with a similar study by Luo et al,
who found no significant interaction between eGFR and
serum potassium when predicting mortality in a US
CKD 3+ population [4]. However, it is noteworthy that
observed relationships between serum potassium and
risks of mortality and MACE in the overall CKD cohort
were comparatively weaker than those estimated by Luo
et al. [4]. While our study examined an incident CKD
cohort, associations reportered herein may have been
strengthened by the inclusion of a prevalent CKD popu-
lation. Death within 30 days of MACE occurred for
approximately 2% of MACE events recorded in this
study; therefore, relationships between serum potassium
and MACE may be underestimated, due to potential
under-reporting of fatal MACE in primary care and a
lack of cause of death data. Moreover, although previous
studies have generally found that deaths recorded on the
CPRD are in concordance with Office for National
Statistics national mortality registrations [25], less is
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known about the reverse. However, an important consid-
eration is the difference in contextual settings and popu-
lations captured by each database, particularly regarding
patient demographics, clinical characteristics, treatment
paradigms and healthcare systems. One notable strength
of our study is the use of the CPRD, which contains
primary care data for a large, diverse population with
access to publicly-funded healthcare. Compared to

existing US data, it could therefore be suggested that
our results are more generalisable to other countries and
healthcare systems, particularly those across Europe.

We demonstrated a J-shaped association pattern
between serum potassium and RAASi discontinuation
risk. Adjusted IRRs reported here relate to RAASI
discontinuation rates estimated among all patients and
intervals observed during the study period. However,
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when alternative definitions of RAASi exposure were in-
vestigated (such as only including patients in receipt of
RAAS;i over the duration of the follow-up period, or in-
tervals where a RAASi therapy had been prescribed), the
association pattern between serum potassium levels and
the likelihood of RAASi discontinuation was preserved.
This J-shaped association is consistent with prescrib-
ing guidelines, where hyperkalaemia risk among

patients treated with RAASi is commonly managed
through the down-titration or discontinuation of such
potassium-retaining agents [9, 10]. When delivered at
guideline-recommended doses, RAASi have been evi-
denced to control blood pressure, delay disease pro-
gression and improve long-term outcomes in CKD
patients [7, 9, 26—28]; however, suboptimal dosing has
conversely been associated with increased adverse
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event risks and healthcare costs [11-14]. Conse-
quently, strategies to control serum potassium and
avoid RAASi discontinuation represent an important
advance in CKD management, and have significant
potential to improve health economic outcomes. The
risk equations generated in this study are intended to
inform the potential value of maintaining normal
serum potassium levels in CKD patients, and identify

clinical factors that place patients at greater risk of
RAASI discontinuation, MACE and death.

There is no single definition of hyperkalaemia; there-
fore, comparisons of incidence and outcomes across
epidemiological studies are often obscured by inconsist-
ent serum potassium thresholds. As shown in this study,
the incidence of hyperkalaemia was highly sensitive to
the serum potassium threshold used to define it; and
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estimated IRRs of death, MACE and RAAS;i discontinu-
ation were higher with increasing serum potassium
levels. Had the sample size allowed for such analysis, we
believe that further stratification of patients with serum
potassium >6.0 mmol/L would have strengthened the as-
sociation pattern between serum potassium and adverse
event risk. Nevertheless, our results highlight the im-
portance of a standardised definition of hyperkalaemia,
to facilitate valid comparisons between observational
studies and across different populations.

To our knowledge, few studies have examined the time
between successive hyperkalaemia episodes in patients
with recurrent hyperkalaemia. A noteworthy pattern ob-
served in our analyses was the shortening of intervals
between successive hyperkalaemia episodes, irrespective
of the serum potassium intervals used to define events
of increasing severity (=5.0 mmol/L to <5.5 mmol/L,
>5.5 mmol/L to <6.0 mmol/L, and>6.0 mmol/L).
Given the impact of hyperkalaemia on patient mor-
bidity, mortality and associated resource utilisation,
our findings highlight the importance of sustained
potassium management following discharge from im-
mediate medical care, in order to avoid the burden
of recurrent hyperkalaemia on patients and healthcare
systems.

A number of limitations of this study are worth not-
ing, and predominantly relate to the constraints of the
data used to inform our analyses. The CPRD dataset
may overestimate the incidence of hyperkalaemia due
to pseudo-hyperkalaemia, a consequence of haemolysis
following traumatic venepuncture, fist clenching during
phlebotomy, blood sample contamination, inadequate
blood sample storage, and delays between venepuncture
and sample analysis [29]. Although causality cannot be
inferred from this retrospective, observational database
study, estimated IRRs for death, MACE and RAAS;i dis-
continuation were adjusted to account for confounding
patient demographics, clinical histories and comorbidi-
ties, clinical measurements, and selected medication
usage. Declining renal function was controlled for in
our risk equations by including eGFR as a time-varying
covariate; however, we acknowledge that related indices
of kidney function (such as proteinuria) were not in-
cluded in our analyses. Other candidate covariates were
limited to those variables available within the CPRD;
consequently, a number of unobserved or poorly-recorded
potential confounders were not considered, such as
socio-demographics, diet, lifestyle, ethnicity, smoking
status, and the use of potassium-binding agents. Des-
pite these limitations, the size of the CPRD dataset
allowed this study to produce statistically-robust esti-
mates of adverse event risk that verified the associ-
ation curves observed across different geographical
locations and comorbid populations.
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Conclusions

In conclusion, this retrospective, observational cohort
study sought to describe relationships between serum
potassium levels and adverse clinical outcomes among
CKD patients in UK clinical practice. Data arising from
our analyses emphasise the importance of maintaining
serum potassium levels within a narrow physiological
range, in order to lower the risks of mortality, MACE
and RAASiI discontinuation. The risk equations derived
represent a valuable tool to predict the incidence of ad-
verse outcomes based on clinical characteristics; and
identify CKD patients most likely to benefit from strat-
egies that avoid hypo- and hyperkalaemia, enable opti-
mal RAASi therapy, prevent RAASi discontinuation, and
improve long-term outcomes.
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