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ABSTRACT

Background. Hyperkalaemia is an electrolyte abnormality associated with adverse clinical outcomes; however, few
studies have investigated the relationship with patterns of hyperkalaemia over time. This study explored the impact of
time spent in a hyperkalaemic state and variability of serum potassium (sK*) on major adverse cardiovascular events
(MACE) and all-cause mortality in patients with chronic kidney disease (CKD), resistant hypertension, heart failure and
diabetes.

Methods. Cohorts comprised adult patients diagnosed with CKD stage 3+, resistant hypertension, heart failure or
diabetes, and/or renin-angiotensin-aldosterone system inhibitor prescription, between 1 January 2003 and 30 June 2018,
from the UK Clinical Practice Research Datalink. Associations between percentage of follow-up spent in a hyperkalaemic
state (sK* >5.0 mmol/L, >5.5 mmol/L, >6.0 mmol/L) or sK™" variability (standard deviation above or below median
standard deviation) and all-cause mortality or MACE were investigated.

Results. For sK* >5.0 mmol/L, time spent in a hyperkalaemic state was associated with reduced risk of all-cause
mortality across all cohorts. For higher sK* thresholds, this trend was attenuated or reversed; for time spentin a
hyperkalaemic state at sK™ >6.0 mmol/L, an increased risk of mortality was seen in the overall cohort and for patients
with diabetes, resistant hypertension or prescribed renin-angiotensin-aldosterone system inhibitors, with no consistent
association seen for patients with CKD or heart failure. Risk of MACE in the overall cohort and in patients with CKD,
diabetes or resistant hypertension increased with time spent in a hyperkalaemic state at all sK* thresholds; however, no
correlation was seen in patients with heart failure or those receiving dialysis. High sK* variability was associated with a
higher risk of MACE compared with low sK* variability across most sK* categories in the overall population and in all
disease cohorts, except patients on dialysis; however, no association between sK* variability and all-cause mortality was
observed.

Conclusions. Patterns of hyperkalaemia, including time spent in hyperkalaemia and sK* variability, are associated with
adverse clinical outcomes. Regular monitoring of sK* in high-risk populations in broader community, primary care and
outpatient settings may enable guideline-recommended management of hyperkalaemia and help avoid adverse events.

Received: 20.8.2021; Editorial decision: 12.11.2021

© The Author(s) 2021. Published by Oxford University Press on behalf of the ERA. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution,
and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

758


https://academic.oup.com/
https:/doi.org/10.1093/ckj/sfab225
https://orcid.org/0000-0003-3540-8252
mailto:phil.mcewan@heor.co.uk
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

skK* variability as a predictor of clinical outcomes | 759

Keywords: cardiovascular, chronic kidney disease, diabetes, heart failure, hyperkalaemia, hypertension, mortality,

potassium, variability

INTRODUCTION

Hyperkalaemia (HK) is commonly defined as serum potassium
(sK*) >5.0 mmol/L [1-3]. Major risk factors include chronic kid-
ney disease (CKD), resistant hypertension (RHTN), diabetes mel-
litus and cardiovascular diseases, particularly heart failure (HF)
[2, 4, 5]. These diseases are frequently comorbid, reflecting both
common risk factors, such as smoking, dyslipidaemia and obe-
sity, as well as the interdependence of renal and cardiac func-
tion and the systemic damage caused by metabolic dysfunction
including diabetes [6]. Consequently, many patients have more
than one risk factor for developing HK and the incidence rate of
HK events has been shown to increase with higher comorbidity
burden [7].

The cardiorenal protective benefits of renin-angiotensin-
aldosterone system inhibitors (RAASis) are well documented,
and patients with one or more of these conditions are often
managed with these agents. However, treatment with RAASi in-
creases the risk of developing HK because these drugs decrease
renal K* excretion [1, 4, 5, 8-10]. Consequently, downtitration
and discontinuation of RAASi are frequently used to manage HK,
leaving patients unable to benefit from the disease-modifying
effects of RAASI [8, 11, 12]. Discontinuation from RAASi therapy
or failure to achieve guideline-recommended RAASi dosing have
been associated with adverse clinical outcomes, including ma-
jor adverse cardiovascular events (MACE) and all-cause mortal-
ity (ACM) [11, 13-15].

HK is associated with adverse clinical outcomes including
MACE [composite of arrhythmia, HF, myocardial infarction (MI)
and stroke], hospitalization and ACM [8]. A ‘U-shaped’ associa-
tion between sK* and adverse clinical outcomes has been de-
scribed in several studies, including in patients with CKD, HF
or diabetes [8, 16-21]. However, the majority of studies were not
designed to capture associations between transient, recurrent
or variable sK* and adverse clinical outcomes. One recent study
showed that a proportion of patients suffer frequently recurrent
HK events [22], potentially leading to patients spending a high
proportion of their time in an HK state. Other previous studies of
patients in the intensive care unit (ICU) or receiving dialysis have
demonstrated that increased sK* variability is associated with
increased mortality [23-25], while another study in patients re-
ceiving haemodialysis demonstrated an association between HK
excursions and adverse clinical outcomes [26]. This study aimed
to explore the impact of length of time spent in an HK state, de-
fined by thresholds of sK* 5.0, >5.5 or 6.0 mmol/L, on adverse
clinical outcomes and to investigate sK* variability as a risk fac-
tor for adverse clinical outcomes independent of mean sK* in
real-world cohorts of patients with cardiorenal conditions and
diabetes.

MATERIALS AND METHODS
Study design and patient population

This was a retrospective cohort study using electronic health
record data from the Clinical Practice Research Datalink (CPRD)
and linked Hospital Episode Statistics (HES) databases [27, 28].
The study period was 1 January 2008 to 30 June 2018, with data
also extracted for a 5-year look-back period (1 January 2003 to
31 December 2007). Eligible patients were >18 years of age and

had a record of at least one of CKD stage 3+, dialysis, RHTN, dia-
betes or HF during the study period or look-back period, and/or
RAASI prescription, defined as angiotensin-converting enzyme
inhibitors (ACEis), angiotensin receptor blockers (ARBs), miner-
alocorticoid receptor antagonists or renin inhibitors, during the
study period. Figure 1 shows the patient flow chart representing
selection of the study population and Figure 2 shows the time-
independent overlap of the study cohorts. Full definitions of in-
clusion criteria are in the Supplementary material.

The study protocol (18_213) was approved by the Inde-
pendent Scientific Advisory Committee for the Medicines and
Healthcare Products Regulatory Agency on 30 October 2018 and
further amendments approved between 2019 and 2021 (final
protocol reference 18_213R2MnA3).

Data structuring and covariates

Cohorts were defined according to the first recorded incidence of
CKD stage 3+, dialysis, RHTN, diabetes, HF or RAASi prescription.
Within each cohort, the index date was the start of the study
period or the date the condition or RAASI prescription was first
recorded during the study period. Patients were followed up un-
til the end of the study period, loss to follow-up (defined as the
date a patient transferred out of the practice, the date the prac-
tice left CPRD or the last date of any record) or death, whichever
occurred earliest. Clinical history data were extracted for 5 years
prior to the first index date per patient. For further details on
study methodology, see the Supplementary material.

Outcomes and data analysis

HK was defined using sK* thresholds (sK* =>5.0, >5.5
and >6.0 mmol/L), ACM defined as death from any cause
and MACE defined as a composite of arrhythmia, HF, MI and
stroke. Time in an HK state was expressed as the percentage
of total follow-up spent with sK* >5.0, >5.5 or >6.0 mmol/L,
subdivided into 1% intervals. The relationship between per-
centage of follow-up time spent in an HK state and the risk of
ACM or MACE was calculated per patient and was expressed
relative to the risk experienced by patients who spent no time
in an HK state during their follow-up period; the logarithm of
each relative risk was then calculated, allowing the baseline
risk at 0% time spent in an HK state to be defined as 0. Thus,
a log relative risk <0 indicates that the risk of adverse clinical
outcomes for that 1% interval was lower than the risk associated
with no follow-up time spent in an HK state.

Variability of sK* was defined as sK* standard deviation (SD)
above (high variability) or below (low variability) the median SD,
calculated over a patient’s entire follow-up. Crude rates of ACM
and MACE, stratified by sK* variability, were calculated for each
cohort, then adjusted rates were calculated by fitting generalized
linear models with an interaction term for mean and SD sK*
using published coefficients (see Supplementary methods) [20].

Statistical analyses were performed using R version 3.5.2 or
later [29].

RESULTS
Summary and baseline characteristics

In total, 931460 patients met the eligibility criteria (Figures 1
and 2): 317 135 RHTN, 288871 diabetes, 297 702 CKD, 84210 HF,
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FIGURE 1: Patient flow chart. *Details of how each cohort was defined can be found in Supplementary data, Table S1.
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FIGURE 2: Venn diagram showing overlap of study cohorts. This figure represents time-independent cohorts, i.e. each cohort comprises all patients who have ever

been a member of that cohort.

756 854 RAASI prescription. A total of 257774 (27.7%) patients
were in the RAASI cohort and were not entered into any other
cohorts. There were 4415 patients with end-stage renal disease
receiving dialysis. Baseline characteristics for these cohorts can
be found in the Supplementary results, Table S11.

Frequency of HK and time spent in HK

Patients with HF had the highest crude rate of HK events [490.6
(487.8-493.3), 125.6 (124.21-127.0) and 23.4 (22.8-24.0) per 1000
patient-years at sK™ >5.0, >5.5 and >6.0 mmol/L, respectively],
but patients with CKD and those with diabetes cohort typically
spent longer in an HK state at both sK™ >5.0 mmol/L (0.72 and
0.73 mean years spent in HK) and >5.5 mmol/L (0.12 and 0.11

mean years spent in HK) (Table 1). The cohort of patients receiv-
ing RAASI had the lowest rate of HK events and time spentin an
HK state (Table 1).

Relationship between time spent in HK and risk
of adverse clinical outcomes

The risks of ACM (Figure 3) or MACE (Figure 4) relative to time
spent in an HK state were calculated for the overall popula-
tion and each cohort. Time spent in an HK state was defined as
the percentage of follow-up time spent with sK* >5.0 mmol/L,
>5.5 mmol/L or >6.0 mmol/L. The histograms highlight that the
majority of patients did not experience HK during the follow-up
period; data presented were capped at 20% follow-up time spent
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FIGURE 3: Relative risk of ACM according to time spent in an HK state. Lines represent the log relative risk, bars represent the number of patients (‘000 000s’) at risk for
each time interval. Time is represented as % follow-up time spent in an HK state at the given sK* threshold, in non-overlapping 1% windows, and is capped at 20%.
DM: diabetes mellitus.
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FIGURE 4: Relative risk of MACE according to time spent in an HK state. Lines represent the log relative risk, bars represent the number of patients (‘000 000s’) at risk
for each time interval. Time is represented as % follow-up time spent in an HK state at the given sK* threshold, in non-overlapping 1% windows, and is capped at 20%.
DM: diabetes mellitus.



skK* variability as a predictor of clinical outcomes | 763

‘ Al cKD RHTN

| | N—

-1

-3

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

) S Y S

2

Log relative risk

3

0 6 10 15 20 0 65 10 15 20 0 65 10 15 20 0 65 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Diabetes | HF RAASI ‘ Dialysis
100
2 50
L
L\
o 0
o
3
3
o
F
100
| @
e 50
lf‘: v, R
- o 0 o
o 8
3 =
@
a =
-'_‘
100
A — _f % 50
o - n
=] 0
; =
3
|
5
i=

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 S5 10 15 20 0 5 10 15 20

% of follow-up time spent in hyperkalaemic state

®* Increasedrisk @

No difference @

Reduced risk

FIGURE 5: Relative risk of ACM or MACE according to time spent in an HK state. Lines represent the log relative risk, bars represent the number of patients (‘000 000s’) at
risk for each time interval. Time is represented as % follow-up time spent in an HK state at the given sK* threshold, in non-overlapping 1% windows, and is capped at

20%. DM: diabetes mellitus.

in an HK state due to small patient numbers above this range
leading to large uncertainties.

At an HK threshold of >5.0 mmol/L, time spent in an HK
state was associated with a reduced relative risk of mortality,
particularly in patients with CKD, diabetes, HF or receiving dial-
ysis, and to a lesser extent in the overall cohort and in patients
with RHTN or prescribed RAASi (Figure 3). At an HK threshold
of >5.5 mmol/L, this trend started to reverse in the overall cohort
and for patients with diabetes or RHTN, with longer time spent
in an HK state associated with increased risk, while a reduction
in risk was still seen in patients with CKD, HF or on dialysis. At an
HK threshold of >6.0 mmol/L, an association between time spent
in HK and increased risk of mortality was seen most strongly
in the overall cohort and in patients with RHTN, diabetes and
those on RAASI. For patients with HF or CKD, the association be-
tween time spent in an HK state and reduced risk of mortality
remained but became weaker as the threshold increased to 5.5
or 6.0 mmol/L. Patient numbers were too small in the dialysis co-
hort for time spent with HK at a threshold >6.0 mmol/L to draw
conclusions about any relationship with mortality.

At all HK thresholds, the risk of MACE for the overall co-
hort and patients with CKD, diabetes or RHTN or prescribed
RAAS:i initially increased rapidly with time spent in an HK state,
then plateaued at an increased relative risk across the range
(Figure 4). The risk of MACE for patients with HF or those on
dialysis did not show a clear relationship with time spent in a
HK state at any threshold.

Given the generally opposing relationship between time
spent in an HK state and ACM versus MACE, a combined out-
come of ‘ACM or MACE’ was explored (Figure 5). Broadly, the as-
sociations observed were similar to those for the MACE outcome,
with an increased risk associated with time spent in an HK state

for the overall cohort and patients with CKD, diabetes, RHTN or
prescribed RAASI at all thresholds, although the relationship for
patients with CKD was attenuated, particularly at an HK thresh-
old of >5.0 mmol/L. Similarly, no clear relationship between time
spent in an HK state and ‘ACM or MACE’ was observed for pa-
tients with HF or those on dialysis, except for a small but con-
sistent decrease in risk for patients with HF at an HK threshold
of >5.0 mmol/L.

Baseline characteristics associated with sK* variability

All included patients were divided into patients with a mean
sK* in the normokalaemic range (3.5 to <5.0 mmol/L) and those
with a mean sK* in the HK range (>5.0 mmol/L). Each group
was stratified into high and low sK* variability, defined as sK*
SD above (high variability) or below (low variability) the me-
dian SD. Baseline characteristics, stratified by sK* variability,
are presented in Table 2 (see Supplementary data, Table S12 for
additional characteristics). Similar associations were seen be-
tween high sK* variability and baseline characteristics in both
normokalaemic and HK groups. In particular, clinical charac-
teristics indicating reduced kidney function (lower estimated
glomerular filtration rate, higher serum creatinine) and history
of severe renal disease were associated with high sK* variability
regardless of mean sK*.

Relationship between sK™ variability and risk
of adverse clinical outcomes

Crude event rates for ACM and MACE were adjusted using pub-
lished risk equations [20] and adjusted for sK™ 0.5 mmol/L
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FIGURE 6: Adjusted rates of ACM with respect to sK*, stratified by sK* variability. Adjusted for patient demographics and clinical characteristics using published risk

equations [20]. Dotted line indicates IRR = 1.

increments. Adjusted rates stratified by sK* variability are pre-
sented for ACM in Figure 6 and for MACE in Figure 7. ‘U-shaped’
relationships between sK* and ACM, with an increased risk for
sK* <3.5 mmol/L, 5.5-6.0 mmol/L and >6.0 mmol/L, were ob-
served for all cohorts except patients receiving dialysis (Figure 6).
No increase in risk was seen for the sK* categories between 4.0
and 5.5 mmol/L. No relationship between sK* variability and ad-
justed rates of ACM was observed (Figure 6).

For MACE, there was no clear association between sK* and
the incidence rate ratio (IRR), although a trend to increased risk
was seen at sk >6.0 mmol/L in the overall cohort and in pa-
tients with RHTN or CKD (Figure 7). However, increased sK™* vari-
ability was associated with a higher risk of MACE compared with
low sK* variability across most sK* categories in the overall pop-
ulation and in all disease cohorts, except patients on dialysis
(Figure 7). The separation in IRR between the high and low vari-
ability was most prominent in the overall cohort and in patients
with CKD, RHTN and diabetes, and less clear in patients with
HF, those receiving RAASi and in all cohorts at higher concen-
trations of sK™.

Serum K* testing frequency

To understand real-world monitoring frequency and identify
possible unmet need, the frequency of sK* testing in each co-
hort was analysed. Although patients with HF had, on average,
the lowest absolute number of sK* tests (7.3), when adjusted for
follow-up [per 1000 patient-years (PYs)] the crude testing rate
was significantly higher than all the other cohorts {2429.3 per
1000 PYs [95% confidence interval (CI) 2423.2-2435.3]} (Table 3).
Patients prescribed RAASi had the lowest testing rate [1216.19

per 1000 PYs (1214.99-1217.4)]. In light of the lower risk of ACM
associated with time spent in an HK state described above, the
relationship between the rate of sK* testing, stratified by the
number of HK episodes, and ACM was investigated (Figure 8). In
the overall population and in all the cohorts, patients who had
experienced two or more HK events had a higher rate of sK™ test-
ing, but a lower rate of ACM, than patients who experienced only
one HK event.

DISCUSSION

This study investigated the association between adverse clini-
cal outcomes and sK* dynamics, specifically time spent in an
HK state and variability of sK*. The aim of the study was to un-
derstand whether these relationships would affect the risks of
ACM or MACE in a large, real-world UK cohort of 931460 patients
with renal, cardiovascular and metabolic conditions.

An increased risk of MACE was associated with increased
time spent in an HK state at all HK thresholds in patients
with CKD, RHTN, diabetes or prescribed RAASi; however, this
increased risk was not observed for patients with HF, which is
consistent with previous analysis of incident HF patients within
this cohort [20] and with a recent meta-analysis that showed no
clear relationship between HK and MACE in HF patients [8]. It is
worth noting that there is no standard definition of MACE, which
may also contribute to the heterogeneity of results related to this
endpoint.

Surprisingly, the relative risk of mortality was reduced over
the range of time spent in an HK state at an HK threshold
of >5.0 mmol/L, particularly in patients with CKD, diabetes, HF or
receiving dialysis, with a small decrease in risk also seen across
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longer times spent in HK for the overall cohort and patients with
RHTN or prescribed RAASi. As the HK threshold analysed was
increased, the magnitude of the decrease in relative risk of mor-
tality began to diminish, and a positive trend between the two
was seen in the overall cohort and in patients with diabetes or
RHTN or prescribed RAASI. This finding indicates that the sever-
ity of HK remains an important consideration and highlights the
increase in risk associated with time spentin a relatively moder-
ate HK state, although it should be noted that the decreased risk
persisted for patients with CKD or HF for sK* >5.5 mmol/L and
did not increase even at sK* >6.0 mmol/L for patients with HF.
The analysis of sK* testing rates indicated that an increased rate
of sK* monitoring in those with two or more HK events was as-
sociated with reduced ACM, suggesting that these patients may
have benefitted from more proactive management, although as-
certaining further details of treatment received was beyond the
scope of this manuscript.

Although numerous studies have investigated the associa-
tion between either single or time-averaged sK* measurements
and adverse clinical outcomes in a range of patient populations,
few analyses have considered sK* patterns over time, partic-
ularly in real-world clinical practice. NGilez et al. showed a U-
shaped association between continuous, time-updated sK* and
mortality in 2164 patients hospitalized for acute HF [30]. Al-
though not directly comparable due to different analysis ap-
proaches, these results are broadly in agreement with those pre-
sented here, indicating that cumulative HK is associated with an
increased risk of adverse clinical outcomes, and that the magni-
tude of the associated risk increases as sK* increases. However,
in contrast to the patients with HF shown in Figure 3, Nuiiez et al.
did not observe a decreased risk of ACM associated with longi-

tudinal sK* >5.0 mmol/L. This may be due to underlying differ-
ences in the study population—Nuiiez et al. considered patients
hospitalised for acute HF only—or due to other methodological
differences.

The current study also demonstrated thatincreased sK* vari-
ability may be a risk factor for MACE compared with low sK*
variability, independent of the absolute sK* concentration; this
is consistent with a recent study demonstrating that HK excur-
sions are associated with mortality, hospitalizations and car-
diovascular events in patients receiving haemodialysis [26]. It
should be noted that no association between sK* variability and
adverse outcomes was seen in patients on dialysis in the present
study; however, the dialysis cohort was comparatively small,
which led to wide CIs, limiting the conclusions that could be
drawn. Furthermore, dialysis patients are typically managed in
outpatient settings or dialysis centres that contribute little data
to the CPRD; therefore, it is likely that this study did not capture
the full extent of tests and events experienced by these patients.

Itis plausible that patients who exhibit poor regulation of sK™*
might experience transient changes significant enough to affect
cardiac electrophysiology, although without electrocardiogram
data this remains speculative. Variability of sK* has previously
been investigated in patients receiving peritoneal dialysis, with
a higher risk of mortality seen in the two most variable quar-
tiles (coefficient of variation of sK* 12.0 to <16.7% and >16.7%)
[25]. Hessels et al. [24] and Engelhardt et al. [23] demonstrated
that ICU patients with higher sK* variability had a higher ad-
justed risk of in-hospital mortality [adjusted odds ratio (OR) for
potassium variability 5.61 (95% CI 3.64-8.66) and adjusted OR for
potassium variability >3rd SD 1.74 (95% CI 1.44-2.11), respec-
tively]. Furthermore, one consideration of the present analysis



Table 3. Frequency of sK* testing

Dialysis
(N

RHTN Diabetes HF RAASI
(N

CKD

Overall

4415)

756 854)

(N =

84210)

(N=

288871)

317135)

(N=

297 702)

(N =

931460)

(N =

23502
5.32 (8.76)

3928638

613120
7.28 (9.10)

2429.25
2423.17-2435.34

2821475
9.77 (8.95)

1873.33
1871.15-1875.52

2959407
9.33 (9.05)

2599914
8.73 (9.42)

1911.9 1909.57-

6448736
6.92 (8.67)

Total number of sK* tests

5.19 (7.14)

Mean no. sK* tests per patient (SD)

Crude rate of sK* tests per 1000

PYs (95% CI)

1675.39
1654.04-1696.95

1216.19
1214.99-1217.4

1657.42
1655.53-1659.31

1362.76
1361.71-1363.82

1914.22
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is that, within the long time frame considered, sK* can be af-
fected by a range of unascertained and uncontrolled variables
such as diet, additional comorbidities and medications. Hessels
et al. implemented a computerized potassium regulation pro-
gramme [24] but, despite the monitoring and sK* regulation re-
ceived by these patients, which would help mitigate these un-
controlled variables, higher sK* variability remained associated
with higher mortality. Notably, this relationship was seen in pa-
tients with a mean sK* within the normokalaemic range.

No association between sK* variability and ACM was seen in
the current analyses (Figure 6), unlike in the prior studies dis-
cussed above [23, 24]. This could be due to the significant dif-
ferences in patient populations studied; both Hessels et al. and
Engelhardt et al. consider patients in the critical care setting [23,
24], whereas the data in the present study cover a patient popu-
lation in routine, non-critical clinical practice. Nevertheless, the
MACE results presented here contribute to a small but increas-
ing body of evidence that sK* variability is potentially a risk fac-
tor for adverse clinical outcomes, and this increased risk may
be masked by assessment of competing biomarkers or analyses
that only consider mean sK* over time. For example, parallels
can be drawn with the more established role of glucose variabil-
ity as a risk factor and potential surrogate marker for cardiovas-
cular and microvascular complications in patients with diabetes
[31] and raises the possibility that sK* variability could act as a
similar surrogate for CV outcomes.

One implication of these findings for clinical practice is that
a structured approach to regular monitoring of sK™ in high-risk
patient populations in the broader community, primary care and
outpatient settings may be desirable in order to manage sK* and
reduce risk of adverse clinical outcomes. Indeed, the UK Renal
Association 2020 Clinical Practice Guidelines for Treatment of
Acute Hyperkalaemia recommend that patients with CKD 1-3
require blood monitoring at least once or twice per year, pa-
tients with CKD 4-5 at least two to four per year, and patients
who have experienced an HK episode should be monitored more
frequently [32], while the 2021 KDIGO guidelines for the man-
agement of blood pressure in CKD recommend starting ACEi
or ARB in patients with hypertension and CKD, with or with-
out diabetes, but highlight the need for monitoring sK* due to
the risk of HK [33]. It is notable that the cohort of patients pre-
scribed RAASI in this study had the lowest rate of HK events
and sK™ tests, which may reflect discontinuation of RAASi fol-
lowing a first HK event to reduce the risk of recurrence, or may
be a consequence of the proportion of patients who were pre-
scribed RAASI but did not have any of the comorbidities eval-
uated, who may be at lower risk of developing HK and there-
fore require less frequent monitoring [34]. In general, proactive
sK™ management may permit patients to remain on guideline-
recommended doses of RAASI, which is significant in light of
evidence suggesting that interruption, downtitration or cessa-
tion of RAASI therapy is independently associated with adverse
clinical outcomes [11, 13-15]. Indeed, the 2021 ESC HF guide-
lines recognize that HK is a major contributor to RAASi un-
deruse, and recommend consideration of novel K* binders for
treating HK. Interrogating this real-world dataset for sK* test-
ing frequency highlighted that HF patients had the highest rate
of sK* tests when adjusted for follow-up time, at nearly dou-
ble the overall rate. This could indicate a heightened aware-
ness of the risks of HK in this cohort; however, it could also
be an incidental finding reflecting a general high rate of bio-
chemical testing in these patients. This highlights one limita-
tion of the current analysis, which is that findings of HK in a
real-world cohort are subject to ascertainment bias, particularly
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confounding with repeated sK* measures following an initial HK
diagnosis.

Although there are many strengths of this study, which in-
clude the comprehensive analysis of a large, diverse, granu-
lar, real-world cohort of patients with renal, cardiovascular and
metabolic conditions with long follow-up, there are some limita-
tions. Firstly, this is a study using electronic health records from
the UK; therefore, the findings may not be fully representative of
other settings. As the data are collected under conditions of rou-
tine care, they are potentially subject to missingness and cod-
ing errors. Other limitations of the current study include its ret-
rospective design, meaning that the relationships observed are
associations, and conclusions cannot be drawn about causality;
furthermore, data regarding treatment for HK episodes were not
evaluated; therefore, any potential impact of treatment is not
considered. The analysis also assumes that each elevated sK*
measurement represents an HK event, which does not take into
account possible false positives due to, for example, haemolysis.
Although the risk of adverse outcomes with respect to sK* vari-
ability was adjusted for known relevant covariates, it is possible
that additional, unascertained factors that were not adjusted for
or residual confounding are contributing to the associations ob-
served. For example, the risk equations used adjusted for time-
updated RAASI usage and baseline status of selected other med-
ications, but did not consider all medication prescriptions, nor
was there any adjustment for dose. Furthermore, the risk equa-
tions used to calculate adjusted risks of MACE and ACM in the
sK* variability analysis were originally fitted using incident HF
and CKD populations, whereas these data include both incident
and prevalent patients. However, a previous analysis demon-
strated that these published risk equations appear to be gen-
eralizable to broader populations [7].

In conclusion, this study adds to the increasing body of
evidence supporting an association between sK* variability, in-
dependent of the absolute sK* level, and risk of adverse clinical
outcomes in patients with a range of common renal, cardiovas-

cular and metabolic conditions. While a number of other studies
have illustrated an association between sK* variability and mor-
tality, our study adds to this by showing an association between
sK* variability and morbidity, therefore providing further evi-
dence in support of appropriate and timely management of HK
in order to reduce the associated cardiovascular disease burden.
A structured approach to routine sK* monitoring in broader
community, primary care and outpatient settings, proactive
clinical awareness and chronic, guideline-recommended
management of HK may improve outcomes for these
patients.
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