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ABSTRACT

Background. Whether hyperkalaemia in CKD is chronic or transient, and whether this has different outcome implications, is
not known.

Methods. This was an observational study of adults with CKD G3-5 from Stockholm, Sweden 2006-11. We examined
individual trajectories of potassium from all measurements obtained through routine outpatient care. For each month of
follow-up, we created a rolling assessment of the proportion of time in which potassium was abnormal during the previous
12 months. We defined patterns of hyperkalaemia as transient (<50% of time during the previous year with potassium

>5.0 mmol/L) and chronic (>50% of time with potassium >5.0 mmol/L), and examined whether previous hyperkalaemia
pattern offers additional predictive value beyond that provided by the most recent (current) potassium value.

Results. We included 36 511 participants (56% women) with CKD G3-5 and median estimated glomerular filtration rate 46 mL/
min/1.73m? Transient and chronic hyperkalaemia, respectively, were observed in 15% and 4% of patients with CKD G3a,

and in 50% and 17% of patients with CKD G5. In fully adjusted models, transient (hazard ratio 1.36, 95% confidence interval
1.29-1.46) or chronic (1.16, 1.04-1.32) hyperkalaemia patterns, but not current hyperkalaemia, were associated with major
adverse cardiovascular events (MACE), compared with normokalaemia. Transient hyperkalaemia (1.43, 1.35-1.52) and
current potassium values, but not chronic hyperkalaemia, were associated with the risk of death.

Conclusions. Between 4% and 17% of patients with CKD G3-5 develop chronic hyperkalaemia. In general, hyperkalaemia
predicted MACE and death; however, the lack of effect of current potassium on MACE when adjusted for the previous
pattern, and the stronger effects on death than on MACE, lead us to question whether hyperkalaemia is causal in these
relationships.
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INTRODUCTION

Patients with chronic kidney disease (CKD) have multiple risk
factors, comorbidities and medications that increase circulating
levels of potassium and contribute to risk of hyperkalaemia [1, 2].
Hyperkalaemia in CKD is often described as chronic, but previous
studies have based their conclusions on a single potassium mea-
surement [1, 2]. A single potassium assessment importantly pre-
dicts the risk of major adverse cardiovascular events (MACE),
cardiac arrest and death [3, 4]. However, whether hyperkalaemia
in patients with CKD is chronic, and whether this distinction is of
clinical relevance, are poorly understood.

Although repetitive consecutive measurements facilitate de-
termination of whether hyperkalaemia is a chronic or transient
event [5, 6], there is no consensus on the number of tests re-
quired to characterize or define chronic hyperkalaemia. Some
studies have attempted to evaluate this issue; one study reported
increased risk of death for heart failure patients with chronic or
transient hyperkalaemia during a 1-year period based on the
number of routinely measured potassium tests above a certain
threshold [7]. A limitation of such a definition is that the fre-
quency of testing is influenced by disease severity, and acute
hyperkalaemia may prompt intense testing within a short period
of time, which differs from persistently elevated potassium over
longer periods. Other studies define chronic states by the concor-
dance between two potassium measurements 1lyear apart [8],
which may introduce bias because it requires the patients to sur-
vive that period to be eligible for inclusion.

Evaluating outcomes associated with chronic hyperkalaemia
patterns answers a different question than studies evaluating
potassium trajectories [8, 9]. Because the majority of hyper- or
hypokalaemia events are likely transient, the potassium slopes
are typically fairly flat even in advanced CKD [10], and may not
be informative. We here tried to characterize the epidemiology
of chronic and transient hyperkalaemia in patients with CKD
G3-5 not on dialysis (G3-5ND) and to explore the association be-
tween patterns of hyper- and hypokalaemia and adverse health
outcomes, namely MACE and death.

MATERIALS AND METHODS

Data sources

This study utilizes the Stockholm CREAtinine Measurements
(SCREAM) project [11], which includes all residents in the region
of Stockholm (Sweden) undertaking at least one measurement
of plasma creatinine in connection with a healthcare encounter
during 2006-11. Using each citizen’s unique personal identity
number, SCREAM laboratory data were linked to other nation-
wide government-run registries that collect complete informa-
tion on drugs dispensed at Swedish pharmacies [12]; outpatient
specialist consultations and hospitalizations [13]; and date and
causes of death [14]. The study was approved by the regional
ethical review boards and informed consent was waived.

Patient selection and study design

We included participants aged >18 years who had an estimated
glomerular filtration rate (eGFR) <60mlL/min/1.73m? and at
least one plasma/serum potassium measured in outpatient rou-
tine care. The index date was the earliest date on which these

criteria were met. The diagnosis of CKD was defined by at least
two consecutive outpatient creatinine measurements
(>3months and <1year apart) indicating an eGFR <60 mL/min/
1.73m? In order to reduce misclassification bias, patients in
whom >10% of subsequent eGFR measurements were >60mL/
min/1.73m? were excluded. Categories of eGFR were defined by
KDIGO criteria [15]: G3a=eGFR<60-45; G3b=GFR <45-30;
G4=eGFR <30-15; and G5 non-dialysis=eGFR <15mL/min/
1.73m? Patients with a history of kidney transplant or undergo-
ing dialysis at baseline (i.e. first encountered outpatient potas-
sium test) were excluded.

Study exposure: patterns of dyskalaemia

After study inclusion, we extracted information on all subse-
quent measurements of potassium and interpolated a linear
rate of change of potassium (see Supplementary data, Figure S1)
to model the trajectory of potassium from inclusion until death,
kidney replacement therapy (KRT) or end of follow-up
(December 2011) on monthly intervals, analogous to time-in-
therapeutic-range methods used for international normalized
ratio monitoring [16]. At each month, we evaluated the pattern
of dyskalaemia based on the proportion of time spent with ab-
normal potassium values during the preceding 12 months, as
follows: normokalaemia: all time spent between 3.5 and
5mmol/L; transient hyperkalaemia: >0 but <50% of time spent
with potassium >5.0mmol/L; chronic hyperkalaemia: >50% of
time spent with potassium >5.0 mmol/L. For completeness, we
also defined transient hypokalaemia: >0 but <50% of time with
potassium <3.5mmol/L; and chronic hypokalaemia: >50% of
time with potassium <3.5 mmol/L. Whenever the rolling assess-
ment would fit more than one category definition we classified
that person month as ‘undetermined’ and treated it as a sepa-
rate category in the model, thus making our classification mu-
tually exclusive.

Study outcomes: MACE and death

The primary outcome was the incidence of MACE, defined as
the composite of non-fatal stroke, heart failure, myocardial in-
farction or death attributed to cardiovascular causes
(Supplementary data, Table S1). The secondary outcome was
all-cause death, because potassium disturbances are thought to
affect specifically the cardiovascular system. Patients were fol-
lowed until event or censoring (i.e. end of follow-up, migration
outside Stockholm region, non-cardiovascular death—when ap-
plicable—or KRT). There was no loss to follow-up.

Study covariates

Study covariates included age, sex, laboratory measurements,
comorbidities and medications, which were updated at each
month. Laboratory measurements were potassium and creati-
nine tests obtained during outpatient care; serum/plasma po-
tassium was assessed by potentiometric titration [17, 18].
Plasma potassium was the most frequent form of measure-
ment, accounting for 91% of all measurements in the system; in
our data, the average plasma value was 0.1 mmol/L lower than
the average serum value. Serum and plasma creatinine was
measured by the enzymatic or Jaffe method, and eGFR was cal-
culated using the CKD Epidemiology Collaboration equation
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[19]. eGFR was updated at each potassium measurement.
Hence, a patient may contribute to different CKD stages as he/
she progresses in the disease. Comorbid conditions
(Supplementary data, Table S2) were defined using diagnostic
codes [20]. Medications (Supplementary data, Table S3) were
assumed concomitant if there was a pharmacy dispensation at
the time of or within the previous 6 months from each time
interval, except for sodium polystyrene sulphonate (SPS). Given
the SPS presentation as a 500g package, and its commonly off-
label use in Sweden at low dosages to prevent hyperkalaemia
[21], we defined concomitant use with a 1-year window prior.
Calcium polystyrene sulphonate, novel potassium binders and
sodium-glucose cotransporter 2 (SGLT2) inhibitors were not avail-
able in the dataset.

Statistical analysis

Baseline characteristics were described as median and inter-
quartile range (IQR) or counts with proportions. First, we evalu-
ated the proportion of person-months occurring in each
dyskalaemia pattern, and the proportion of unique individuals
meeting each pattern definition. Secondly, we assessed clinical
characteristics associated with each pattern through logistic re-
gression models with clustered robust standard errors for re-
peated measures, setting normokalaemia as the reference level.
Results are presented as odds ratios (ORs) and 95% confidence
intervals (CIs). Thirdly, we investigated the association between
dyskalaemia patterns and study outcomes using time-
dependent Cox models. We evaluated whether the current po-
tassium level (i.e. the potassium encountered at each month in-
terval) affected the association between dyskalaemia patterns
and outcomes by fitting and comparing models with one or
both of these measures. Since dyskalaemia patterns are based
on the preceding 12 months, this analysis aims to distinguish
the acute from the chronic effects of dyskalaemia. Because
stroke is not pathophysiologically a consequence of hyperkalae-
mia, we repeated our MACE analyses excluding the component
of stroke. Fourthly, consistency of results for our primary study
outcome was explored through stratified analyses by age, sex,
CKD G category, heart failure and use of renin-angiotensin-al-
dosterone system inhibitors (RAASI). Finally, we repeated the
main analyses stratified by sex. All analyses were performed us-
ing R version 3.4.3 software (The R Project for Statistical
Computing, Vienna, Austria).

RESULTS

Patients’ characteristics and patterns of dyskalaemia

After applying inclusion and exclusion criteria, 36 511 individu-
als with confirmed CKD G3-5ND were included in the study
(Supplementary data, Figure S2), contributing 1312 841 person-
months of observation. At inclusion, the median age was
8lyears and 56% were women (Table 1). The majority of
patients had CKD G3 (87%). The most common comorbidity was
hypertension (65%), followed by history of heart failure (32%)
and diabetes (25%). A high proportion of individuals were re-
ceiving g-blockers (51%), diuretics (49%) angiotensin-converting
enzyme inhibitor (ACEi; 32%) and angiotensin II receptor block-
ers (ARBs; 23%). At inclusion, compared with women, men were
younger (median age 79 versus 83years old), had more com-
monly a history of myocardial infarction (25% versus 16%) and
diabetes (28% versus 22%), and had a higher proportion of
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Table 1. Characteristics of patients with CKD G3-5 at study inclusion

Characteristic
Number of individuals 36511
Age (years) 81 (74, 87)
Women 20560 (56)
eGFR (mL/min/1.73m? 46 (37, 58)
eGFR category
<60-45mL/min/1.73 m? 19257 (53)
<45-30mL/min/1.73m? 12392 (34)
<30-15mL/min/1.73m? 4099 (11)
<15mL/min/1.73m? 763 (2)
Comorbidities
Hypertension 23738 (65)
Myocardial infarction 7290 (20)
Heart failure 11735 (32)
Peripheral vascular disease 4052 (11)
Cerebrovascular disease 7362 (21)
Diabetes mellitus 9065 (25)
Medications
ACEi 11521 (32)
ARBs 8375 (23)
MRAs 4661 (13)
p-blockers 18680 (51)
Potassium sparing diuretics 591 (2)
Thiazide-loop diuretics 18066 (49)
SPS 331(1)

Characteristics are presented as median and IQR or counts and proportion.
MRAs, mineralocorticoid receptor antagonists.

individuals treated with ACEi (37% versus 27%) and SPS (1.5%
versus 0.4%) (Supplementary data, Table S4).

We identified 601774 potassium measurements [median 14
(IQR 9-23) measurements per patient] performed during outpa-
tient consultations, and used them to create individual potas-
sium trajectories through linear interpolation. We observed
that the majority of person-months were preceded by a pattern
of normokalaemia (Figure 1), but this ranged from 87% of
person-months with CKD G3a to 43% with CKD G5. The propor-
tion of person-months preceded by transient and chronic
hyperkalaemia increased with more severe CKD G categories,
from 5% and 2% in CKD G3a, to 33% and 14% in CKD G5ND (tran-
sient and chronic hyperkalaemia patterns, respectively). The
proportion of person-months preceded by a state of transient
hypokalaemia also increased with more severe CKD G catego-
ries, but chronic hypokalaemia was rare and lower in frequency
with lower eGFR. Figure 2 shows similar trends when plotting
the proportion of unique individuals within each CKD G cate-
gory: 50% of patients with CKD G5 had transient hyperkalaemia
at least once during observation, compared with 15% of patients
with CKD G3a; likewise, 17% of patients with CKD G5ND had
chronic hyperkalaemia at least once during the study period,
compared with 4% of patients with CKD G3a.

Compared with women, men tend to have a higher percentage
of person-months with transient or chronic hyperkalaemia,
throughout all eGFR categories (Supplementary data, Figure S3).
Conversely, men have a lower percentage of person-months spent
with hypokalaemia. Similar results are also observed when unique
individuals are considered. Men tend to be more likely to experi-
ence hyperkalaemia episodes (both chronic and transient) at least
once, while women have a higher proportion of occurrences of
hypokalaemia episodes (Supplementary data, Figure S4).
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FIGURE 1: Distribution of person-months (n = 1296 838) preceded by different dyskalaemia patterns across eGFR categories. At each month, the patterns of dyskalaemia
were defined from the potassium levels of the preceding 12 months. Results are based on rolling assessments, so that participants contribute more than once to the
analysis. Normokalaemia: all time spent between 3.5 and 5mmol/L; transient hyperkalaemia: >0 but <50% of time spent with potassium levels >5.0 mmol/L; chronic
hyperkalaemia: >50% of time spent with potassium levels >5.0 mmol/L; transient hypokalaemia: >0 but <50% of time with potassium levels <3.5 mmol/L; and chronic

hypokalaemia: >50% of time with potassium levels <3.5 mmol/L.
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FIGURE 2: Frequency of dyskalaemia patterns among unique individuals of different eGFR categories. Unique individuals are considered in each CKD G category,
but one individual can contribute to different CKD G categories during follow-up as he/she progresses in the disease. For that reason, the frequency exceeds 100%.
The patterns of dyskalaemia were defined from the potassium levels of the preceding 12months; normokalaemia: all time spent between 3.5 and 5mmol/L;
transient hyperkalaemia: >0 but <50% of time spent with potassium levels >5.0 mmol/L; chronic hyperkalaemia: >50% of time spent with potassium levels
>5.0mmol/L; transient hypokalaemia: >0 but <50% of time with potassium levels <3.5mmol/L; and chronic hypokalaemia: >50% of time with potassium levels

<3.5mmol/L.
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Transient hyperkalaemia

Chronic hyperkalaemia

Transient hypokalaemia

Chronic hypokalaemia

Demographics

Age (per 10years older)

0.84 (0.82-0.86)

0.86 (0.83-0.90)

0.77 (0.75-0.80)

0.78 (0.73-0.83)

Women 0.72 (0.68-0.75) 0.67 (0.61-0.74) 1.40 (1.31-1.50) 1.44 (1.26-1.64)
CKD G3a Reference Reference Reference Reference
CKD G3b 1.93 (1.84-2.02) 2.13 (1.93-2.36) 1.06 (1.00-1.11) 0.84 (0.75-0.93)
CKD G4 3.96 (3.72-4.21) 4.93 (4.34-5.59) 1.36 (1.26-1.47) 0.77 (0.65-0.92)
CKD G5 8.05 (7.20-9.00) 8.74 (7.16-10.66) 2.69 (2.33-3.12) 1.05 (0.73-1.49)
Comorbidities
Diabetes 1.44 (1.36-1.52) 1.60 (1.44-1.77) 0.84 (0.78-0.90) 0.74 (0.64-0.85)
Hypertension 0.93 (0.88-0.99) 0.90 (0.80-1.01) 1.45 (1.35-1.56) 1.90 (1.64-2.21)
Myocardial infarction 1.03 (0.96-1.09) 1.03 (0.92-1.16) 0.88 (0.81-0.95) 0.79 (0.67-0.93)
Heart failure 1.33 (1.25-1.41) 1.14 (1.01-1.28) 1.27 (1.18-1.36) 0.96 (0.83-1.11)
Peripheral vascular disease 1.16 (1.09-1.25) 1.21 (1.07-1.38) 1.06 (0.97-1.16) 1.08 (0.91-1.29)
Cerebrovascular disease 1.01 (0.95-1.07) 0.89 (0.79-1.00) 1.12 (1.04-1.20) 1.06 (0.92-1.22)
Medications
ACEi/ARBs 1.55 (1.48-1.63) 1.66 (1.50-1.84) 0.55 (0.52-0.59) 0.40 (0.36-0.45)
MRAs 1.76 (1.66-1.87) 1.26 (1.10-1.45) 1.09 (1.01-1.18) 0.72 (0.61-0.86)
B-blockers 1.05 (1.00-1.10) 0.94 (0.85-1.03) 0.90 (0.85-0.95) 0.84 (0.75-0.94)
Potassium-sparing diuretics 0.93 (0.76-1.13) 0.62 (0.39-0.98) 1.09 (0.89-1.35) 1.04 (0.70-1.55)
Thiazide/loop diuretics 1.08 (1.03-1.14) 0.81 (0.73-0.90) 2.27 (2.13-2.42) 2.03 (1.79-2.31)
SPS 8.41 (7.12-9.93) 12.66 (10.28-15.6) 0.99 (0.73-1.36) 0.33(0.11-0.99)

The results are presented as OR and 95% Cls.
MRAs, mineralocorticoid receptor antagonists.

Clinical characteristics associated with patterns of
dyskalaemia

Baseline predictors of chronic or transient hyperkalaemia were
similar (Table 2): younger age, male sex, lower CKD eGFR cate-
gory, presence of diabetes, heart failure and peripheral vascular
disease, and concomitant use of RAASi or SPS. While the use of
thiazide/loop diuretics was associated with a modestly higher
risk of transient hyperkalaemia, it was associated with a lower
risk of chronic hyperkalaemia.

Predictors of transient and chronic hypokalaemia were gen-
erally the opposite to the hyperkalaemia models (Table 2): fe-
male sex, absence of diabetes or myocardial infarction, absence
of RAASi medication or f-blockers or use of thiazide diuretics.
In addition, the odds of transient hypokalaemia also increased
across worse CKD G categories (lower GFR), presence of heart
failure and cerebrovascular disease. The association between
predictors and patterns of dyskalaemia was similar in sex-
stratified analyses (Supplementary data, Tables S5-S6).

Association between dyskalaemia patterns and adverse
events

During a median follow-up time of 3years (IQR 1.34.6), 13104
(36%) individuals experienced MACE. Compared with normoka-
laemia patterns (Table 3A), patients with transient or chronic
hyperkalaemia were at higher risk of MACE, with the magnitude
of this risk being higher for transient [hazard ratio (HR) 1.36,
95% CI 1.29-1.44] than for chronic hyperkalaemia (HR 1.16, 95%
CI 1.05-1.28) states. A state of transient hypokalaemia (HR 1.44,
95% CI 1.34-1.54) also was associated with increased risk of
MACE, but no association was observed for chronic hypokalae-
mia (HR 1.13, 95% CI 0.99-1.30). The pattern of dyskalaemia,
however, does not always correspond by a similar level of the
most recent potassium (Supplementary data, Table S7). As
expected, the current levels of potassium tend to be more often
outside normal ranges during periods in which chronic episodes

of dyskalaemia are detected compared with transient episodes.
When included in the model current (most recent) single potas-
sium values >5.0 or <3.5mmol/L were also associated with in-
creased risk of MACE. When both dyskalaemia patterns (i.e.
based on the potassium trajectory in the preceding 12 months)
and current potassium values (i.e. based on the potassium value
at each month) were included in the same model, patterns of
dyskalaemia and potassium <3.0 mmol/L were associated with
the risk of MACE. Similar findings were observed when exclud-
ing stroke events from the composite MACE (Supplementary
data, Table S8).

A total of 13570 deaths were registered (Table 3B). Again,
both patterns of dyskalaemia and updated monthly potassium
levels were strongly associated with the risk of death when
modelled separately. When modelled together, abnormal cur-
rent potassium values remained strongly associated with the
risk of death, together with patterns of transient hypo- and
hyperkalaemia.

The risk of MACE and death associated with dyskalaemia
patterns and current potassium values were similar in sex-
stratified analyses (Supplementary data, Tables S9 and S10).

Stratified analysis suggests that the risk of MACE associated
with dyskalaemia patterns is higher in less severe CKD G cate-
gories (Figure 3), with similar results observed among men and
women (Supplementary data, Figures S5 and S6). Transient dys-
kalaemias had a stronger association with the risk of MACE in
patients with RAASi compared with without, but the risk mag-
nitude was high in both (Supplementary data, Figure S7). No
suggestion of heterogeneity was observed across age, sex and
heart failure strata (Supplementary data, Figures S8 and S10).

DISCUSSION

This observational study of people with CKD G3-5ND found that
abnormalities in potassium homoeostasis, especially hyperka-
laemia, are increasingly more prevalent with lower kidney
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Table 3. Association between patterns of dyskalaemia within the preceding 12 months (Model 1), current potassium value (in mmol/L, Model
2) or both in the same model (Model 3), with the risk of MACE (A) or death (B)

Model 1
HR (95% CI)

Model 2 Model 3
HR (95% CI) HR (95% CI)

(A) Risk of MACE
Patterns of dyskalaemia

Transient hyperkalaemia
Chronic hyperkalaemia
Normokalaemia
Transient hypokalaemia
Chronic hypokalaemia

1.36 (1.29-1.44)
1.16 (1.05-1.28)
Reference
1.44 (1.34-1.54)
1.13 (0.99-1.30)

Current potassium value
>5.5mmol/L -
>5.0-5.5 mmol/L -
3.5-5.0 mmol/L -
<3.5-3.0mmol/L -
<3.0mmol/L -
Likelihood ratio test? <0.001

(B) Risk of death
Patterns of dyskalaemia

Transient hyperkalaemia
Chronic hyperkalaemia
Normokalaemia
Transient hypokalaemia
Chronic hypokalaemia
Current potassium value
>5.5mmol/L

>5.0-5.5 mmol/L

3.5-5.0 mmo/L
<3.5-3.0mmol/L
<3.0mmol/L

1.51 (1.43-1.59)
1.24 (1.13-1.37)
Reference
1.88 (1.77-2.00)
1.47 (1.31-1.65)

Likelihood ratio test® <0.001

1.38(1.15-1.66)
1.15 (1.06-1.25)
Reference
1.31 (1.17—1.46)
2.36 (1.58-3.51)
<0.001

2.09 (1.91-2.28)
1.33(1.22-1.44)
Reference
2.34(2.03-2.71)
5.93 (4.50-7.82)
<0.001

1.37 (1.29-1.46)
1.17 (1.04-1.32)
Reference
1.39 (1.29-1.50)
1.05 (0.89-1.23)

1.17 (0.96-1.42)
0.95 (0.86-1.05)
Reference
1.10 (0.96-1.25)
2.02 (1.35-3.02)

1.43 (1.35-1.52)
1.07 (0.95-1.20)
Reference
1.64 (1.53-1.76)
1.07 (0.93-1.23)

1.58 (1.42-1.76)
1.13 (1.03-1.25)
Reference
2.09 (1.79-2.44)
4.69 (3.61-6.08)

2The likelihood ratio test compares the model fit against Model 3. Model 3 offers a better fit than Models 1 and 2. Statistically significant HRs are marked in bold.
Models are adjusted for: age, sex, eGFR, comorbidities (diabetes mellitus, hypertension, heart failure, myocardial infarction, peripheral vascular disease and cerebro-
vascular disease) and medications (SPS, RAASI, -blockers, potassium-sparing diuretics and thiazide/loop diuretics).

function, in keeping with previous studies [1, 2]. Our novel find-
ings were firstly, that though the majority of hyperkalaemia
events were transient, between 11% and 17% of patients with
G4-5 experience chronic hyperkalaemia (>6months in a 12-
month period with potassium >5.0mmol/L) at least once.
Secondly, we found that separately, previous patterns of dyska-
laemia and current potassium values were both associated with
the risk of MACE and death. When both metrics are introduced
in the same model, patterns of hyperkalaemia (transient and
chronic), but not current hyperkalaemia, remained associated
with the risk of MACE. Likewise, the transient hyperkalaemia
pattern and current hyperkalaemia, but not the chronic hyper-
kalaemia pattern, were associated with the risk of death.
Strengths of our analysis include the complete regional cap-
ture of patients undergoing creatinine and potassium testing
from all types of healthcare, which minimizes biases. The iden-
tification of the presence and G category of CKD by eGFR is also
a strength, given poor awareness and underutilization of
International Classification of Diseases codes with inability to
distinguish disease severity reliably [22, 23]. Our design of con-
tinuous rolling assessments overcomes previous limitations in
the literature imposed by the frequency of testing or the need to
survive a certain time to be eligible for inclusion (survivor bias).
As expected from the role of the kidney in eliminating die-
tary potassium [1], the occurrence and recurrence [2, 3, 24, 25] of
hyperkalaemia are prevalent in our data. In a private US health

system, potassium was >5.0 mmol/L in 13% of observation time
for patients with CKD G3a, and this figure rose to 32% for those
with CKD G4-5 [5]. However, the authors did not evaluate
whether these potassium elevations were persistent over time
(i.e. chronic). In people with CKD, serum potassium appeared to
decrease more slowly and tended not to reach pre-hyperkalae-
mia concentrations after a recurrent hyperkalaemia, compared
with people with a single hyperkalaemia event [26]. Our obser-
vations are in line with this evidence, using new methods and
suggesting new definitions to demonstrate that chronic hyper-
kalaemia is prevalent in patients with CKD, and that transient
hyperkalaemia, is more prevalent. We are not aware of previous
studies that have evaluated this, and we recognize that there is
no consensus on how to define chronic elevations in routine
clinical practice. We offer these tentative definitions in the
hope that they will be useful to others and that between-study
comparisons will be possible. We think our definition based on
>50% of person time during the previous year is conservative.

In our study, transient hypokalaemia patterns were also
more frequent with lower eGFR. This agrees with a previous re-
port [5] and possibly results from intercurrent events, including
diuretic use. For this reason, we will focus our discussion on
findings pertaining to hyperkalaemia.

Beyond GFR, our multivariable risk analyses confirm male
sex, diabetes and vascular disease as potential risk factors for
both transient and chronic hyperkalaemia patterns. RAASi use
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MACE by chronicity and CKD strata

Subgroup Person N event HR (95% CI) P int.
months 0.048
Transient hyperkalemia
<15 8231 158 —t— 1.06 (0.86-1.32)
15-30 24193 494 —0— 1.33(1.19-1.48)
30-45 37650 652 —0— 1.36 (1.24-1.48)
45-60 22386 346 —0— 1.49 (1.33-1.66)
Chronic hyperkalemia
<15 3665 42 —_——1— 0.87 (0.61-1.25)
15-30 9907 120 ——— 1.00 (0.83-1.22)
30-45 13409 180 — 1.25 (1.06—1.47)
45-60 7533 81 — 1.31(1.03-1.65)
Transient hypokalemia
<15 2103 39 i H— 0.95 (0.67-1.35)
15-30 8041 186 — 1.27 (1.08-1.50)
30-45 20986 374 —0— 1.37 (1.22-1.54)
45-60 22816 355 —0— 1.54 (1.37-1.74)
Chronic hypokalemia
<15 386 5 0.80 (0.32-2.06)
15-30 2038 37 — 1 1.22 (0.87-1.72)
30-45 7675 87 0.99 (0.79-1.25)
45-60 10724 97 ) ) jﬁ ) ) 1.05 (0.84-1.32)
0.20 0.50 1.0 1.5 2.0

FIGURE 3: Association between patterns of dyskalaemia and MACE by CKD G category. Model adjusted for age, sex, eGFR, comorbidities (diabetes mellitus, hyper-
tension, heart failure, myocardial infarction, peripheral vascular disease and cerebrovascular disease) and use medications (SPS, RAASi, f-blockers, potassium-
sparing diuretics and thiazide/loop diuretics). Normokalaemia was the referent category. P int., P-value for interaction.

increases the risk of hyperkalaemia, expected to be a direct ef-
fect [27], while the association we observe with SPS is likely con-
founding by indication (i.e. the hyperkalaemia is the reason for
the SPS prescribing, rather than the SPS is a risk factor for
hyperkalaemia) [21, 28].

We found that the previous pattern of hyperkalaemia over a
year period, whether chronic or transient, was associated with
the risk of MACE, even after adjustment for the current potas-
sium, suggesting that there is additional information in the pre-
vious potassium pattern beyond potassium measured at a
single time point. We also found that previous patterns of tran-
sient hypo- and hyperkalaemia, as well as single abnormal po-
tassium values (both in the hypo- or hyperkalaemia range),
were all associated with the risk of death. Matsushita et al. [7]
evaluated patterns of hyperkalaemia in 118477 US veterans
with incident heart failure based on the number of elevated se-
rum potassium levels within the first year of observation. They
observed that patterns of persistent, transient and intermittent
hyperkalaemia predicted the subsequent risk of death com-
pared with patterns of normokalaemia, but whether this was in-
dependent of the current potassium or not was not explored.
Provenzano et al. [8], evaluated the persistence of hyperkalae-
mia based on two measurements lyear apart among 2443
patients with CKD G1-5ND, and reported a graded association
(lowest for hyperkalaemia with no visit, and increasing with
hyperkalaemia at Visit 1 only, Visit 2 only or both) for risk of
end-stage kidney disease, but no association with risk of death.
Our results thus agree with and expand this evidence.

From a pathophysiologic perspective, individual hypo- and
hyperkalaemia events (reflected by analysis of current potas-
sium) may be more important than the average trajectory of

all potassium values, and our MACE risk analysis also shows
that the magnitude of predicted risk for transient hypo- and
hyperkalaemia appears greater than that for a chronic state. It
is possible that transient patterns signify general potassium
instability or increased potassium variability. The situation
may be similar to the classic association between within-
person variability of haemoglobin and the risk of death [29].
However, further research into the variability of haemoglobin
suggested that the variability and risk were attributable, to a
large extent, to underlying disease severity [30]. When consid-
ering whether the relationship between potassium values and
outcomes might be causal, we can apply the ideas of Bradford
Hill [31]; though the mechanism would be postulated to be
through cardiac events, the associations we observed are
more consistent and larger in magnitude for the outcome
death than for MACE, suggesting low specificity. The lack of
additional prognostic value of current potassium once the pre-
vious potassium pattern is in the model may suggest that the
effect seen is not fully mediated by potassium, since if it was,
one would expect the most recent value to have the greatest
effect on outcomes. Taken together, our findings do not offer
strong support to the idea of a causal association between
hyperkalaemias and outcomes. This is not to doubt that very
high potassium levels are associated with arrhythmia and
death [32], but rather to consider that we do not know at what
threshold this effect begins and the strength of that relation-
ship at different levels of hyperkalaemia.

We chose hyperkalaemia thresholds of >5.0 and >5.5 in par-
allel with other work, and to maximize power, but we acknowl-
edge that it is unlikely that narrowly exceeding these
thresholds is directly associated with risk—whether of
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arrhythmia or arrhythmia-mediated events such as MACE or
death. Rather, they reflect markers of the risk of more extreme
future excursions.

We observed an interaction between CKD severity and
hyperkalaemia patterns: the association of hyperkalaemia with
MACE is ‘less strong’ at lower eGFR (Figure 3). This may be
explained by reduced power at lower eGFR levels, but our obser-
vations are internally consistent and consistent with others
[33-35]. It is possible that this has true biological meaning, e.g.
that tolerance and electrophysiological adaptation is responsi-
ble. However, we and others [1] have not been able to identify
any direct evidence in support of this hypothesis. We judge it
more likely that the mitigation of risk associated with hyperka-
laemia in persons with G4 and G5 is owing to uncontrolled con-
founding. A given physiological disturbance is more likely to
cause hyperkalaemia in someone with CKD G4-5 than some-
one with more normal kidney function. Many physiological
disturbances are subclinical and may not be captured in ad-
ministrative data such as ours. In patients with advanced
CKD, smaller perturbations in physiology lead to hyperkalae-
mia and the magnitude of the subsequent risk is more related
to the magnitude of the perturbation than causally related to
the hyperkalaemia.

Sweden has universal healthcare access and Stockholm, a
sole healthcare provider. Our exposure is dependent on potas-
sium testing, but we ascertain it based on all potassium meas-
urements performed in Stockholm healthcare. This being said,
we recognized it is likely that patients may have suffered unde-
tected hypo- and hyperkalaemia episodes. Other limitations in
the interpretation of our study results are its retrospective na-
ture and the lack of electrocardiography data to associate potas-
sium levels with cardiac rhythm disturbances. Data reflect
routine care in the region of Stockholm during 2006-11 in a pre-
dominantly Caucasian population, and findings may not neces-
sarily generalize to other ethnicities, periods or settings. We
have no data on dietary potassium intake. Additionally, we
could not evaluate the effects of SGLT2 inhibitors and novel po-
tassium binders since they were not available in the observed
period. As with any observational research, residual confound-
ing due to unmeasured or undetected factors may affect our
findings.

To conclude, we observed associations between patterns of
hyper- and hypokalaemia and outcomes in a large cohort of
patients with CKD G3-5. These associations tended to be stron-
ger and more consistent for death than for MACE. This is coun-
ter to the theoretical model which suggests that hyperkalaemia
leads to death mediated by MACE, and demonstrates a lack of
specificity [31]. It is possible that the observed risk of death
may be the result of residual confounding by severity of a physi-
ological disturbance (which we did not assess) that led to the
hyperkalaemia, rather than harm resulting directly from hyper-
kalaemia. As a clinical application, because any potassium ab-
normality here modelled predicted worse outcomes, our results
support the value of potassium monitoring and evaluation of
potassium trends in clinical practice. However, they are also
consistent with the idea that dyskalaemias are a biomarker of
underlying illness or physiologic disturbance, rather than a
causal risk factor.
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