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English summary
Potassium has a pivotal role in cardiovascular disease and maintenance of potassium homeostasis is

essential to prevent adverse events. Individuals with hypertension are one large subgroup of patients
with heart disease that are usually prescribed drugs with effect on blood potassium concentrations.
Often, targeted blood pressure is achieved with combination therapy only, which can lead to
potassium disarrays. The normal potassium interval (serum potassium: 3.5-5.0 mmol/L, plasma
potassium 3.5-4.6 mmol/L) is defined based on apparently healthy individuals, and levels outside this

range are associated with increased morbidity and mortality.

This thesis examines optimal potassium concentrations and impact of potassium normalization after
the first episode with hypo- or hyperkalemia on short-term mortality in patients with hypertension
treated with at least two classes of antihypertensive drugs. We also investigated short-term

hypokalemia risk in relation to different combinations of antihypertensive therapies.

Study I. From 1995-2012, 44,799 patients with hypertension were treated with minimum two
antihypertensive drug classes and had at least one potassium measurement within 90-days from
treatment initiation. The relationship between potassium and mortality was U-shaped. We observed
that patients with potassium concentrations outside the interval 4.1-4.7 mmol/L including low and
high normal potassium range had increased short-term mortality risk (90-days follow-up) compared

to the reference (K: 4.1-4.4 mmol/L).

Study II. A total of 8,976 patients with hypertension and potassium concentrations < 3.7 mmol/L at
the first measurement within 100 days from hypertension diagnosis were identified. We retained the
results of a second potassium draw within 6-100 days after the episode with hypokalemia. Of the
patients with potassium levels between 3.5-3.7 mmol/L at the first draw, 13% had measurements
below 3.5 mmol/L and 5.7% had concentrations above 4.6 mmol/L at the second draw. Persistent

hypokalemia (<3.5 mmol/L) was frequent (28.5%) and associated with increased short-term all-cause



and cardiovascular death. Increased all-cause and cardiovascular mortality risk was also observed

when low potassium concentrations were overcorrected to levels above 4.6 mmol/L.

Study III. We included 7,620 patients with hypertension and potassium concentrations >4.7 mmol/L
(hyperkalemia) at the first measurement within 100-days from diagnosis. A subsequent measurement
within 6-100 days following the first draw was required. The results showed that potassium
concentrations outside the interval 4.1-5.5 mmol/L after an episode with hyperkalemia were

associated with increased all-cause and cardiovascular mortality risk.

Study IV. By matching 463 patients with hypokalemia to 926 patients with normal potassium
concentrations, we observed that combinations of thiazides with calcium channel blockers, beta-
blockers or renin-angiotensin system inhibitors were associated with increased odds of developing

hypokalemia within 90-days of treatment initiation, regardless of potassium supplementation.

In conclusion, our studies suggested that a more strict normal potassium interval (4.1-4.7 mmol/L)
was beneficial in patients with hypertension. Persistent hypokalemia was associated with poor
outcomes. Patients with initial plasma potassium concentrations between 3.5-3.7 mmol/L. were at
high risk of mortality, partly because of further decrease in potassium and partly due to
overcorrection. Increase in potassium concentrations >4.6 mmol/L after an episode with potassium
<3.7 mmol/L was associated with increased risk of all-cause and cardiovascular mortality. Decrease
in plasma potassium to levels <4.1 mmol/L and potassium concentrations >5.5 mmol/L after an
episode with hyperkalemia were associated with increased risk of all-cause and cardiovascular
mortality. Combination of any antihypertensive drugs with thiazide diuretics was associated with high

odds of hypokalemia within 90-days from treatment initiation.



Dansk resume
Kalium har en central rolle i udviklingen af hjertekarsygdomme. For at forhindre komplikationer hos

patienter der er kendt med hjertesygdomme er opretholdelse af kalium homeostasen essentiel.
Patienter behandlet for hypertension er en stor subgruppe af patienter med hjertesygdom, der ofte er
ordineret medicin med virkning pd kalium koncentrationen i blodet. Kombinationsterapi er tit
nedvendig for at opnd den anbefalede blodtryk, hvilket kan fore til kaliumforstyrrelser. Det normale
kaliuminterval (serum kalium:3.5-5.0 mmol / L, plasma kalium:3.5-4.6 mmol / L) er defineret baseret
pa tilsyneladende sunde individer, og niveauer uden for dette omrdde er forbundet med oget

sygelighed og dedelighed.

Denne athandling underseger de optimale kaliumkoncentrationer hos patienter med hypertension
behandlet med mindst to klasser af antihypertensiva. Derudover, kigger vi pd virkningen af
kaliumnormalisering efter den forste episode med hypo- eller hyperkaliemi pa overlevelsen hos
samme patientgruppe. Sidst, undersogte vi sandsynligheden for hurtig indsettende hypokalizemi 1

relation til forskellige kombinationer af antihypertensiv behandling.

Studie I. Fra 1995 til 2012 identificerede vi 44,799 patienter med hypertension behandlet med mindst
to klasser af antihypertensiva som havde mindst en kaliumméling inden for 90-dage efter
behandlingsstart. Vi observerede i U-formet sammenh@ng mellem kalium og 90-dages dedeligheden.
Patienter med kaliumkoncentrationer uden for intervallet 4.1-4.7 mmol/L havde oget risiko for 90-

dages dedelighed sammenlignet med referencen (K: 4.1-4.4 mmol / L).

Studie II. Vi identificerede 8,976 patienter med hypertension med kaliumkoncentrationer <3.7
mmol/L, ved den forste méling, inden for 100 dage fra behandlingsstart. Vi gemte resultaterne af en
anden maling fortaget inden for 6-100 dage efter episoden med hypokalemi eller borderline
hypokaliemi. Af patienterne med kaliumniveauer mellem 3.5-3.7 mmol/L ved den forste méling

havde 13% malinger under 3.5 mmol/L ved den anden maling og 5.7% havde koncentrationer over



4.6 mmol/L ved den anden méling. Vedvarende hypokaliemi (<3.5 mmol/L) var hyppig (28.5%) og
forbundet med oget kardiovaskuler ded og ded af alle arsager. Foreget dedelighed (kardiovaskuler
og af alle arsager) blev ogsd observeret, nar lave kaliumkoncentrationer blev overkorrigeret til

niveauer over 4.6 mmol/L.

Studie III. Vi inkluderede 7,620 patienter med hypertension og kaliumkoncentrationer >4,7 mmol/L
(hyperkalizemi) ved den forste maling inden for 100 dage efter start kombinationsbehandling. En
efterfolgende maling inden for 6-100 dage efter den forste mal var pakravet. Resultaterne viste, at
kalium koncentrationer udenfor intervallet 4.1-5.5 mmol/L, efter episode med hyperkalieemi, var

associerede med foreget risiko for kardiovaskuler ded og ded af alle &rsager.

Studie IV. Ved at matche 463 patienter med hypokaliemi med 926 patienter med normale
kaliumkoncentrationer, observerede vi, at kombinationer af thiazider med calciumkanalblokkere,
beta-blokkere eller renin-angiotensin system inhibitorer var forbundet med hej sandsynlighed for
hypokalieemi inden for 90 dage efter start kombinationsbehandling, pa trods af kaliumtilskud hos

mange patienter.

Afslutningsvis, viste vores studier, at et mere snavert normalt kaliuminterval (4.1-4.7 mmol/L) var
forbundet med sterre sandsynlighed for overlevelse hos patienter med hypertension behandlet med
mindst to klasser af antihypertensiva. Vedvarende hypokalieemi var forbundet med déarlig korttids
prognose. Patienter med initiel plasma kalium niveau mellem 3.5-3.7 mmol/L havde eget risiko for
kortids dedelighed, dels pga. yderligere fald i kalium og dels pga. overkorrektion. Fald i
kaliumkoncentrationer til niveauer <4.1 mmol/L og >5.5 mmol/L var forbundet med eget risiko for
kardiovaskular ded og ded af alle arsager. Kombination af antihypertensiva med thiazid diuretika

var forbundet med hgj sandsynlighed for hypokalizemi inden for 90 dage fra start kombinationsterapi.
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1. Introduction

1.1 Hypertension

Worldwide, approximately 26% of the population is diagnosed with hypertension and the prevalence
is anticipated to increase to 29% by 2025.! Hypertension increases the risk of cardiovascular disease

and is considered the most important modifiable risk factor for disability and adjusted life-years®>.

Hypertension is defined as systolic blood pressure (SBP) values >140 mmHg and/or diastolic blood
pressure (DBP) values >90 mmHg.* Hypertension can be classified according to its etiology as
primary or as secondary to other diseases such as hyperaldosteronism, diabetic nephropathy or
coarctation of the aorta.’ Based on office blood pressure measurements, hypertension can be
subdivided into four categories: grade 1 hypertension (SBP 140-159 mmHg and/or DBP 90-99
mmHg), grade 2 hypertension (SBP 160-179 mmHg and/or DBP 100-109 mmHg), grade 3
hypertension (SBP >180 mmHg and/or DBP >110 mmHg) and isolated systolic hypertension (SBP

>140 mmHg and DBP <90 mmHg).*

Management of arterial hypertension implies non-pharmacological and pharmacological strategies.
To achieve optimal blood pressure control, most of the patients require drug therapy in addition to
lifestyle changes. Guidelines recommend five major drug classes for treatment of hypertension:
diuretics (especially thiazides and thiazide-like diuretics), calcium channel blockers (CCBs), beta-
blockers (BB), angiotensin converting enzyme inhibitors (ACEIs) and angiotensin receptor blockers
(ARBs).* Despite the effectiveness of antihypertensive medication, only approximately 30% of the
patients with high blood pressure achieve the therapeutic goal of <140/90 mmHg with monotherapy.®
As a result, a large proportion of the patients require combination antihypertensive therapy, which
can lead to adverse events. One of the most common side effects of antihypertensive medication is
disruption of potassium homeostasis, despite use of agents with opposite effects on potassium

metabolism.’
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1.2 Potassium homeostasis
Potassium is the most abundant cation in the intracellular fluid and normal cell function is highly

dependent on maintaining a proper distribution of potassium across the cell membrane.® Regulation
of potassium homeostasis is a complex process with many participating actors. In the following

paragraphs, a brief summary of the most important mechanism are listed.

The sodium and potassium pump (Na'-K" ATPase) controls the potassium gradient between the
extracellular and intracellular fluid, a process also known as internal potassium balance. Insulin and

catecholamines are among the most important factors in regulating this process.’

The kidney is the main actor of external potassium homeostasis, eliminating approximately 90% of
the ingested potassium.'’ Unbound potassium is filtered in the glomerulus and less than 10% of the
filtered load reaches the distal nephron. The rate of potassium excretion is highly dependent on
potassium reabsorption and secretion.!! The highest proportion of potassium is reabsorbed in the
proximal convoluted tubule and thick ascending Loop of Henle, while potassium secretion occurs
mainly in the distal tubule and collecting duct. Reabsorption in the proximal tubule is primarily a
passive process proportional to the amount of water and sodium. Potassium absorption along the thick
ascending Loop of Henle occurs through both transcellular and paracellular pathways.”!'? Aldosterone
has a major role in stimulating potassium secretion. First, aldosterone stimulates the activity of the
Na™-K" ATPase in the basolateral membrane, process that results with increased intracellular
potassium concentration. Second, aldosterone stimulates sodium reabsorption across the luminal
membrane with potassium secretion into the lumen in consequence. Lastly, aldosterone increases
luminal membrane permeability to potassium.!® The rate of distal delivery of sodium and water is
also a major determinant affecting potassium secretion. Increased sodium concentration in the distal
nephron stimulates its reabsorption, which makes the luminal potential more negative and, hence,

increases potassium secretion.’

13



In patients with chronic kidney disease there is an adaptive increase in potassium secretion in the
healthy nephrons, such that potassium homeostasis is maintained until a drop in glomerular filtration

rate below 15-20 ml/min.'*

1.3 Potassium biochemistry (blood potassium measurement)
Blood potassium concentrations can be measured both in serum and in plasma.'®> During the clotting

process, platelets burst and release potassium, resulting in higher potassium levels in serum as
compared to plasma.'® Studies have shown that the difference between serum and plasma potassium
concentrations is minimal in the lower end (<0.1 mmol/L) and substantial in the higher end (>0.5

mmol/L)."”

The normal potassium reference interval is based on measurements from healthy individuals and
depends on the population and the methods used to assess blood potassium concentrations. Table 1.1
gives an overview on reference intervals for potassium in both serum and plasma for different
populations. The normal range for serum potassium is 3.5-5.0 mmol/L, whereas levels between 3.5-

4.6 mmol/L are considered normal for plasma potassium.'!”°

Table 1.1 Reference intervals for potassium in serum and plasma in different populations

Population Us'™s German'’ Nordic"
Plasma reference interval 3.4-4.8 mmol/L 3.5-4.6 mmol/L 3.5-4.4 mmol/L
Serum reference interval 3.5-5.1 mmol/L 3.7-5.1 mmol/L 3.6-4.6 mmol/L

The severity of hypokalemia and hyperkalemia and be categorized as shown in Figure 1.1.

14



Figure 1.1 Definitions of normokalemia, hypokalemia and hyperkalemia (potassium concentrations assessed in plasma).

hyperkalemia
) mmol/L

Moderate hyperkalemia
5.5-6.0 mmol/L

Hyperkalemia
>4,6 mmol/L
Normokalemia
3.5-4.6 mmol/L T E—

z ild hypokalemia
Hypokalemia 3.0-3.4 mmol/L
<3.5 mmol/L :

Moderate hypokalemia
2.5-2.9 mmol/L

As intracellular potassium concentration is approximately 40 times greater than the extracellular
concentration, even small sampling errors that would result in release of a small amount of
intracellular potassium will falsely increase potassium levels. Pseudohyperkalemia is defined as a
difference of more than 0.4 mmol/L between serum and plasma potassium concentrations, given that
the samples remain at room temperature and are tested within an hour from collection.?’ There are
different causes of pseudohyperkalemia: mechanical causes (tourniquet, fist clenching, traumatic
venipuncture, inappropriate needle diameter), temperature (above room temperature or between 2°C

and 8°C), chemical factors (ethanol), time, thrombocytosis, alkalosis and contaminants. '

Pseudohypokalemia is not just as common as pseudohyperkalemia, but can be encountered in blood
draws with very high white cell count kept at room temperature for a long time and blood samples
from patients who were administered intravenous insulin kept at room temperature for prolonged

period.?!

15



1.4 Potassium and cardiovascular disease
Potassium has a pivotal role in the development and exacerbation of cardiovascular diseases.

2
Potassium has vasodilatory effect, thus, a blood pressure lowering property.”* Clinical studies
demonstrated that high-sodium and low-potassium diet causes sodium retention and raises blood
pressure. On average, SBP increased by 6 mmHg and DBP by 4 mmHg in normotensive participants,

and SBP increased by 7 mmHg and DBP by 6 mmHg in hypertensive participants.?**

Most cases of hypokalemia and hyperkalemia occur in the setting of specific disease states such as
cardiovascular and renal disease. In patients with ongoing cardiovascular disease, cardiac medication
is the main cause of potassium disarrays.?®?’ Thiazide and loop diuretics decrease blood potassium
concentrations, while potassium sparing diuretics, beta-blockers, angiotensin converting enzyme

inhibitors and angiotensin receptor blockers commonly cause hyperkalemia.?®?8

A great focus is set on preventing dyskalemias because of their arrhythmogenic effect, especially in
patients with heart disease who already have a high proarrhythmic substrate. The electrophysiology
of hypokalemia and hyperkalemia is rather complex, and the electrophysiological effects that
typically induce cardiac arrhythmias are not solely based on potassium disarrays, but also on balances
of sodium and calcium.?® In the two following subparagraphs, electrophysiological consequences,
symptoms and electrocardiographic manifestations and treatment of hypokalemia and hyperkalemia
are presented. However, it is important to note that electrocardiographic changes are not always
present in patients with dyskalemias and that electrocardiographic changes depend on the severity of

potassium imbalances.

1.4.1 Hypokalemia
The electrophysiological effects of hypokalemia on cardiac conduction system include: resting

membrane hyperpolarization, Na™-K" ATPase inhibition, prolongation of action potential duration,

16



reduced repolarization reserve, automaticity, early afterdepolarization-mediated arrhythmias and

delayed afterdepolarization-mediated arrhythmias.?’

Typically, the earliest electrocardiographic manifestation of hypokalemia is decreased T-wave
amplitude or inversion (mild hypokalemia), followed by ST-segment depression, T-wave inversion,
PR-interval prolongation and U-wave (moderate hypokalemia).’*** Sinus bradycardia, atrial and
ventricular tachycardia or ventricular fibrillation and Torsades de Pointes are commonly seen
arrhythmias in patients with severe hypokalemia.’!*>* Yet, some patients, even with severe

hypokalemia, do not have electrocardiographic changes.*

Most of the patients with mild hypokalemia do not experience any symptoms. The clinical
manifestations of hypokalemia include fatigue, muscle weakness, cardiac arrhythmias or cramping

and gastrointestinal hypomotility.*

Management of hypokalemia includes three strategies: (1) identification of the underlying cause, (2)
decrease potassium losses (commonly through renal or gastrointestinal system) and (3) replenishing
of potassium stores (e.g. according to the severity p.o. or i.v. of potassium chloride, potassium

phosphate, potassium bicarbonate).

1.4.2 Hyperkalemia
The cardiac electrophysiological effects of systemic hyperkalemia are: action potential duration

shortening, increased repolarization reserve and decreased conduction velocity.?’ The earliest
electrocardiographic sign of hyperkalemia is tall T-waves. In patients with hyperkalemia, the
electrocardiogram can also show P-wave flattening, PR-interval prolongation, widening of the QRS
complex and sine waves. Arrhythmias associated with hyperkalemia include sinus bradycardia, sinus
arrest, ventricular tachycardia, ventricular fibrillation and asystole. Some of the symptoms related to

hyperkalemia are tiredness, numbness or tingling, nausea, chest pain or palpitations.*
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Acute, life-threatening hyperkalemia, should be treated immediately to prevent adverse outcomes and
treatment strategies can divided into three main categories: (1) Shift of potassium from the
extracellular into the intracellular space (B2-adrenergic agonists, insulin + glucose, sodium
bicarbonate in case of metabolic acidosis), (2) Heart membrane stabilization (calcium chloride or
gluconate, hypertonic saline (3-5%)), (3) Increase potassium elimination (loop diuretics,
hemodialysis, cation-exchange resins (sodium polystyrene sulfonate), sodium bicarbonate or

potassium binders (patiromer, sodium zirconium cyclosilicate)).’’
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2. Aims

The general aim of this thesis is to contribute to the current knowledge on goals for potassium levels

in patients with hypertension using data from the Danish national registers.

The specific aims of the four studies were to investigate:

I.  Short-term mortality risk associated with different potassium concentrations in patients
treated with combination antihypertensive therapy.
II.  The impact of plasma potassium normalization on short-term mortality in patients with
hypertension and hypokalemia or low normal potassium levels
III.  The impact of plasma potassium normalization on short-term mortality in patients with
hypertension and hyperkalemia or high normal potassium levels
IV.  The risk of hypokalemia shortly after combination antihypertensive therapy initiation in

relation to different combinations of blood pressure agents
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3. Methods

3.1 Data sources
All four studies in this thesis are register based cohort studies, where following nationwide registers

were used: The Civil Registration System,*® The Danish Register of Causes of Death,** The Danish
National Patient Register,***! The Danish Prescription Register*? and The Electronic Registers of

Laboratory Data.

In Denmark, all citizens are given at birth or migration a personal, unique and permanent civil
registration number, which enables cross-linkage between the administrative registers and ensures a

high degree of follow-up.

Information from The Civil Registration System was used in all four studies and covers data on date

of birth, sex and vital status since 1968.3%

The Danish Register of Causes of Death supplements with information on both underlying and
contributing causes of death, coded with an International Classification of Diseases (ICD) code.
Before 2007, non-physicians coded the causes of death supervised by the National Board of Health.
However, after 2007, death certificates are filled and submitted electronically by a physician without

central validation.*®

The Danish National Patient Register contains information on all hospital admissions since April
1977. Hospitalizations are coded with one primary and one or more secondary diagnoses using ICD-
8 codes until 1994, and ICD-10 thereafter. The register also covers data on all outpatient visits,
emergency room and psychiatric ward contacts since 1995. Since 2003, it has been mandatory for
private hospitals to register all contacts, yet the registration is incomplete.***! The Danish National
Patient Register holds data on surgeries and clinical procedures since 1996, coded according to The

Nordic Medical Statistics Committees Classification of Surgical Procedures.
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The Danish Prescription Registry, also known as The Register of Medicinal Product Statistics,
contains information about all dispensed prescriptions from outpatient pharmacies since 1994. Data
completeness is though available from 1995. Redeemed drugs are registered according to the

Anatomical Therapeutic Chemical Classification system (ATC).*?

The electronic registers of laboratory data do not contain nationwide data and registration is available
since 1995. Currently, the database contains information on blood test results from The Region of
Northern Jutland, Region of Southern Denmark, Region Zealand and Capital Region of Denmark.

3.2 Study |

3.2.1 Study population
Hypertension was defined as redemption of at least two antihypertensive drug classes in two

concomitant quarters. Patients entered the study in the second quarter. This time was referred to as
hypertension date. ATC codes of the drugs used to identify patients with hypertension were included

in Appendix 1.

We used this definition of hypertension for different reasons. First, most of the patients with
hypertension do not require hospitalization or ambulatory contact, and the Danish National Patient
Register only registers patients with hypertension based on hospital or outpatient contacts. Had we
identified patients with hypertension based on ICD code only, we would have excluded a considerable
sample of patients with high blood pressure who are highly representative for the aim of this work.
Second, many antihypertensive agents can be used for management of other cardiovascular diseases
such as heart failure, myocardial infarction or atrial fibrillation. By using the dual- or polytherapy
approach, we tried to ensure that high blood pressure was at least one of the causes for dispensing

1_44

antihypertensive drugs. A similar definition was used by Olesen et al.** where the authors defined

hypertension as combination treatment with at least two antihypertensive drugs. The authors also
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reported a positive predictive value of hypertension for treatment with two classes of antihypertensive

agents of 80.0% and a specificity of 94.7%.%

With “combination therapy/treatment” we refer to prescription of antihypertensive drugs either as

single pill combination or as a combination of two or more individual blood pressure drugs.

After identifying individuals with hypertension based on combination therapy, we retained the first
available potassium measurement within 90 days from the hypertension date. Patients younger than
30 years were excluded. The population was censored after 90-day follow-up or December 31, 2012,

whichever came first.

3.2.2 Comorbidities and drugs
Besides age and sex we identified following relevant comorbidities dated before hypertension date:

chronic obstructive pulmonary disease, stroke, atrial fibrillation, acute myocardial infarction, heart
failure, renal insufficiency and diabetes. Most of the patients with diabetes are treated in the primary
sector and are not registered with an ICD code for diabetes in the Danish National Patient Register.
Therefore, we defined diabetes as dispensed prescriptions of glucose lowering drugs (see Appendix
2 for ICD and ATC codes used). Serum sodium measurements available the same day as serum
potassium were retained. Renal insufficiency was defined based on creatinine measurement obtained
the same day as serum potassium or within a week from serum potassium measurement. Patients were

regarded as having renal insufficiency if serum creatinine level was:

>105 umol/L for men <70 years
>125 pumol/L for men >70 years
>90 pmol/L for women <70 years

>105 pmol/L for women >70 years!®*
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Patients with past history of acute kidney disease, chronic kidney disease (including proteinuria) and
primary hyperaldosteronism were excluded from the study. Besides antihypertensive medication we

also identified potassium supplements due to their influence on potassium homeostasis.

3.2.3 Exposure variable
In this study both serum and plasma potassium measurements were used to perform the analyses, as

we could not differentiate between the two methods of measuring blood potassium concentrations.
We referred to all measurements as serum potassium. Potassium levels outside 1.5 times the
interquartile range above the upper quartile (>5.8 mmol/L) and bellow the lower quartile (<2.9

mmol/L) were regarded as outliers and were excluded.

Seven potassium intervals were constructed: <3.5, 3.5-3.7, 3.8-4.0, 4.1-4.4, 4.5-4.7, 4.8-5.0 and >5.0
mmol/L. Hypokalemia was defined as potassium <3.5 mmol/L and hyperkalemia as concentrations
>5.0 mmol/L. Serum potassium interval 4.1-4.4 mmol/L was used as reference for statistical analyses.

It was chosen based on restricted cubic splines results and based on lowest number of events observed.

3.2.4 Outcome definition
The outcome of the study was 90-day all-cause mortality.

3.2.5 Statistical analysis
Baseline characteristics were presented as frequencies and percentages or means with standard

deviation. To estimate the differences of continuous variables, we used the Kruskal-Wallis test and
Persons’ Chi-squared test was used for categorical variables. The probability of 90-day survival for
the seven potassium intervals was illustrated using Kaplan-Meier survival curve. Cox proportional
hazard model was used to investigate the association between the different potassium intervals and
short-term mortality in patients with hypertension. The assumptions of linearity, interaction with
relevant variables and proportionality of the hazards were assessed. We used “age” as a categorical

variable in the adjusted model as no linearity with short-term mortality was observed. We predefined
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four age intervals: 30-50 years, 51-70 years (reference), 71-80 years, and >80 years. The following
variables were tested for interaction with potassium on mortality: age, sex, diabetes and renal
insufficiency. The multivariable model was adjusted for age, gender, chronic obstructive pulmonary
disease, stroke, atrial fibrillation, acute myocardial infarction, heart failure, renal insufficiency and
diabetes. As for antihypertensive medication, we included in the adjusted model the five most
prescribed antihypertensive combination therapies observed in our population: ACEIs/ARBs+BB,
ACEIs/ARBs+CCB, ACEIs/ARBs+Thiazides+Potassium supplement (reference in the statistical
analyses), BB+Thiazides+Potassium supplement. Combinations outside top five were named “Other
combinations of antihypertensive medication”. Besides potassium supplements as single pill therapy
with thiazides, we also accounted for potassium supplements as an individual pill in the multivariable

analysis.

We also assessed the association between potassium as a continuous variable and short-term mortality
using restricted cubic splines with knots at the 10", 25% 50 75% and 90™ percentiles of potassium.
The 90-day mortality risk was presented as hazard ratios (HR) with 95% confidence intervals
(95%CI). P-values below 0.05 were considered statistically significant. Analyses were performed
with SAS (version 9.4, SAS institute, Cary, NC, USA) and R statistical software (version 3.0.1, R
development core team).*

3.3 Study I

3.3.1 Study population
We identified patients with hypertension treated with at least two classes of antihypertensive drugs.

Rationale for using this definition of hypertension is presented in section 3.2.1. Thereafter, we
retained the first plasma potassium measurement within 100 days from hypertension date and patients
with concentrations <3.7 mmol/L were included in the study. This potassium measurement was

referred to as Ki. We identified a second potassium measurement (K2) in the interval 6-100 days from
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K1, and the first draw within this timeframe was retained. Blood tests performed within 1-5 days from
K1 were not included in the analyses as potassium imbalances are usually corrected within a few days,
regardless of the strategies applied. Patients younger than 18 years were excluded from the study.

Appendix 3 (flowchart) illustrates the patient selection for Study II.

3.3.2 Comorbidities and drugs
Comorbidities associated with dyskalemias were dated up to five years before the index date (K2 date)

were identified: heart failure, ischemic heart disease, stroke, chronic obstructive pulmonary disease,
chronic liver disease, diabetes mellitus, inflammatory bowel disease and malignancy. Furthermore,
patients with a past history of primary adrenal insufficiency, primary hyperaldosteronism, and
diabetes insipidus were excluded (see Appendix 2 for ICD codes). Based on creatinine measurements,
we calculated the estimated glomerular filtration rate (eGFR) using Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation*’. Significant renal insufficiency was defined as an
eGFR < 30 mL/min/1.73 m?. Patients with unavailable creatinine measurements the same day as or

within a week from the index date were excluded.

The following hypo- and hyperkalemia associated drug prescriptions redeemed up to 90-days before
the index date were identified: potassium supplements, non-steroidal anti-inflammatory drugs,

corticosteroids, laxatives, xanthines and antimicrobials (Appendix 2 includes relevant ATC codes).

3.3.3 Exposure variable
For K2 we constructed seven plasma potassium intervals: 1.5-2.9 mmol/L, 3.0-3.4 mmol/L, 3.5-3.7

mmol/L, 3.8-4.0 mmol/L and K: 4.1-4.6 mmol/L, 4.7-5.0 mmol/L, and 5.1-7.1 mmol/L. Plasma
potassium interval K: 3.8-4.0 mmol/L was used as reference for statistical analyses. We chose this
interval as the reference group because it had the largest number of patients and lowest mortality rate.

Hypokalemia was defined as plasma potassium concentrations below 3.5 mmol/L and borderline
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hypokalemia as potassium levels within the interval 3.5-3.7 mmol/L. Hyperkalemia was defined as

potassium levels above 4.6 mmol/L."”

3.3.4 Outcome definition
The primary outcome was 60-day all-cause mortality. The secondary outcome was presumed

cardiovascular death within 60 days of follow-up.

3.3.5 Statistical analysis
Continuous variables were presented as median with corresponding 25" and 75" percentiles and

categorical variables as counts and percentages. Differences between variables were compared using

Kruskal-Wallis and Chi? tests, as appropriate.

Survival probability for the seven plasma potassium intervals was illustrated using Kaplan-Meier
curves. To investigate the relationship between plasma potassium as a continuous variable and 60-
day mortality, we constructed a restricted cubic splines curve illustrating absolute mortality risk in an

age, sex, comorbidity and drug standardized population.

To assess the risk of 60-day all-cause and presumed cardiovascular mortality in relation to the seven
potassium intervals we used Cox proportional hazard model. The multivariable model was adjusted
for: age, sex, serum sodium, renal insufficiency, malignancy, heart failure, chronic liver disease,
chronic obstructive pulmonary disease, diabetes mellitus, atrial flutter/fibrillation, stroke and
ischemic heart disease, antihypertensive therapy, corticosteroids, antimicrobials, non-steroidal anti-

inflammatory drugs, potassium supplement, xanthines and laxatives.

Based on the Cox regression principle, we also modelled an average effect to estimate the 60-day

absolute risk of all-cause mortality.

The proportional hazard assumption was tested by plotting Schoenfeld residuals and was not violated.

Interactions on mortality were tested by comparing the likelihood ratio of the Cox regression model
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with and without the interaction term. The following variables were tested for interaction with plasma
potassium on mortality: age, sex, diabetes mellitus and renal insufficiency. A two-sided p-value
<0.01 was considered statistically significant for interactions. We found no statistically significant
interactions. For other analyses, the level of statistical significance was set at <0.05. Linearity of age
on mortality was also assessed through a likelihood ratio test comparing a linear description with a
categorical one. Age was found to violate linearity and was included as a categorical variable with
five levels, using cut-off values from every 20™ percentiles (55, 64, 72, 79 and 101 years). Hazard
ratios (HR) were estimated with 95% confidence intervals (95% CI). All data management and
analyses were performed using SAS, version 9.4 and R, version 3.5.0.4

3.4 Study Il

3.4.1 Study population
We identified patients with hypertension treated with at least two classes of antihypertensive drugs.

Rationale for using this definition of hypertension is presented in section 3.2.1. First plasma
potassium measurement within 100 days from hypertension date was retained and patients with
concentrations >4.7 mmol/L (hyperkalemia) were included in the study. This potassium measurement
was referred to as Ki. We identified a second potassium measurement (K2) in the interval 6-100 days
from K1 and the first draw within this timeframe was retained. Like in study II, we did not analyze
on potassium drawn within 1-5 days from Ki, as in most circumstances dyskalemias are balanced
within a few days. Patients below 18 years were excluded from the study (Appendix 4 for population

flowchart).

3.4.2 Comorbidities and drugs
We identified comorbidities and medication that either clinically or theoretically can be regarded as

confounders in examining the relation between plasma potassium and mortality. The following
comorbidities were identified: heart failure, chronic obstructive pulmonary disease, ischemic heart

disease, chronic liver disease, stroke, diabetes, inflammatory bowel disease and malignancy.
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Moreover, we excluded patients with prior history of primary adrenal insufficiency, primary
hyperaldosteronism, or diabetes insipidus. The ICD codes used to identify these comorbidities can be
seen in Appendix 2. Like in Study II, renal dysfunction was defined as an eGFR < 30 mL/min/1.73
m? and eGFR was calculated using CKD-EPI formula.*’ We retained creatinine measurements
available the same day as K2 or within a week from Kbz in case of missing values the same day. Patients

were excluded if no creatinine concentrations were available in this time limit. Additionally, patients

with missing sodium measurements the same day as K2 were also excluded.

3.4.3 Exposure variable
As Study I demonstrated a non-linear relationship between potassium and short-term mortality, K>

was divided into eight intervals: 2.2-2.9 mmol/L, 3.0-3.4 mmol/L, 3.5-3.7 mmol/L, 3.8-4.0 mmol/L,
4.1-4.6 mmol/L, 4.7-5.0 mmol/L, 5.1-5.5 mmol/L and 5.6-7.8 mmol/L. Plasma potassium interval
4.1-4.6 mmol/L was used as reference for statistical analyses. Hypokalemia was defined as plasma
potassium concentrations below 3.5 mmol/L and hyperkalemia and potassium levels above 4.6

mmol/L.*

3.4.4 Outcome definition
The primary outcome of the study was 90-day all-cause mortality. The secondary outcome was

cardiovascular death within 90 days of follow-up.

3.4.5 Statistical analysis
Categorical variables were presented as counts and percentages, and continuous variables as median

and 25" and 75% percentiles. Differences between variables were compared using Kruskal-Wallis and

Chi’ tests, as appropriate.

Survival probability in the eight predefined plasma potassium strata was illustrated using Kaplan-

Meier curves. To investigate the relationship between plasma potassium as a continuous variable and
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90-day mortality, we constructed a restricted cubic splines curve with knots at the 25®, 50 and 75®

percentiles of plasma potassium.

Cox proportional regression model was used to investigate the association between the eight
potassium groups and mortality. Proportionality of the hazards assumption was tested using log-rank
test and Schoenfeld residuals. Age, gender, diabetes and renal dysfunction were tested for interaction
with potassium on mortality. A likelihood ratio test comparing the model with and without the
interaction term was performed. A p-value under 0.01 was considered as a statistically significant
interaction. We observed no interaction between potassium and age, gender, diabetes or renal
dysfunction on mortality. The same approach was used to assess whether age had a linear relationship
on mortality. As the linearity assumption was not fulfilled for age as a continuous variable, age was
included in the regression models as a categorical variable with five levels, using cut-off values from
20™ percentiles: 18-58, 59-67, 68-73, 74-81, 82-102. The multivariable model was adjusted for: age,
sex, plasma sodium, renal insufficiency, malignancy, heart failure, chronic liver disease, chronic
obstructive pulmonary disease, diabetes mellitus, stroke, atrial flutter/fibrillation, ischemic heart
disease, inflammatory bowel disease, antihypertensive therapy, corticosteroids, antimicrobials, non-
steroidal anti-inflammatory drugs, xanthines, laxatives, digoxin and potassium supplements. Hazard

rate ratios (HR) were estimated with 95% confidence intervals (95% CI).

Nine sensitivity analyses were conducted to test the robustness of the main results: (1) subgroup of
patients with normal kidney function; (2) patients without past history of any malignancy; (3) patients
without past history of heart failure or loop diuretic prescriptions; (4) patients without past history of
ischemic heart disease; (5) patients with available ICD-10 hypertension diagnosis; (6) analyses
investigating risk of cardiovascular death in relation to the eight potassium intervals; (7) analyses

using last instead of first available potassium concentrations within 6-100 days from first
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measurement; (8) multivariable model adjusted for the first potassium measurement as well, and (9)

multivariable model adjusted for time between first and second potassium measurement as well.

In the survival analyses p-values <0.05 were considered statistically significant. All data management
and analyses were performed using SAS, version 9.4 and R, version 3.5.0.4

3.5 Study IV

3.5.1 Study population
We identified patients with hypertension treated with at least two classes of antihypertensive drugs.

Rationale for using this definition of hypertension is presented in section 3.2.1. The first potassium
measurement within 90 days from hypertension date was kept. The following exclusion criteria were
applied: age <18 years, no available potassium measurements up to 30 days before index date,
hypokalemia or hyperkalemia up to 30 days before index date, hyperkalemia at the first potassium
measurement within 90 days from hypertension date. The population flowchart with inclusion and

exclusion criteria is illustrated in Appendix 5.

We used a case-control design and incidence density matching to match two patients without
hypokalemia (K, >3.5 mmol/L) to a patients with hypokalemia (K*, <3.5 mmol/L) on age, sex, renal

function and time between hypertension date and date of potassium draw.

3.5.2 Comorbidities and drugs
To characterize the population, we identified following discharge diagnoses or outpatient contacts

with ICD-10 diagnoses present before hypertension date: ischemic heart disease, heart failure, acute
myocardial infarction, atrial fibrillation, atrial flutter, second- or third-degree atrioventricular block,
ventricular tachycardia or fibrillation, stroke, chronic obstructive pulmonary disease, chronic liver
disease, inflammatory bowel disease, diabetes mellitus, hypothyroidism, cancer, and stroke.
Exclusion criteria were past history of diabetes insipidus, syndrome of inappropriate antidiuretic,

hormone secretion, primary hyperaldosteronism, or Addison disease. Estimated glomerular filtration
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rate (¢GFR) was calculated based on creatinine measurements using the formula developed by the
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI).*” Renal insufficiency was defined
as an eGFR<30 mL/min per 1.73 m?. Creatinine measurement was obtained the same day as
potassium or within 7 days before potassium measurement. Patients with missing creatinine values

within this time frame were excluded.

From the Danish National Prescription Registry, drugs associated with dyskalemias were identified:
potassium supplements, antimicrobials, [ 2-agonists, mineralo- and glucocorticoids, laxatives,

xanthines, and macrolides. We identified both potassium supplements as single pill therapy with a
diuretic or as an individual pill. Only potassium supplementation, antimicrobials, and B2-agonists

were present in the nested case-control population. Both ICD and ATC codes of the above mentioned

conditions and drugs are illustrated in Appendix 2.

3.5.3 Exposure variable
The exposure variable defining the combinations of antihypertensive drugs in the population was

divided into ten groups according to the frequency:

1. BB+CCB

2. BB+RASI

3. BB+RASi+mineral receptor antagonist
4. BB+RASi+thiazides

5. BB+thiazides

6. CCB+RASI (reference)

7. CCB+RASi+thiazides

8. CCB+thiazides

9. RASi+thiazides

10. Other combinations
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When mentioning CCBs, we refer to dihydropyridine derivatives, such as amlodipine. We used
CCB+RASI as reference in the multivariable analysis as this combination was one of the most

commonly prescribed in our population and theoretically not associated with hypokalemia.

3.5.4 Outcome definition
Outcome was onset of hypokalemia within 90 days of follow-up.

3.5.5 Statistical analysis
Conditional logistic regression analysis was used to estimate the odds of hypokalemia within 90 days

from hypertension date in relation to different combinations of blood pressure drugs. The
multivariable model was adjusted for: sodium, malignancy, inflammatory bowel disease, diabetes

mellitus and chronic liver disease.

Some antihypertensive drugs can be used in the management of ischemic heart disease or heart
failure. Therefore, we performed a sensitivity analysis where we also matched the controls on past
history with ischemic heart disease/acute myocardial infarction and heart failure. Apart from this, we
also assessed the prevalence of different diseases in patients treated with combination
antihypertensive therapy who did not have a potassium measurement available within 90 days from

the hypertension date.

Categorical variables were reported as counts and percentages and continuous variables as medians
with 25th to 75th percentiles. Differences between variables were compared using Chi? and Kruskal-
Wallis tests, as appropriate. Odds ratios (OR) with p-values below 0.05 were considered statistically

significant.

Data management and analyses were performed using SAS, version 9.4 (SAS Institute, Inc, Cary,
NC) and R, version 3.5.1 (R Core Team [2018]). R: A language and environment for statistical

computing. R Foundation for Statistical Computing, Vienna, Austria; https:// www.R-project.org/.*
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4. Results

4.1 Study |

4.1.1 Demographics
In the period 1995-2012, Study I included 44,799 patients with hypertension, treated with at least two

antihypertensive drug classes, who had a potassium measurement available within 90 days from the
hypertension date. The cohort had an average age of 67.1 (+12.6) years and males accounted for
52.8% of the population. Both mean and median serum potassium was 4.2 mmol/L. Of the total
population, 3.8% had hypokalemia and 2.3% hyperkalemia. Women were more prone to
hypokalemia, while men were more susceptible to hyperkalemia. Between 10-20% of the population
had prevalent cardiovascular disease, and a similar prevalence of diabetes was found. As for
antihypertensive therapy, about a quarter of the population was treated with the combination of
ACEIs/ARBs+Thiazides with or without potassium supplementation (Table 4.1.1.1). The great
majority of the population had their first potassium draw in the first 45 days (65.1%). As for mortality,

72.9% deceased in the first 45 days of the total follow-up time of 90 days (Appendix 6).
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4.1.2 Survival analysis
Of the patients 866 (1.9%) had the event. Mortality within 90-days in the seven strata was: 4.5, 2.7,

1.8, 1.5, 1.7, 2.7, and 3.6%, respectively (Table 4.1.1.1). Kaplan-Meier survival curves are illustrated
in Figure 4.1.2.1.

Figure 4.1.2.1 Kaplan-Meier curves displaying the estimated 90-day survival probability for seven different potassium

intervals (n=44,799).
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Univariable analysis (Figure 4.1.2.2) showed that hypokalemia and hyperkalemia were associated
with increased 90-day mortality risk (HR 3.11, 95% CI 2.41-4.00 and HR 2.47, 95% CI 1.75-3.84,
respectively). In addition, low normal (3.5-3.7 mmol/L, HR 1.83, 95% CI 1.47-2.29) and high normal

potassium (4.8-5.0 mmol/L, HR 1.83, 95% CI 1.41-2.36) concentrations were also associated with
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increased risk of death within 90-days. The results of the multivariable analysis showed similar results

(Figure 4.1.2.2).

Figure 4.1.2.2 All-cause mortality in patients with hypertension according to seven potassium intervals (90-days follow-
up, n=44,799). Reference interval represented by K: 4.1-4.4 mmol/L. Multivariable analysis adjusted for: age, gender,
atrial fibrillation, acute myocardial infarction, heart failure, stroke, chronic obstructive pulmonary disease, diabetes,

potassium supplements and antihypertensive drugs.

Univariable analysis Multivariable analysis
HR 95% Cl HR 95% Cl
K: 2.9-3.4 mmol/L 3.11 [2.41-4.00] 280 [2.17-3.62] ——
K: 3.5-3.7 mmol/L 183 [1.47-2.29] 1.70 [1.36-2.13] ——
K: 3.8-4.0 mmol/L 1.21 [0.99-1.46] 121 [1.00-1.47] +H&—
K: 4.1-4.4 mmol/L 1 1
K: 4.5-4.7 mmol/L 1.16 [0.94-1.42] 1.09 [0.88-1.34] —m—
K: 4.8-5.0 mmol/L 1.83 [1.41-2.36] 148 [1.15-1.92] | —&—
K: 5.1-5.8 mmol/L 2.47 [1.75-3.84] 1.70 [1.20-2.41] —a—
I I 1 |

Analysis with potassium as a continuous variable showed a U-shaped relationship with short-term

mortality, with an optimal potassium value of 4.4 mmol/L (Figure 4.1.2.3).
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Figure 4.1.2.3 Restricted cubic splines showing the adjusted hazard ratios for all-cause mortality as a function of
potassium concentration. Knots at the 10th, 25th, 50th, 75th, and 90th percentiles of potassium. Model adjusted for age,
sex, chronic obstructive pulmonary disease, stroke, acute myocardial infarction, atrial fibrillation, heart failure, diabetes

mellitus, potassium supplement, antihypertensive medication (n=44,799).
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4.1.3 Sensitivity analyses
To reduce possible uncertainty related to the main results, we conducted three sensitivity analyses

and the results are illustrated in Table 4.1.2.1.

First, we performed an analysis on patients treated with combination antihypertensive therapy who
also had a registered hypertension ICD diagnosis code in the hospital sector (n=26,126). The results

were similar to the ones obtained in the main analysis, though with slightly lower HRs.

Second, patients who redeemed loop diuretics were excluded as they are primarily used in heart
failure management and not hypertension, which was our target population. Overall, we observed the

same significant associations and trends as in our initial findings.

Third, we excluded patients with past history of myocardial infarction and/or heart failure as both
diseases are associated with increased mortality risk and in both cases patients can be prescribed

antihypertensive medication, without necessarily having high blood pressure. The analysis suggested
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that potassium concentrations outside the interval 4.1-4.7 mmol/L were associated with poor

prognosis.

Table 4.1.2.1 Sensitivity analyses

Potassium Hypertension definition based on Patients with loop diuretic Patients with an acute myocardial
(mmol/L) ICD codes (n =26,126) prescription were excluded (n = infarction or heart failure diagnosis
35,393) before hypertension were excluded (n
= 35,827)
HR Low High P HR Low High P HR Low High P
95% 95% 95% 95% 95% 95%
2.9-34 191 1.63 2.24 <0.01 349 243 5.00 <0.01 2.99 221 4.06 <0.01
3.5-3.7 149 1.28 1.74 <0.01 2.03 148 2.79 <0.01 1.89 1.44 2.48 <0.01
3.8-4.0 1.14 098 1.32 0.10 1.24 094 1.64 0.12 1.31 1.04 1.66 0.02
4.1-4.4 1 Reference 1 Reference 1 Reference
4.5-4.7 1.18 098 1.43 0.07 0.95 0.69 1.30 0.74 1.18 091 1.53 0.22
4.8-5.0 1.38 1.07 1.78 0.01 1.50 1.01 222 0.04 1.85 1.34 255 <0.01
5.1-5.8 220 1.66 291 <0.01 1.89 1.11 3.24 0.02 2.13 1.37 3.29 <0.01
4.2 Study I

4.2.1 Demographics
We identified 8,976 patients treated with multiple antihypertensive agents, who had potassium

concentrations <3.7 mmol/L within the first 100 days from hypertension date. Approximately 50%
of the population was hospitalized at K1 and 80% at K2. Median time from K to K2 was 22 days (25"
and 75™ percentiles: [6,100]). Of the patients with potassium levels within 3.5-3.7 mmol/L Ki, 13%
developed hypokalemia and 5.7% hyperkalemia at K. As for patients with hypokalemia at Ki, we
observed that 28.5% remained hypokalemic at the second blood draw and 4.8% developed
hyperkalemia. Related to Ko, thiazides were more common in patients with potassium levels <3.7
mmol/L, whereas loop diuretics were more common among patients with hyperkalemia. Of the total

thiazides prescriptions, thiazide-like diuretics accounted for 4.4% (Table 4.2.1.1).
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4.2.2 Survival analysis
Totally, 7% (n=627) of the population died within 60-days from K. Mortality in the seven strata was:

14.4%, 7.0%, 6.3%, 5.2%, 6.7%, 13.6% and 21.6%, respectively (Table 4.2.1.1, Figure 4.2.2.1).

Figure 4.2.2.1 Kaplan-Meier curves displaying the estimated 60-day survival probability for seven different potassium

intervals (n=8,976).
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P(K): 1.5-2.9 mmol/L p<0.001

P(K): 3.5-3.7 mmol/L p=0.1
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P(K): 5.1-7.1 mmol/L p<0.001
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A significant association with all-cause mortality was observed in patients with hypokalemia (1.5-2.9
mmol/L HR 2.39, 95% CI 1.66-3.43 and 3.0-3.4 mmol/L HR 1.36, 95% CI 1.04-1.78) and
hyperkalemia (4.7-5.0 mmol/L HR 2.36, 95% CI 1.68-3.30 and 5.1-5.7 mmol/L HR 2.62, 95% CI
1.73-3.98) (Figure 4.2.2.2). The univariable analysis showed similar results (Figure 4.2.2.2). There

was no interaction between Ki and K2 on 60-day mortality.
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Figure 4.2.2.2 All-cause and cardiovascular mortality after hypokalemia or borderline hypokalemia according to
subsequent potassium measurements in patients treated with combination antihypertensive therapy (60-days follow-up,
n=8,976). Potassium interval K: 3.8-4.0 mmol/L represented the reference range. Adjusted for age, gender, serum sodium,
renal insufficiency, malignancy, heart failure, chronic liver disease, chronic obstructive pulmonary disease, diabetes
mellitus, atrial flutter/fibrillation, stroke and ischemic heart disease, antihypertensive therapy, corticosteroids,

antimicrobials, non-steroidal anti-inflammatory drugs, potassium supplement, xanthines, laxatives.

All-cause mortality

Variable Univariable HR [95% CI] Multivariable HR [95% CI]
Plasma potassium intervals P(K): 1.5-2.9 mmol/L 2.93 [2.05;4.20] 2.39[1.66,3.43] ——
P(K): 3.0-3.4 mmol/L 1.37 [1.05;1.79] 1.36 [1.04,1.78] re—
P(K): 3.5-3.7 mmol/L 1.23 [0.96;1.57] 1.24 [0.97,1.59] lo—
P(K): 4.1-4.6 mmol/L 1.31[1.04;1.65] 1.20 [0.95,1.51] la—
P(K}: 4.7-5.0 mmol/L 2.79[2.00;3.89] 2.36 [1.68,3.30] — .
P(K}): 5.1-7.1 mmol/L 4.71[3.14;7.06] 2.62[1.73,3.98] R —
0 2 4 6 8 10
Cardiovascular mortality
Variable Univariable HR [95% CI] Multivariable HR [95% €]
Plasma potassium intervals P(K): 1.5-2.9 mmol/L 2.57 [1.53;4.34] 2.32[1.36,3.93] —_—
P(K): 3.0-3.4 mmol/L 1.22 [0.83;1.79] 1.33[0.90,1.95] 1o—
P(K): 3.5-3.7 mmol/L 1.07 [0.75:1.52] 1.11[0.77.1 58] -
P(K): 4.1-4.6 mmol/L 1.15 [0.82;1.59] 1.00 [0.72,1.39] -+
P(K): 4.7-5.0 mmol/L 2.21 [1.34;3.65] 1.76 [1.06,2.92] -
P(K): 5.1-7.1 mmol/L 4.63 [2.64;8.11] 2.64[1.484.71] P
0 2 4 6 8 10

As for cardiovascular mortality, we observed that about 53% of all deaths were recorded as having a
cardiovascular cause. Significant associations with cardiovascular death were observed in patients
with potassium concentrations <3.0 mmol/L and above 4.6 mmol/L after an episode with plasma
potassium <3.7 mmol/L (Figure 4.2.2.2). The standardized 60-day absolute risk of all-cause mortality
in relation to potassium was lowest in patients with potassium levels between 3.8—4.0 mmol/L (AR

5.4,95% CI 4.5-6.3%, Table 4.2.2.1).
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Table 4.2.2.1 60-day standardized absolute risk for all-cause death after hypokalemia or borderline hypokalemia
according to subsequent potassium measurements in patients treated with combination antihypertensive therapy
(n=28976). Potassium interval K: 3.8—4.0 mmol/L represented the reference range. Adjusted for age, gender, serum
sodium, renal insufficiency, malignancy, heart failure, chronic liver disease, chronic obstructive pulmonary disease,
diabetes mellitus, atrial flutter/fibrillation, stroke and ischemic heart disease, antihypertensive therapy, corticosteroids,
antimicrobials, non-steroidal anti-inflammatory drugs, potassium supplement, xanthines, laxatives

Absolute risk %, 60-d Risk difference %, p-value Average risk ratio %, p-value
(95% CI) (95%CI) (95%CI)
P(K) 1.5-2.9 mmol/L 11.7% (8.3-15.0) 6.3 (2.9-9.7) <0.001 2.17 (1.46-2.88) 0.001
P(K) 3.0-3.4mmol/L.  7.1% (5.8-8.5) 1.7 (0.1-3.4) 0.03 1.32 (0.99-1.66) 0.06
P(K) 3.5-3.7mmol/L.  6.4% (5.3-7.5) 1.0 (—0.3-2.4) 0.14 1.19 (0.91-1.47) 0.17
P(K) 3.8—4.0 mmol/L 5.4% (4.5-6.3) REF. REF.
P(K)4.14.6 mmol/L.  6.3% (5.4-7.2) 0.9 (-0.3-2.2) 0.13 1.18 (0.92-1.44) 0.17
P(K) 4.7-5.0 mmol/L 11.6% (8.7-14.6) 6.2 (3.2-9.3) <0.001 2.17 (1.51-2.82) <0.001
P(K) 5.1-7.1 mmol/L 12.6% (8.2-16.9) 7.2 (2.8-11.6) 0.001 2.34 (1.45-3.22) 0.003

4.2.3 Subgroup and sensitivity analyses

We performed eleven additional analyses to test the accuracy and robustness of the main results and

the findings are enclosed in Appendix 7. Most important results are highlighted.

Patients with borderline hypokalemia who developed hypokalemia or hyperkalemia had in increased

60-day mortality compared to those corrected to a level within 3.8-4.0 mmol/L.

Overall, subgroup analyses on patients without significant renal insufficiency, or without past history

of ischemic heart disease, any malignancy or heart failure or loop diuretic prescription, showed

similar results to the main analysis.
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4.3 Study Il

4.3.1 Demographics
Totally, 7,620 patients fulfilled the inclusion criteria and demographic characteristics according to

the eight potassium groups are shown in Tabel 4.3.1.1. Of the total population with hyperkalemia at
K about 39 % had dyskalemia at K2. We observed that 36.1% of the patients with hyperkalemia at
K had elevated potassium concentrations at K. Of the total patients, 2.9% were overbalanced to
hypokalemia. Among patients with potassium between 4.7 and 5.5 mmol/L at Ki, 3.4 % had higher
(>5.5 mmol/L) levels at K2. The great majority of the patients had their Ki and K2 measured during

hospitalization. Median time from K to K2 was 24 days (range [6,100]).
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4.3.2 Survival analysis
Totally, 622 (8.2%) patients died within 90-days follow-up. Mortality reported according to the eight

plasma potassium strata was: 37.8%, 21.2%, 14.5%, 9.6%, 6.3%, 6.2%, 10.0%, and 16.4%,
respectively (Table 4.3.1.1). Kaplan-Meier survival curves are illustrated in Figure 4.3.2.1. Patients
who died were older, with higher kidney insufficiency burden at K2, higher hospitalization rate at Ko,
and more likely with a previous history of malignancy, stroke, chronic obstructive pulmonary disease,

atrial fibrillation and chronic liver disease within the past five years (Appendix 8).

Figure 4.3.2.1 — Kaplan Meier survival curves across the eight plasma potassium intervals. The p-values indicate the
difference among plasma potassium groups compared to the reference group based on an unadjusted Cox regression

model.
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The results of the univariable and multivariable Cox proportional regression, with plasma potassium
4.1-4.6 mmol/L as the reference group, are shown in Figure 4.3.2.2. The multivariable analysis

showed that patients with hypokalemia following an episode with hyperkalemia have an increased
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90-day mortality risk (2.2-2.9 mmol/L: HR 4.69, 95% CI 2.70-8.17; 3.0-3.4 mmol/L: HR 2.50, 95%
CI 1.77-3.54). Patients with potassium concentrations between 3.5-4.0 mmol/L also had an increased
risk of death within 90-days (3.5-3.7 mmol/L: HR 1.71, 95% CI 1.23-2.37; 3.8-4.0 mmol/L: HR 1.36,
95% CI 1.04-1.76). As for patients with persisting hyperkalemia, we observed that potassium
concentrations within the interval 5.6-7.8 mmol/L was associated with increased 90-day mortality

risk (HR 2.27, 95% CI 1.60-3.20).

Figure 4.3.2.2 All-cause mortality after hyperkalemia according to subsequent potassium measurements in patients treated
with combination antihypertensive therapy (90-days follow-up, n=7,620). Potassium interval K: 4.1-4.6 mmol/L

represented the reference range.

Variable Univariable HR [95% CI]  Multivariable HR [95% CI]
Plasma potassium intervals P(K): 2.2-2.9 mmollL 7.18 [4.18;12.32] 469[2.70,8.17] _——
P(K): 3.0-3.4 mmol/L 3.61[2.57;5.08] 2.50[1.77,3.54] —
P(K): 3.5-3.7 mmol/L 2.41[1.76;3.30] 1.71[1.23,2.37] ——
P(K): 3.8-4.0 mmol/L 1.55[1.19;2.00] 1.36[1.04,1.76] .
P(K): 4.7-5.0 mmol/L 0.97 [0.77;1.22] 0.92[0.73,1.16] .
P(K): 5.1-5.5 mmol/L 1.60 [1.23;2.09] 1.2910.98,1.69] e
P(K): 5.6-7.8 mmol/L 2.77 [1.98;3.88] 2.27[1.60,3.20] ——

4.3.3 Sensitivity analyses
To test the robustness of our main results we performed nine sensitivity analyses (Appendix 9).

First, we performed analysis on a subpopulation with eGFR >30 mL/min/1.73 m? (n=6,505). The

results were similar to the main analysis.

Second, analyses using patients without past history of any malignancy (n= 6,383) showed similar
results to the main analysis, although potassium interval 3.8-4.0 mmol/L was no longer statistically

significant (HR 1.33, 95% CI 0.95-1.84).
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Third, 3,149 patients had no history of heart failure and/or loop diuretic prescriptions. Analysis using
this subgroup of patients showed that only hypokalemia was significantly associated with increased
90-day mortality risk following an episode with hyperkalemia (2.2-2.9 mmol/L: HR 7.79, 95% CI

2.54-23.90 and 3.0-3.4 mmol/L: HR 2.79, 95% CI 1.35-5.78).

Fourth, analysis using patients without past history of ischemic heart disease (n= 5,121) showed
similar results to the main analysis. Although, potassium interval 3.8-4.0 mmol/L was no longer
statistically significant (HR 1.30, 95% CI 0.95-1.77). Conversely, potassium levels within the interval
5.1-5.5 mmol/L were associated with increased risk of short-term mortality after an episode with

hyperkalemia.

Fifth, including patients with hypertension defined by relevant ICD diagnosis codes (n= 2,410), we
observed that patients who developed hypokalemia after an episode with hyperkalemia had increased
90-day mortality risk (2.2-2.9 mmol/L: HR 5.15, 95% CI 2.09-12.69 and 3.0-3.4 mmol/L: HR 2.84,
95% CI 1.52-5.29). Patients with potassium concentrations above 5.0 mmol/L after an episode with
hyperkalemia had also increased risk of death within 90-days (5.1-5.5 mmol/L: HR 2.31, 95% CI

1.43-3.75 and 5.6-7.8 mmol/L: HR 2.54, 95% CI 1.22-5.29).

Sixth, potassium concentrations outside the interval 4.1-5.0 mmol/L were associated with increased
cardiovascular mortality risk (2.2-2.9 mmol/L: HR 6.86, 95% CI 3.40-13.85; 3.0-3.4 mmol/L: HR
3.21, 95% CI 2.05-5.04; 3.5-3.7 mmol/L: HR 1.85. 95% CI 1.15-2.96; 3.8-4.0 mmol/L: HR 1.56,
95% CI 1.09-2.25; 5.1-5.5 mmol/L: HR 1.80, 95% CI 1.26-2.57; 5.6-7.8 mmol/L: HR 2.61, 95% CI

1.56-4.35).

Seventh, by performing the analyses on the last available potassium draw within 6-100 days from Ki,

the results were similar to the main analysis.
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Eighth, we performed multivariable analyses where we adjusted for potassium concentrations
obtained at Ki. The results were similar to the main analysis: potassium levels outside the interval
4.6-5.5 mmol/L after a recent episode with hyperkalemia were associated with increased short-term

mortality risk.

Ninth, analyses including time between first and second potassium draw as a covariate in the
multivariable model showed similar results to the main analysis.

4.4 Study IV

4.4.1 Demographics
During 1995 to 2017, 11,896 patients fulfilled the inclusion criteria. Nearly half of the population

was prescribed thiazide diuretics, of which 1.6 % were thiazide-like diuretics. Roughly one third of
the population redeemed potassium supplements, mostly as single pill combined with an
antihypertensive (86.7%). Hypokalemia represented 3.9% of the total population. Predominant
comorbidities were ischemic heart disease, heart failure, diabetes and 2% had renal dysfunction

(Appendix 10).

After matching on age, sex, eGFR, renal insufficiency, and time from index date to potassium
measurement, 463 cases and 926 controls were identified. Median time from index date to potassium
measurement was 30 days (IQR 0, 90). Patients treated with RASi+Thiazides and CCB+Thiazides
had the highest prevalence of hypokalemia (30.7% and 12.1%, respectively) compared to patients
treated with the other combinations. Almost half of the cases redeemed potassium supplement (Table

44.1.1).
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Table 4.4.1.1. Demographics of the matched population. Variables written in Italic represent the variables we matched

on.
Controls (n=926) Cases (n=463) Total (n=1389) p-value

Gender Female 484 (52.3) 242 (52.3) 726 (52.3) 1.0
Age median(range) 65.0(21.0, 95.0) 66.0(23.0, 95.0) 65.0(21.0, 95.0) 0.55
Days from hypertension  median(range) 30.0(0.0, 90.0) 31.0(0.0, 90.0) 30.0(0.0, 90.0) 0.68
to potassium
measurement
Serum sodium median(range) 140.0(113.0, 146.0) 140.0(118.0, 148.0) 140.0(113.0, 148.0) 0.15
Renal insufficiency 10 (1.1) 5(1.1) 15 (1.1) 1.0
eGFR median(range) 77.0(10.0, 214.0) 79.0(7.0, 222.0) 78.0(7.0, 222.0) 0.32
Treatment BB+CCB 41 (4.4) 19 (4.1) 60 (4.3)
combinations

BB+RASI 195 (21.1) 40 (8.6) 235 (16.9)

BB+RASi+MRA 40 (4.3) 4(0.9) 44 (3.2)

BB+RASi+Thiazides 33(3.6) 23 (5.0) 56 (4.0)

BB+Thiazides 32(3.5) 29 (6.3) 61 (4.4)

CCB+RASI 134 (14.5) 40 (8.6) 174 (12.5)

CCB+RASi+Thiazides 49 (5.3) 42 (9.1) 91 (6.6)

CCB+Thiazides 37 (4.0) 56 (12.1) 93 (6.7)

RASi+Thiazides 264 (28.5) 142 (30.7) 406 (29.2)

Other combinations 101 (10.9) 68 (14.7) 169 (12.2) <0.0001
Heart failure 153 (16.5) 30 (6.5) 183 (13.2) <0.0001
ITHD/MI 224 (24.2) 68 (14.7) 292 (21.0) <0.0001
COPD 56 (6.0) 30 (6.5) 86 (6.2) 0.84
Diabetes 121 (13.1) 41 (8.9) 162 (11.7) 0.03
Chronic liver disease 24 (2.6) 9(1.9) 33 (2.4) 0.57
Hemodialysis <3 <3 <6 -
Malignancy 115 (12.4) 73 (15.8) 188 (13.5) 0.10
Stroke 83 (9.0) 55(11.9) 138 (9.9) 0.11
Atrial 120 (13.0) 41 (8.9) 161 (11.6) 0.03
flutter/fibrillation
Atrioventricular block 13 (1.4) <3 <16 -
VT/VF 36 (3.9) 13 (2.8) 49 (3.5) 0.38
Inflammatory bowel 16 (1.7) 11(2.4) 27 (1.9) 0.54
disease
Hypothyroidism 18 (1.9) 9(1.9) 27 (1.9) 1.0
Potassium supplement 312 (33.7) 212 (45.8) 524 (37.7) <0.0001
Antimicrobials <3 <3 <6 -
Beta-2 agonists <3 <3 <6 -

<3 was attributed to variables with values between 1 and 3 to secure anonymity and protection of personal data
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4.4.2 Antihypertensive combination therapies and risk of hypokalemia
Cumulative incidence curve drawn on the original population (n=11,898) and stratified on the ten

combination therapies showed that CCB+Thiazides had a significantly higher incidence of

hypokalemia (10%) compared with the other antihypertensive combination therapies (Figure 4.4.2.1).

Figure 4.4.2.1 Cumulative incidence curve of hypokalemia risk stratified on the ten combination therapies
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—— BB+RASi+MRA p=0.3
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The multivariable conditional logistic regression analysis with CCB+RAS:I as reference showed 5.82
times increased hypokalemia odds within 90 days if administered CCB+Thiazides (95% CI 3.06-
11.08). Following blood pressure drug combinations were also associated with increased odds of
hypokalemia: BB+Thiazides (OR 3.34, 95% CI 1.67-6.66), CCB+RASi+Thiazides (OR 3.07, 95%
CI1.72-5.46) and BB+RASi+Thiazides (OR 2.78, 95% CI 1.41-5.47, Figure 4.4.2.2). The univariable

analysis showed similar results (Appendix 11).
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Figure 4.4.2.2. Forestplot of multivariable conditional logistic regression analysis for the development of hypokalemia.
Population matched on age, gender, renal insufficiency and time index date initiation to serum potassium measurement.
The model was adjusted for serum sodium, renal insufficiency, malignancy, IBD, diabetes, alcoholism and chronic liver
disease. The combination of calcium channel blockers with renin-angiotensin system inhibitors was used as reference.

BB- Beta Blockers, CCB- Calcium Channel Blockers, RASi- Renin-Angiotensin System Inhibitors, MRA- Mineral

Receptor Antagonist.
Combination therapies Odds ratio Lower Cl  Upper CI
BB+CCB 1.62 0.81 3.21 »
BB+RASI 0.86 0.51 1.46 ———
BB+RASI+MRA 0.44 0.14 1.37 ——
BB+RASi+Thiazides 2.78 1.41 5.47 -
BB+Thiazides 3.34 1.67 6.66 -
CCB+RASi+Thiazides 3.07 1.72 5.48
CCB+Thiazides 5.82 3.06 11.08 _—
RASi+Thiazides 1.92 1.23 3.00 —_——
Other combinations 241 1.44 4.04 -
\ I I \ )

4.4.3 Sensitivity analyses
We performed an additional analysis on a population matched on age, sex, eGFR, renal insufficiency,

time from index date to potassium measurement, heart failure, and ischemic heart disease/myocardial

infarction. The results were similar to the main analyses (Appendix 12 and 13).

We observed that in the general population, treated with combination antihypertensive therapy who
did not have available serum potassium measurements within 90 days from index date, the prevalence
of most comorbidities of interest had lower proportions than in the nested case-control population

(Appendix 14).

Appendices 15,16 and 17 include the published papers for Study I, Study II and Study IV.
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5. Discussion
To summarize, the four studies demonstrated not only the importance of maintaining potassium

homeostasis in patients treated with at least two classes of antihypertensive drugs, but also the
importance of aiming potassium concentrations in the middle of the currently used reference interval.
We observed that patients with initial potassium <3.7 mmol/L had increased short-term mortality risk
(all-cause and cardiovascular) if they persisted hypokalemic or if they developed hyperkalemia. As
for patients with initial hyperkalemia, potassium concentrations above 5.5 mmol/L and below 4.1
mmol/L were associated with increased all-cause and cardiovascular mortality. For patients on >2
antihypertensive drugs, we found that use of thiazide diuretics was associated with increased odds of
hypokalemia, regardless of concomitant administration of a blood pressure drug with opposite effect

on blood potassium concentrations, such as RASi or potassium supplement.

5.1 Study |
In study I, we investigated 90-day all-cause mortality risk in relation to seven predefined potassium

intervals. Expectedly, hypokalemia and hyperkalemia were associated with increased risk of death
within 90 days, compared with the reference 4.1-4.4 mmol/L. However, three potassium intervals
within normal range (3.5-3.7, 3.8-4.0 and 4.8-5.0 mmol/L) were also associated with poor short-term
prognosis. These results were not biased by great cardiovascular disease burden as subgroup analyses
performed on populations without loop diuretic prescriptions, past history with myocardial infarction
and heart failure showed similar results as in the main analyses. In addition, patients with acute and
chronic kidney disease were excluded from all analyses. This suggests that potassium levels below
4.1 mmol/L and above 4.7 mmol/L are a risk factor of mortality in patients treated with minimum

two classes of antihypertensive drugs.
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Consistency in results was also observed both when defining hypertension based on combination
antihypertensive therapy and by using ICD codes. This adds to the validity of hypertension definition

used in this study.

The window period of 90 days for retaining the first potassium measurement was considered
appropriate as a review showed that, in patients with hypertension, dyskalemias as a results of adverse

drug reaction peaked at 3 months.*

To our knowledge, few, if any studies®® have investigated which is the optimal potassium interval in
patients with hypertension. Most studies explored the risk of potassium disturbances related to
different antihypertensive drugs or risk of arrhythmias in hypokalemia and hyperkalemia. Macdonald

1.5° recommended a potassium range between 3.5 and 5.0 mmol/L in patients with hypertension.

eta
This recommendation was based on studies analyzing the effect of potassium rich diet/potassium

supplementation on lowering blood pressure or based on studies examining the risk arrhythmia in

relation to different potassium concentrations.

An older study by Hulting, showed that out of 1,315 patients, 3.5% had in-hospital episodes of
ventricular fibrillation and that they typically occurred in the presence of hypokalemia. The author
also observed relatively high incidence of ventricular fibrillation in patients with low normal serum
potassium concentrations: 4% in those with serum potassium between 3.5-3.8 mmol/L, 2% when
serum potassium was between 3.9-4.2 mmol/L and 1% in patients with serum potassium between 4.3-
4.6 mmol/L. No episodes with ventricular fibrillation was observed in patients with admission
potassium levels above 4.6 mmol/L. The author also concluded that serum potassium concentrations
below 3.9 mmol/L were associated with fivefold increase in the risk of ventricular tachycardia.”!
Hultings observations are quite similar with our results, though different but relatable outcomes. In

patients with hyperkalemia arrhythmias and sudden cardiac death may occur at different thresholds.
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In patients with chronic diseases such as heart failure, diabetes and chronic kidney disease slow rise
in potassium over time often occurs without consequences, whereas rapid-onset hyperkalemia can be

fatal .3’

In other populations with cardiovascular disease, we observed similar optimal potassium interval as
in the current study. For example, in patients with acute and chronic heart failure potassium
concentrations 3.9-4.5 mmol/L>? and 4.2-4.7 mmol/L,> respectively, were associated with increased
survival. Cooper et al. suggested that an optimal potassium value of 4.2 mmol/L in patients with heart
failure.>* In patients with atrial fibrillation or flutter co-treated with diuretics and rate-or rhythm-
controlling drugs, we found that potassium levels outside the interval 3.8-4.4 mmol/L were associated
with increased short-term mortality risk.>®> As hypertension is a great risk factor for atrial fibrillation
and flutter, we believe that this population resembles our hypertensive population. As we can see,
there is a minimal variation in the optimal intervals recommended in different categories of heart
disease. However, the most outstanding similarities/overlaps are that low normal (<3.7 mmol/L) and
high normal (>4.8 mmol/L) potassium concentrations are associated with poor prognosis. Yet, this
study cannot answer whether low normal and high normal potassium concentrations should be
regarded as risk factors or risk markers. It is possible for patients with borderline potassium levels to
develop more extreme concentrations and that low normal and high normal potassium should be

regarded as a proxy for dyskalemias.

5.2 Study Il
In study II, we investigated 60-day mortality among 8,976 patients with hypertension and

hypokalemia or low normal potassium concentrations in relation to a subsequent measurement. Five
major findings characterize the results in this study: (1) Persistent hypokalemia following plasma
potassium concentrations <3.7 mmol/L. was more than twice as frequent as development of

hyperkalemia. (2) Persistent hypokalemia associated with increased all-cause and presumed
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cardiovascular mortality; (3) Elevation of potassium to levels >4.6 mmol/L in patients with initial
potassium concentrations <3.7 mmol/L was associated with increased all-cause mortality; (4) Among
patients with potassium levels between 3.5-3.7 mmol/L at Ki, development of hypokalemia or
hyperkalemia was associated with increased mortality risk; (5) Correcting hypokalemia was

associated with increased survival.

It was not a surprise that we observed significantly higher 60-day mortality risk in patients with
potassium concentrations <3.5 or >4.6 mmol/L after an episode with potassium <3.7 mmol/L. In
Study I, we noted an apparent optimal potassium range within 4.1-4.7 mmol/L in a similar

population.*®

Our study suggested that potassium deficit is frequently underestimated than overestimated by health
care providers as 18% of the patients still had potassium concentrations <3.7 mmol/L at K2 (vs. 5.4%
>4.6 mmol/L). Hypokalemia (at K2) was present in 13% of the patients with borderline hypokalemia
at Ki. Possibly, the association of low normal potassium concentrations with mortality we noted in
Study I, can partly be explained by further declines in potassium levels, and that low normal

potassium concentrations might be a marker for an ongoing decrease in potassium.

Several studies demonstrated an association between hypokalemia and high risk of mortality among
patients with cardiovascular disease.’>>’° Yet, only one previous study performed on heart failure
patients demonstrated improved 90-day survival in patients who had their hypokalemia corrected
within 8-30 days.®® In addition, Harkness et al.® found that patients with hypokalemia whose
potassium level was not corrected to >3.5 mmol/L within 24 h were at increased odds of developing
arrhythmias. Although, the study did not describe or account for the cause of admission, comorbidities
or pharmacotherapy. The authors excluded patients with history of ischemic heart disease and

arrhythmia, but included patients with heart failure who have a high arrhythmia risk.
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A study using 5,916 participants from the general population found no significant associations
between borderline hypokalemia (3.4-3.6 mmol/L) and risk of all-cause mortality.%! The results of
this study and ours are very difficult to compare due to major differences in methodology, aim and
population characteristics. First, in our population all patients are users of antihypertensive
medication. In the study by Mattsson et al.®' 49.6% of the total population had high blood pressure at
baseline, 13.9% were prescribed heart medication and 10.9% were treated with diuretics. Second, our
aim was to investigate the impact of correcting plasma potassium concentrations <3.7 mmol/L on
short-term all-cause and cardiovascular mortality. In the study by Mattsson et al.®!, mortality was
assessed from participants’ fourth examination (between 2001-2003) until November 2014 or death,
having a median follow-up of 11.9 years (Q1-Q3: 11.4-12.5 years). Potassium concentrations may
not be constant over time, especially in patients with cardiovascular disease or patients treated with
heart medication. Therefore, we believe that use of a single potassium measurement to assess
association with long-term mortality can make interpretation of the results difficult. Shorter follow-
up time or time varying analysis where serial potassium measurements were modelled would have
improved the methodology and results. Although, it is important to acknowledge that borderline
hypokalemia might have different impact/effect in general population compared to our population,

where the burden of cardiac disease is high.

Among intensive care unit (ICU) patients, Bouadma et. al > investigated the effect of dyskalemia at
admission and early dyskalemia correcting on short-term survival and cardiac events. The authors
concluded that persisting hypokalemia or hyperkalemia within the first two days in ICU was
associated with increased risk of death. We cannot compare the two populations, however both

studies emphasize the importance of correcting hypokalemia to improve short-term mortality.

As we can see, the impact of correcting hypokalemia is highly dependent on the study population and

burden of disease, especially cardiovascular. Guidelines in the US recommend a higher threshold for
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potassium replacement therapy (<4.0 mmol/L), especially in patients with cardiovascular disease,

who have a high risk of developing ventricular arrhythmias.®*

5.3 Study Il
In this register-based cohort study we investigated the 90-day mortality among 7,620 patients with

hypertension and hyperkalemia in relation to a subsequent plasma potassium measurement.

The major findings were: (1) One third of the patients with initial hyperkalemia persisted having
hyperkalemia at a subsequent measurement, (2) Potassium levels above 5.5 mmol/L were associated
with increased all-cause and cardiovascular death, (3) Decrease in potassium to levels below 4.1
mmol/L in patients with initial hyperkalemia was associated with increased all-cause and
cardiovascular mortality = compared with the reference (4.1-4.6 mmol/L), (4) Potassium
concentrations between 4.1-5.5 mmol/L after an episode with hyperkalemia were associated with

increased survival.

Numerous studies have previously demonstrated the importance of maintaining potassium
homeostasis in patients with cardiovascular disease. Study I, but also other studies, have also
emphasized, that aiming potassium concentrations in the middle of the normal reference interval is

52,33,35,56,65.66 However, no prior studies examined the impact

beneficial in patients with heart disease.
of potassium normalization during a short period of time, after an episode with hyperkalemia, in
patients with hypertension. In this study, we observed that downregulation of potassium to levels <4.1
mmol/L. within 6-100 days after an episode with potassium >4.6 mmol/L. was associated with
increased all-cause and cardiovascular mortality. This finding confirmed the results from Study I
where we observed an apparent optimal potassium range within 4.1-4.7 mmol/L in a similar

population. In the same time, this study also indicated that in many cases initial hyperkalemia was

followed by a steep downregulation of potassium, which was associated with bad prognosis.
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A large scale study, using electronical records of 114,977 emergency department patients,
demonstrated that in patients with hyperkalemia (>5.5 mmol/L) at admission (n=1033), potassium
normalization within the first eight hours was associated with 50% mortality reduction.’” The authors
did not present the distribution of comorbidities, however, their results are a wake-up call. In our
study, we also observed that persisting moderate to severe hyperkalemia (plasma potassium >5.5
mmol/L) over a period of 6-100 days was associated with higher mortality compared to

concentrations between 4.1-4.6 mmol/L. Yet, the study populations are not comparable.

Another study by McMahon et al.%® investigated the association between the highest potassium
concentration on the admission day and 30-, 90- and 365-day mortality in >39,000 intensive care unit
treated patients. The authors observed increased mortality risk in patients with potassium levels >4.5
mmol/L. The authors also observed better prognosis in patients who had a decline in potassium
concentration >1 mmol/L within 48 h following critical care initiation. Our study population is not
described by intensive care unit patients, however the results of the two studies are rather comparable.
Our study showed a clear benefit in lowering potassium levels in patients who originally had
concentrations above 4.6 mmol/L. However, the survival benefit was lost when potassium was

corrected to levels below 4.1 mmol/L.

We noted that kidney insufficiency, age, history of malignancy, stroke, chronic obstructive
pulmonary disease, atrial fibrillation and chronic liver disease, hospitalization at the time of Ka
potassium measurement and fast down correction of high potassium levels were significant predictors
of mortality. An et al. found similar predictors of mortality in patients with severe hyperkalemia

requiring hospitalization.*

62



5.4 Study IV
In study IV, we estimated the odds of hypokalemia within 90 days from hypertension date in relation

to different antihypertensive combination therapies. We observed that hypokalemia was common
(4%) despite the short follow-up time. Thiazides were present in each of the combinations
significantly associated with hypokalemia, regardless of supplementation with potassium in
approximately 50% of the cases. This leads to the question whether supplementation with potassium
was sufficient or not and whether use of thiazide-like diuretics instead of thiazide-type diuretics
would reduce the risk of hypokalemia. In our population, only 1.6% of the patients were prescribed
thiazide-like diuretics. A meta-analysis from 2017, concluded that thiazide-like diuretics have better

blood pressure lowering effect without increasing the incidence of hypokalemia and hyponatremia.”

It is also intriguing that the combination therapies significantly associated with increased
hypokalemia risk, have opposite effects on potassium homeostasis. In a meta-analysis based on the
results of four randomized trials, the most frequent adverse event related to CCB+diuretic was
hypokalemia.”! Although, there is poor evidence about the risk and mechanisms of hypokalemia
associated with the combination CCB+Thiazides. Looking at the two drugs independently, several
studies demonstrated thiazide related hypokalemia.”>’* As for CCBs, evidence is more uncertain. On
one hand, in vitro, in vivo and case report studies reported hyperkalemia following initiation of
CCB.”>” On the other hand, case studies and animal studies observed an association between
administration of CCB and hypokalemia.””3* It seems that CCBs augment extra-renal loss of
potassium, while thiazides enhance renal potassium disposal.**®>#7 Despite the differences in
mechanisms of action between the two major classes of CCBs (dihydropyridines and non-
dihydropyridines) there is no pattern that one class is more susceptible to hypokalemia or

hyperkalemia.
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There are no available studies comparing the risk of hypokalemia in relation to the combinations of
Thiazides with BB or RASi. Most studies compare the risk of hypokalemia in patients treated with

thiazides versus other classes of antihypertensives.

Unquestionably, we should not forget that besides drugs, also advanced chronic disease states, diet
and genetics can be responsible for potassium homeostasis disruption, especially hypokalemia.

Unfortunately, we were unable to account for these factors in the analyses.
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6. Strengths and limitations
All four studies included in this PhD thesis are based on Danish national registers, and the limitations

mainly relate to the observational nature. This means that our findings cannot implicate causal
inference. Data registered in the national registers is primarily collected for administrative purposes
and secondarily for research. Therefore, the validity of the data is highly dependent on the ICD codes
used to define different diseases. The ICD codes allocated each patient after hospitalization or out-
patients visit are besides national surveillance also used for reimbursement, which can lead to a
diagnostic drift towards diagnoses with the highest reimbursement.®® Moreover, clinically relevant
data such as alcohol consumption, ejection fraction, symptoms related to dyskalemias (vomiting,
diarrhea, arrhythmias), and treatment indication were not available, which may lead to residual
confounding. Though, there are also many advantages and strengths linked with register based studies

such as: low costs, large sample size, limited selection bias, and (nearly) no loss to follow-up.®

Applicable to all four studies was the definition of hypertension based on redemption of minimum
two antihypertensive drug classes in two concomitant quarters. Despite validation of a similar
definition**, there still are some limitations attached to it. First, in order to capture patients who have
not been ascertained ICD-code of hypertension, we used blood pressure lowering drugs as a proxy.
This can lead to identification of patients with other cardiovascular diseases (heart failure, atrial
fibrillation and ischemic heart disease) where same medication can be used to treat or ease symptoms.
In other words, misclassification bias can be present. Second, by using this definition of hypertension,
we miss those patients with high blood pressure treated with monotherapy only. Still, by identifying
patients based solely on monotherapy, we would have increased the misclassification bias as no
treatment indication was available. Third, patients with high blood pressure who did not receive
medication or was registered an ICD code from the secondary sector could have been misclassified

as healthy. Fourth, the results cannot be generalized to the entire population treated for high blood
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pressure, as we did not included patients on monotherapy or patients where lifestyle changes were

preferred in order to lower blood pressure.

Another limitation that applies all four studies is missing information about blood draw indication.
Some patients might have been tested due to hypokalemia or hyperkalemia symptoms, while others
were tested during hospitalization or regular check-up at the general practitioner. In addition, we did
not have information about the quality of the blood draws. Yet, in case of significant deviations from

the norms, no values were reported to the registries.

In the following paragraphs I will present the major strengths and limitations that apply each study
individually.

6.1 Study |

To obtain a normal distribution of potassium measurements and account for possible bias in
potassium measurement, we excluded outliers, which resulted with few extreme concentrations. We
do not believe that this represents a great limitation for the study as the main aim was to investigate
whether potassium concentrations even within the normal reference interval were associated with

increased mortality.

At the time this study was performed we could not differentiate between serum and plasma potassium
measurement, which represents a limitation of the study. We referred to all measurements as serum
potassium. The lower reference range does not really differ in the two methods of measuring
potassium. However, the higher reference range can vary with more than 0.5 mmol/L.!” We recently
performed a validation study, where we only used plasma potassium measurements. The results
resembled the original study.”® In addition, the validation study also assessed the risk of
cardiovascular mortality within 90 days from potassium measurement. We observed that potassium
concentrations outside the interval 4.1-5.0 mmol/L were associated with high risk of cardiovascular

mortality.
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6.2 Study II-I1l
A major limitation of the two studies was the inability to investigate which initiatives physicians

undertook to correct the initial low/high plasma potassium concentrations. The Danish National
Prescription Registry records filled prescriptions and changes in dosage of a prescribed drug or

treatment given during hospitalization is not registered.

Likewise, we were unable to compare electrocardiographic findings in patients whose plasma
potassium was normalized or remained decreased/elevated. Although, our results should be

considered hypothesis generating associations.

Last, in both studies we assessed the risk of presumed cardiovascular death in relation to potassium.
Autopsies are not common in Denmark, therefore we cannot be certain that patients were attributed

correctly cardiac vs. non-cardiac cause of death.

6.3 Study IV
A major strength of this study is that we ensured that all participants were normokalemic up to 30

days before inclusion in the study. This strengthens the hypothesis that hypokalemia was induced by
antihypertensive medication. Although, a great limitation of this study was missing information about
the dosage of redeemed antihypertensive drugs. Due to the short follow-up time it was impossible to
calculate the dosage. In as such, we cannot rule out the possibility that the associations observed could
be dose dependent. Moreover, problems with compliance and overdose could not be identified, which

can lead to non-differential misclassification.

Patients could also have been misclassified due to the mix of potassium measurements in serum and
plasma. However, a study has shown that the difference in serum and plasma potassium
measurements do not exceed 0.1 mmol/L when referring to the lower reference range.!” Therefore,

we believe that the great majority of the cases were correctly classified.
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7. Conclusions

7.1 Study |
Potassium concentrations outside the interval 4.1-4.7 mmol/L were associated with increased 90-day

all-cause mortality risk in patients with hypertension treated with minimum two classes of

antihypertensive drugs.

7.2 Study Il
Persistent hypokalemia (<3.5 mmol/L) was frequent and associated with increased all-cause and

cardiovascular death after an episode with potassium <3.7 mmol/L. Increase in potassium to levels
>4.6 mmol/L in patients with initial hypokalemia or low normal potassium (<3.7 mmol/L) was
associated with increased all-cause mortality. Among patients with initial borderline hypokalemia,

development of hypokalemia or hyperkalemia was associated with poor outcomes.

7.3 Study Il
Overcorrection of hyperkalemia to levels <4.1 mmol/L was frequent and associated with increased

all-cause mortality. Persistent hyperkalemia >5.0 mmol/L seemed to be associated with an increased

risk of death as well.

7.4 Study IV
Combinations of thiazide diuretics with CCB, RASI, or BB were strongly associated with increased

odds of hypokalemia within 90 days of treatment initiation, regardless of potassium supplementation

in nearly half of the population.
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8. Clinical implications and perspectives

8.1 Study |
Not only hypokalemia and hyperkalemia, but also low- and high- normal potassium concentrations

were associated with increased short-term mortality risk. This suggests that a narrower potassium
reference range should be aimed in patients with hypertension treated with combination
antihypertensive therapy. Our study also suggested that potassium monitoring closely after
combination therapy initiation might be relevant as many patients experienced dyskalemias. Future
studies examining frequency of potassium measurement, potassium fluctuations over time, and effect
of stringent potassium regulation on mortality and arrhythmia onset would supply, explain and put
into perspective the observations made based on this study. These studies are important pieces in
understanding the complexity of potassium homeostasis and its effects and their results can

potentially save lives.

8.2 Study I
We were not able to report the initiatives medical doctors undertook after observing potassium levels

<3.7 mmol/L at the first measurement. However, our results emphasize the importance of aiming at
potassium concentrations in the middle of the currently used RI and that overcorrection is associated
with an increased risk of death (after an episode with potassium concentrations <3.7 mmol/L).
Potassium concentrations in the middle of the normal reference interval are associated with good
prognosis. Future research, investigating the effect of elevating potassium on mortality and other
relevant clinical outcomes (hospitalization rate, arrhythmias) in patients with potassium

concentrations between 3.5-3.7 mmol/L are warranted.

Possibly, potassium supplementation, use of mineral receptor antagonists or thiazide-like diuretics
instead of thiazide-type in patients with potassium concentrations <3.7 mmol/L could be of clinical

importance, but requires further study, preferably through a randomized controlled trial.
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8.3 Study Il
Even though we were not able to report the initiatives physicians undertook when evaluating the

results of first potassium measurement >4.6 mmol/L, our results emphasized the importance of
potassium normalization after an episode with hyperkalemia and non-radical correction of
hyperkalemia in patients with hypertension treated with combination antihypertensive therapy. Future
studies should determine whether rapid reduction of potassium and stringent potassium control has a
causal relation with (reduced) mortality and arrhythmic events. Generally, studies investigating the
rate of correction and importance of immediately increasing/decreasing potassium in symptomatic

and asymptomatic patients with dyskalemias are missing.

8.4 Study IV
Optimal management of hypertension is very important as numerous studies showed benefits both

related to the risk of death but also to development of other cardiovascular conditions and health-
related quality of life. Most of the drugs used for management of high blood pressure can cause
hypokalemia and hyperkalemia. In these days, where guidelines recommend polytherapy rather than
monotherapy to lower blood pressure, awareness of the risk factors associated with potassium
disturbances is also important. Our study strongly suggested that any combination with thiazide
diuretics was associated with high odds of hypokalemia within 90 days from combination therapy
initiation, despite supplementation with potassium in a considerable proportion of the population.
Therefore, we recommend close potassium monitoring in patients treated with thiazide diuretics. How
close? It is difficult to define as evidence regarding the frequency of potassium monitoring when
patients are administered diuretics is missing. A couple of small scale studies suggested that
hypokalemia typically develops within 2-19 weeks from start diuretic treatment.”’*> Studies
investigating the time frame where patients treated with diuretics are most vulnerable to develop

hypokalemia are important both for the patient itself (to prevent adverse events) and for the healthcare
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system (guidelines that specify the frequency of potassium monitoring). Another important aspect
that should be focused on in future studies, is the risk of potassium disarrays associated to thiazide-
like and thiazide-type diuretics. In Denmark, thiazide-type diuretics are the most commonly used
thiazide diuretics. Comparing our study with others, we believe that use of thiazide-like diuretics
might be associated with fewer hypokalemia events. For example, in SPRINT trial (Systolic Blood
Pressure Intervention Trial), hypokalemia occurred in 1.7% of the total patients regardless of
treatment with indapamide. Yet, it occurred more frequently among patients treated with thiazides
(3.0%) than in patients not taking thiazides (0.4%).>* Although, the lower frequency of hypokalemia
in SPRINT can also be explained by strict follow-up of trial patients, healthier and younger

population.
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10. Appendices
Appendix 1. List of antihypertensive drugs and corresponding ATC codes used to define hypertension

ATC codes Name of drug

C02A Antiadrenergic agents, centrally acting

C02B Antiadrenergic agents, ganglion blocking
C02C Antiadrenergic agents, peripherally acting
C02DA Thiazide-derivatives

C02DB Hydrazynophthalazin-derivatives

C02DD Nitroferricyanide-derivatives

C02DG Guanidin-derivatives

COo2L Antihypertensives and diuretics in combination
CO03AA Thiazides

CO03AB Thiazides and potassium in combination
CO03BA Sulfonamides

CO03BB Sulfonamides and potassium in combination
C03C Loop diuretics

C03DA Aldosteron antagonists

C03DB Other potassium sparing agents

CO3EA Low-ceiling diuretics and potassium sparing agents
CO3EB High-ceiling diuretics and potassium sparing agents
C03X Other diuretics

C07A Beta-blockers

C07B Beta-blockers and thiazides

C07C Beta-blockers and other diuretics

C07D Beta-blockers, thiazides and other diuretics
CO07FB Beta-blockers and calcium antagonists

CO7FX Beta-blockers and other combinations
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C08C Selective calcium antagonists primarily with vascular
effect

CO08D Selective calcium antagonists with direct cardiac effect

COSE Non-selective calcium antagonists

C08G Calcium antagonists and diuretics

C09AA Angiotensin converting enzyme inhibitors

C09BA Angiotensin converting enzyme inhibitors and diuretics

C09BB Angiotensin converting enzyme inhibitors and calcium
antagonists

C09CA Angiotensin II antagonists

C09DA Angiotensin II antagonists and diuretics

C09DB Angiotensin II antagonists and calcium antagonists

C09XA Renin-inhibitors
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Appendix 2. Definitions of comorbidities, procedures and concomitant medications based on
different ICD-10, Nordic Classification of Surgical Procedures (NCSP), and ATC codes identified

prior to index date.

Comorbidities and ICD-10 ICD-8 Time NCSP Time ATC codes Time
procedures codes codes prior to codes prior to prior to
index index index
date date date
Ischemic heart disease 120-25 - 5 years KFNG, 5 years - -
including myocardial KFNA-E
infarction’
Hemodialysis - - - BJFD20 5 years - -
Atrial flutter or 148 - 5 years - - - -
fibrillation
Second- or third- 144.1-3 - 5 years - - - -
degree
atrioventricular block
Ventricular 472,149 - 5 years - - - -
tachycardia or
fibrillation
Chronic obstructive J40-44 491, 5 years - - - -
pulmonary disease 492
Chronic liver disease =~ B18, C22, - 5 years - - - -
K71-77
Syndrome of E22.2 - 5 years - - - -
inappropriate
antidiuretic hormone
secretion
Diabetes insipidus E23.2, - 5 years - - - -
N25.1
Hypothyroidism E00.1, - 5 years - - - -
E02-03,
E89.0
Hyperthyroidism DEO050-59 - 5 years - - - -
Addison disease E27.1 - 5 years - - - -
Primary E26.0 - 5 years - - - -
hyperaldosteronism
Diabetes E10-14 - 5 years - - - -
Any malignancy C00-99 - 5 years - - - -
Hypertension DI11-15 - 5 years - - - -
Heart failure 1110, 1130, - 5 years - — - -
1132, 142,
150, J81
Stroke DI61, 433-438 5 years - - - -
DI62,
DI63,
Dlo64,
DG458-
459,
DG433-
438
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Acute kidney disease DNI17, - - - - - -
DNI19,
DR34
Chronic kidney DN02-08, - - - - - -
disease (incl. DN11-12,
proteinuria) DN14,
DN18-19,
DN26,
DN158-
160,
DN162-
164,
DNI168,
DN313,
DQ612—
613,
DQ615,
DQ619,
DE102,
DEl112,
DI120,
DM300,
DM319,
DM321B
Inflammatory bowel DK50-51 - 5 years - - - -
disease (IBD)
Concomitant ICD-10 - Time NCSP Time ATC codes Time
medications codes prior to codes prior to prior to
index index index
date date date
Potassium - - - - - Al2B 90 days
supplements CO03AB
C03BB
C03CB
Loop diuretics - - - - - Co03C 90 days
Non-steroidal anti- - - - - - MO1A 180 days
inflammatory drugs
Antimicrobials - - - - - JO1CFO06, 30 days
JO1CAO1,
JO1CE,
JO1G,
JO2AAO01,
JOSADO1,
JO1CFO5
p2-agonists - - - - - RO3AC02, 90 days
CO1CA2,
C01CA24,
RO3AC13
CO01CAO02,
RO3AB02
R0O3CBO1,
RO1BA02,
RO3ACO03,
RO3ACI12
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Mineralo- and
glucocorticoids

AO01ACO3,
AO7EA02,
CO5AAO1,
DO7AA02,
H02AB09,
SO1BA02,

S02BAO],

HO2AA02,
AO7EA03,
HO02AB07

90 days

Laxatives

VO3AEOI,
A06ABO4,
AO06AG10

30 days

Xantines

RO3DA04,
N06BCO01

30 days

Macrolides

JOIFA

30 days

Trimethoprim

JOIEA,
JO1EE

30 days
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Appendix 3. Population flowchart study II

1,330,568 patients treated with combination antihypertensive therapy between 1995-2017

v

37,616 patients had available potassium concentrations <3.7 mmol/L at the first
measurement within 100 days of treatment initiation

v

37,536 patients remained after excluding those under 18 years of age

v

15,195 patients had a second potassium measurement within 7-100 days
from the first potassium measurement

\
8,999 patients remained after excluding those with missing
creatinine and sodium at the time of second potassium
measurement

l 23 patients were excluded due to
past history with diabetes
insipidus, hyperaldostcronism,
syndrome of inappropriate
antidiuretic hormone secretion or
primary adrenal insufficiency.

FINAL POPULATION N= 8,976
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Appendix 4. Population flowchart Study III

1,349,832 patients treated with combination antihypertensive therapy between 1995-2017

Y

16,468 patients had available potassium concentrations above 4.6 mmol/L at the
first measurement within 100 days of treatment initiation

v

16,424 patients remained after excluding those under 18 years of age

v

10,739 patients had a second potassium measurement within 6-100
days from the first potassium measurement

v

7,645 patients remained after excluding those with missing
creatinine and sodium at the time of second potassium

measurement

J, 20 patients were excluded due to
past history with diabetes
insipidus, hyperaldosteronism,
syndrome of inappropriate
antidiurctic hormonc scerction or
Addison’s disease.

FINAL POPULATION N= 7,620
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Appendix 5. Population flowchart Study IV

1,349,840 patients who redeemed at least two consecutive antihypertensive drugs before *31dec2018°

4

Among 1,349,840 patients with hypertension 15,879,747 potassium measurements were
registered within the first year from combination therapy initiation

v

with:

44,035 patients and 961,684 potassium measurements remained after excluding thosc

(1) Hypokalemia and/or hyperkalemia within 30 days before combination therapy
initiation; (2) missing potassium measurements within 30 days before combination
therapy initiation; (3) potassium measurements dated before combination
antihypertensive therapy initiation

24,402 patients with hypertension and 79,331 corresponding first potassium
measurement within 90 days of combination therapy initiation

12,506 patients excluded due to:

Loop diuretic prescription at the time
of combination therapy initiation
(n=8,002)

Age<18 years (n=19)

Hyperkalemia at the first potassium
measurement within 90 days of
combination therapy initiation
(n=324)

Missing scrum sodium and/or
creatinine measurcment at the time of
first potassium measurement within
90 days of combination therapy
initiation (n=4,161)

N=11,898

FINAL POPULATION
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Appendix 6. Time to potassium measurement and mortality within 90-days

Days from index date/hypertension date to  01-10  11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-90
potassium measurement
No. of patients with serum potassium 8480 6733 6194 5426 4233 3870 3571 3264 3028
measurement
Days from potassium measurement to 01-10 1120 21-30 3140 41-50 51-60 61-70 71-80 81-90
death
No. of patients deceased 252 119 107 104 78 60 52 58 36
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Appendix 11. Forestplot of univariable conditional logistic regression analysis for development of
hypokalemia. Population matched on age, gender, renal insufficiency and time from combination
therapy initiation to serum potassium measurement. The combination of calcium channel blockers
with thiazide diuretics was used as reference.

Combination therapies Odds ratio Lower CI Upper CI
BB+CCB 1.69 0.86 3.33 .
BB+RASI 0.72 0.44 1.18 e o
BB+RASI+MRA 0.32 0.11 0.94 ——
BB+RASi+Thiazides 2.50 1.30 4.79 -
BB+Thiazides 338 1.79 6.37 -
CCB+RASi+Thiazides 3.16 1.81 5.54 -
CCB+Thiazides 5.62 3.18 9.95 _—
RASi+Thiazides 1.95 1.28 2.95 —_——
Other combinations 229 1.40 374 .
0 2 3 4 5

BB- Beta blockers

CCB- Calcium channel blockers

RASi- Renin-angiotensin system inhibitors

“Potassium supplement” addressed supplementation as a single pill therapy with an antihypertensive and as an
individual pill.
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Appendix 12. Forestplot of univariable conditional logistic regression analysis for development of
hypokalemia. Population matched on age, gender, time from combination therapy initiation to
serum potassium measurement, renal insufficiency, history with heart failure and history with
ischemic heart disease/myocardial infarction. The combination of calcium channel blockers with
thiazide diuretics was used as reference.

Combination therapies Odds ratio Lower CI Upper CI

BB+CCB 1.46 0.75 2.85 e

BB+RASI 0.82 0.49 1.39 ——

BB+RASI+MRA 0.61 0.19 2.01 —

BB+RASi+Thiazides 1.65 0.89 3.05 ——-———

BB+Thiazides 2.78 1.52 5.08 -

CCB+RASi+Thiazides 2.07 1.21 3.53 -

CCB+Thiazides 3.47 2.06 5.83 -

RASi+Thiazides 1.64 1.09 2.49 —_——

Other combinations 2.06 1.26 335 —_——
0 2 3 4 5

BB- Beta blockers

CCB- Calcium channel blockers

RASIi- Renin-angiotensin system inhibitors

“Potassium supplement” addressed supplementation as a single pill therapy with an
antihypertensive and as an individual pill.
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Appendix 13. Forestplot of multivariable conditional logistic regression analysis for development of
hypokalemia. Population matched on age, renal insufficiency, gender, and time from combination
therapy initiation to serum potassium measurement, history with heart failure and history with
ischemic heart disease/myocardial infarction. The model was adjusted for serum sodium, renal
insufficiency, malignancy, IBD, diabetes and chronic liver disease. The combination of calcium
channel blockers with thiazide diuretics was used as reference.

Combination therapies Odds ratio Lower Cl Upper CI

BB+CCB 1.51 0.76 2.97 N —

BB+RASI 0.83 0.49 1.42 e

BE+RASi+MRA 0.61 0.18 2.02 ———

BB+RASi+Thiazides 1.67 0.88 3.16 -

BB+Thiazides 2.63 1.36 5.09 -

CCB+RASi+Thiazides 2.05 1.18 3.56 .

CCB+Thiazides 3.40 1.89 6.14 -

RASi+Thiazides 1.59 1.03 2.46 ———————

Other combinations 1.98 1.19 3.30 —_——
0 2 3 4 5

BB- Beta blockers

CCB- Calcium channel blockers

RASI- Renin-angiotensin system inhibitors

“Potassium supplement” addressed supplementation as a single pill therapy with an
antihypertensive and as an individual pill.
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Appendix 14. Demographics of patients treated with combination antihypertensive therapy who did
not have available potassium measurements within 90 days from combination therapy initiation
(N=1,336,750).

Total
Age median(range) 65.0(19.0, 110.0)
Sex Female 693325 (51.9)
Male 643425 (48.1)
Treatment combinations BB 44067 (3.3)
BB+CCB 67329 (5.0)
BB+RASI 117647 (8.8)
BB-+Thiazides+Potassium supplement 97645 (7.3)
CCB+RASI 131292 (9.8)
CCB+Thiazides+Potassium supplement 103378 (7.7)
Other combination 412901 (30.9)
RASi+Thiazides 200313 (15.0)
RASi+Thiazides+Potassium supplement 162178 (12.1)
Heart failure 100262 (7.5)
IHD/MI 187983 (14.1)
Atrial flutter/fibrillation 98578 (7.4)
Stroke 83037 (6.2)
COPD 62605 (4.7)
Chronic kidney disease 24353 (1.8)
Hemodialysis 1831 (0.1)
Chronic liver disease 12745 (1.0)
Diabetes 91554 (6.8)
Inflammatory bowel disease 7691 (0.6)
Hypothyroidism 11863 (0.9)
Malignancy 79230 (5.9)
ICD 2613 (0.2)

IHD/MI- ischemic heart disease/myocardial infarction

COPD- chronic obstructive pulmonary disease

ICD- implantable cardioverter defibrillator

BB- Beta blockers

CCB- Calcium channel blockers

RAS:I- Renin-angiotensin system inhibitors

“Potassium supplement” addressed supplementation as a single pill therapy with an antihypertensive and not as an
individual pill
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Methods
and results

Diuretics and renin—angiotensin—aldosterone system inhibitors are central in the treatment of hypertension, but may
cause serum potassium abnormalities. We examined mortality in relation to serum potassium in hypertensive patients.

From Danish National Registries, we identified 44 799 hypertensive patients, aged 30 years or older, who had a serum
potassium measurement within 90 days from diagnosis between 1995 and 2012. All-cause mortality was analysed ac-
cording to seven predefined potassium levels: <3.5 (hypokalaemia), 3.5-3.7, 3.8—4.0, 4.1-4.4, 4.5—-4.7, 4.8-5.0, and
>5.0 mmol/L (hyperkalaemia). Outcome was 90-day mortality, estimated with multivariable Cox proportional hazard
model, with the potassium interval of 4.1-4.4 mmol/L as reference. During 90-day follow-up, mortalities in the seven
strata were 4.5, 2.7, 1.8, 1.5, 1.7, 2.7, and 3.6%, respectively. Adjusted risk for death was statistically significant for
patients with hypokalaemia [hazard ratio (HR): 2.80, 95% confidence interval (95% Cl): 2.17-3.62], and hyperkalaemia
(HR:1.70, 95% Cl: 1.36—2.13). Notably, normal potassium levels were also associated with increased mortality: K: 3.5—
3.7 mmol/L (HR: 1.70, 95% ClI: 1.36—2.13), K: 3.8—4.0 mmol/L (HR: 1.21, 95% CI: 1.00—1.47), and K: 4.8—5.0 mmol/L
(HR:1.48,95% ClI: 1.15—1.92). Thus, mortality in relation to the seven potassium ranges was U-shaped, with the lowest
mortality in the interval of 4.1-4.4 mmol/L.

Conclusion Potassium levels outside the interval of 4.1—4.7 mmol/L were associated with increased mortality risk in patients with
hypertension.

Keywords Serum potassium e Hypertension e Mortality

Introduction interval is defined based on apparently healthy individuals. The cur-

The overall prevalence of hypertension in Europe is about 30—45%

rent guidelines provide normal lower potassium limit from 3.5 to
3.8 mmol/L, while the upper limit is between 5.0 and 5.5 mmol/L.*8?

of the total population® with a treatment range from 11 to 66%.”
Many antihypertensive agents including diuretics, -blockers,
angiotensin-converting enzyme inhibitors (ACElIs), and angiotensin
receptor blockers (ARBs) can cause potassium disturbances™*
and influence survival.’ Whereas the mechanisms that influence pa-
tient survival due to potassium disturbances are well known, little is
known about the optimal range of serum potassium in disease and
the levels associated with increased risk.>” The normal potassium

Well-defined hyperkalaemia and hypokalaemia in patients with
hypertension is known to increase the risk of death.® In patients
with acute heart failure, potassium levels within the normal range
are associated with increased risk of death, highlighting that the
optimal level of potassium may differ from current definitions of
the normal range.'® Despite the widespread use of diuretics and
other drugs that influence potassium levels in patients with hyper-
tension, a search for optimal values of serum potassium has not

* Corresponding author. Tel: +45 53 14 88 24, Fax: +45 97 66 44 80, Email: lkcsmaria@yahoo.com; maria.krogager@rn.dk

Published on behalf of the European Society of Cardiology. All rights reserved. © The Author 2016. For permissions please email: journals.permissions@oup.com.
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been performed.>>” To address this issue, we used data from >40
000 individuals with hypertension to examine the relation between
serum potassium and all-cause mortality.

Methods

Databases

All residents in Denmark have a personal, unique, and permanent
civil registration number that enables individual linkage of administrative
registries. The Danish National Patient Registry consists of informa-
tion about all hospital admissions since 1978. At discharge, each hospi-
talization is registered with one primary and, if applicable, one or more
secondary diagnoses according to the International Classification of
Disease (ICD). Until 1994, the 8th revision (ICD-8) was in use and
from 1994 onwards the 10th revision (ICD-10). The National Register
for Medicinal Statistics includes all dispensed prescriptions from Danish
pharmacies since 1995 based on the Anatomical Therapeutic Chemical
System (ATC). As the healthcare system is state financed and partly re-
imburses drug costs, all Danish pharmacies are legally required to regis-
ter all dispensed drug prescriptions, providing a valid and accurate
register. Date of death, date of birth, and vital status were obtained
from the Danish Register of Causes of Death and the Central Personal
Registry. Blood test results were obtained from electronic registries of
laboratory data, and we had access to data covering ~1.5 million
individuals.

Study population

Hypertension was primarily defined by the use of at least two concomi-
tant antihypertensive drugs in two concomitant quarters. Patients en-
tered the study in the second quarter. This definition has previously
been validated: positive predictive value 80% and specificity 94.7%."""
We performed two sensitivity analyses where we selected the popula-
tion based on ICD codes and where we excluded patients receiving loop
diuretics. The first serum potassium measurement within 90 days of
antihypertensive treatment was selected. To avoid extreme outliers, pa-
tients with potassium levels <2.9 mmol/L and >5.8 mmol/L were ex-
cluded. Patients under the age of 30 years were excluded because it is
unlikely that this group would have essential hypertension. The patients
were censored on 31 December 2012 or after 90-day follow-up. Pa-
tients with serum potassium measurements up to 90 days after dual
single-pill antihypertensive drug treatment were included in the study.
The outcome of the study was 90-day mortality from the date of serum
potassium measurement.

Co-morbidities and drugs

The statistical analyses were performed on patients stratified in groups
by the following potassium levels: <3.5, 3.5-3.7, 3.8—-4.0, 4.1-4.4,
4.5-4.7, 4.8-5.0, and >5.0 mmol/L. Hypokalaemia was defined as
potassium <3.5 mmol/L and hyperkalaemia as >5.0 mmol/L. Serum
potassium interval of 4.1—4.4 mmol/L was used as reference for statis-
tical analysis. The reference interval was chosen based on the restricted
cubic splines results, and also other analysis, which confirmed that the
lowest mortality risk was found in this range.

Besides age and gender, the following conditions present before
the date of hypertension were assessed and used as covariates in the
analysis: chronic obstructive pulmonary disease (ICD-8: 491, 492;
ICD-10: J42—-44), stroke (ICD-8: 433-438; ICD-10: 161, 162, 163, 164,
DG458, DG459), acute myocardial infarction (ICD-10: 121), atrial
fibrillation (ICD-10: 148), heart failure (ICD-10: 150), and diabetes.'>"?
Diabetes was defined as more than two dispensed prescriptions of

glucose-lowering drugs (ATC code A10; insulin or oral hypoglycaemic
agents), because patients with diabetes were not necessarily admitted
to hospital with this specific diagnosis.'®'*~"® Serum creatinine was ob-
tained within a week of serum potassium measurement. Patients with
renal insufficiency and missing creatinine levels were excluded. Renal in-
sufficiency was defined by a serum creatinine level: (i) >105 wmol/L for
men <70 years, (ii) >125 wmol/L for men >70 years, (i) >90 wmol/L
for women <70 years, and (iv) >105 pmol/L for women >70
years."”"® A total of 1857 patients did not have a serum creatinine meas-
urement. Serum sodium measured same day as serum potassium was
also identified.

Patients who prior to the administration of two concomitant antihy-
pertensives were diagnosed with acute (ICD-10: DN17, DN19, DR34)
chronic kidney disease, including proteinuria (ICD-10: DN02-08,
DN11-12, DN14, DN18-19, DN26, DN158—-160, DN162—-164,
DN168, DN313, DQ612-613, DQ615, DQ619, DE102, DE112,
DI1120, DM300, DM319, DM321B) or primary hyperaldosteronism
(ICD-10: DE260), were also excluded.

We included the five most prescribed antihypertensive single-pill
drug combinations in the multivariable analysis: ACEIs/ARBs and
thiazide diuretics; ACEIs/ARBs and 3-blockers; ACEIs/ARBs and calcium
channel blockers; ACEIs/ARBs, thiazide diuretics, and potassium
supplements; and 3-blockers, thiazide diuretics, and potassium supple-
ments. The remaining possible combinations were categorized as other
combinations of antihypertensive medication. The combination of
ACEIs/ARBs with thiazide diuretics and potassium supplements was
used as reference for statistical analysis. The following medications
(ATC codes) were identified: renin—angiotensin system inhibitors
C09; calcium channel blockers C08; 3-blockers CO7; diuretics CO3; anti-
adrenergic drugs C02A, C02B, and C02C; and other antihypertensives
CO02DA, C02DB, C02DD, C02DG, and CO2L. Apart from medication
for hypertension, we have also included potassium supplements
(ATC: A12B) in the multivariable statistical analysis.

Statistical analysis

Kaplan—Meier cumulative mortality curves were plotted for the seven
preselected potassium intervals to illustrate trends in mortality. Cox
proportional hazard regression models were used to determine
the risk of death in hypertensive patients with different potassium inter-
vals, adjusted for all covariates. To validate this statistical model, the
three Cox proportional hazard model assumptions were assessed: pro-
portionality, linearity, and interaction. As linearity assumption had not
been fulfilled regarding the continuous variable age, we predefined
four age intervals: 30—50 years, 51—70 years, 71-80 years, and >80
years. Age interval of 50—70 years was used as reference.

The association of potassium with mortality was also assessed using
restricted cubic splines with knots at the 10th, 25th, 50th, 75th, and 90th
percentiles of potassium.

Relative risks are presented as hazard ratios (HR) with 95%
confidence intervals (95% Cl). P-values of <0.05 were considered sig-
nificant. Analyses were performed with SAS (version 9-4, SAS Institute,
Cary,NC, USA) and R statistical software (version 3.0.1, R development
core team).

Results

Demographics

In the period 1995-2012, we identified 44799 hypertensive
patients that had a potassium measurement within 90 days from
diagnosis. The average age in the population was 67.1 (+ 12.6)
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years. The characteristics of the population, reported according to

OIS § f <~ the seven potassium levels, are presented in Table 1. No significant
N X m - N — X . . . . . .
oy HOH © X difference in gender distribution was observed within the total
- o~ 0o w - o population. Women were overall more susceptible to hypokal-
8 DO N N T — O - ™M 0
A HN R0 o ® aemia, whereas men more often had hyperkalaemia. The overall po-
<
tassium distribution was mean 4.20 mmol/L and median 4.2 mmol/L.
o The 25th and 75th percentiles for potassium were 3.92 and
0 (¥ & § 2 L8 4.5 mmol/L, respectively. Mean serum sodium was 139.7 (+ 3.9).
4 :rﬂ/ H o HH X 3 Of the patients, 5486 were prescribed antidiabetic drugs and
“ g TRIAILRY 8 N ~1% were treated with insulin. The other co-morbid conditions
¥ £ 2 © ™ such as atrial fibrillation, heart failure, and acute myocardial
infarction were present in a rate of ~10% each.
< = ST < The major antihypertensive drug combinations were ACEIs/ARBs
o o ™M O < - N . . o .
2 3 o § Il = :‘I : ¢ & combined with thiazides and potassium supplement 13.5%; ACEls/
a2 TS — = < ARBs with B-blockers 12%; ACEIs/ARBs with thiazide diuretics
Sgizsyzan &F
SE.D A= BRI 3 11.4%; B-blockers combined with thiazides and potassium supple-
ment 7.4%; and ACEIs/ARBs with calcium channel blockers 7%. In
: P total, 21494 patients were prescribed potassium supplements.
L — o« < o > .
Sol ) s’\g\ o TN EN g Serum potassium level was measured 36.6 (+ 25.6) days, on aver-
P E S = HH: R = age, after administration of minimum two concomitant antihyper-
wn . .
SEio g 9v®oa ! M ™ tensive drugs. Supplementary material online, S1 illustrates that in
SR - a M8 9~ . . :
X< - : ~ the first 45 days from dual antihypertensive therapy initiation,
: : most potassium measurements are effectuated (65.1%) and most
2 ;}f\ < ,‘:’: f g g < events (death) registered (72.9%). As there can be seen in Supple-
3= = 4 U © N mentary material online, $2, 74.8% of the total population was admi-
L - . o
- E fo @ ooy N = = o nistered diuretics and 70% ACEls/ARBs. There can also be observed
< F L S N U B N L K . L .
g I s @ Mo ~ that the administration of diuretics in the low normal potassium
< -
: level was slightly higher than the administration of ACEIs/ARBs.
: o Likewise, ACEIs/ARBs prescription was marginally higher than
.~ —_ d)' I\' : —~ . . . . . . .
50' § ;f & wog § é\;\ diuretic prescription in the upper potassium interval.
P E 2= M + o+ g 2
R e T s T Survival analysis
Mo S a5 g 9: P
¥ < < ® o o Survival curves areillustrated in Figure 1. Of the patients, 866 (1.9%)
: died during the 90-day follow-up. Mortality in the seven strata
= ® © < was low:4.5,2.7,1.8,1.5,1.7,2.7, and 3.6%, respectively. The highest
RO n n oy (o —~ ) . .
= o ﬁ 8\: II = $| : a g g 90-day mortality rates were observed in 2005 and 2010 with 80
. . =
::'; % 2 % e o g § g 2 é and 83 observations, respectively. Univariate HRs of each potassium
g £ Cm A - ® = % K level are shown in Figure 2. The lowest mortality risk was observed
: éo'; in the interval of 4.1-4.4 mmol/L, while hypo- and hyperkalaemia
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and potassium supplements was associated with an increased
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mortality risk (HR: 1.46, 95% ClI: 1.03-2.08, P = 0.03). Moreover,
other single-pill antihypertensive drug combinations than the top
five included in the adjusted model were significantly associated
with increased risk of death, with HR 1.85.

The U-shaped restricted cubic splines curve shown in Figure 4
indicated that the lower and the higher the serum potassium level,
the greater the mortality risk. Additionally, the splines curve indi-
cated differences in risk within the normal potassium ranges, where
potassium interval of 4.1-4.4 mmol/L was associated with the
lowest risk of death.

Other analyses

Three additional sensitivity analyses were applied to verify the initial
findings. The results of these analyses are illustrated in Table 2. First,
we selected our hypertensive population based on ICD codes from
the National Patient Registry, and we included in the analysis
the patients who received minimum two concomitant antihyper-
tensive drugs in the interval of 90 days before the diagnosis or
30 days after the diagnosis. Potassium interval of 3.8—4.0 mmol/L
was no longer significantly associated with increased risk, although
with a clear tendency towards our initial findings (HR: 1.14, 95% ClI:
0.98-1.32, P = 0.10).

> 098
E L
2 —
g 0.96 T
[=1 -
T T
2
c K: 2.9-3.4 mmoliL P<0.01
5 — K: 3.5-3.7 mmoliL P<0.01
0.94 K: 3.8-4.0 m P=(0
— K: 4.1-4.4 mmol/L Reference
— K: 4.5-4.7 mmoliL P=0.17
T — K: 4.8-5.0 mmoliL P<0.01
0 L
0 20 40 60 80

Time (days)

Figure 1 Kaplan—Meier analysis of the survival probability
among the different potassium intervals. n = 44 799.

Potassium

K:2.9-3.4 mmol/L 3.11 2.41
K:3.5-3.7 mmol/L 1.83 1.47
K:3.8-4.0 mmol/L 1.21 0.99
K: 4.1-4.4 mmol/L 1 Reference
K: 4.5-4.7 mmol/L 1.16 0.94
K: 4.8-5.0 mmol/L 1.83 1.41
K:5.1-5.8 mmol/L 247 1.75

Second, we excluded patients who were administered loop diure-
tics according to the Prescription Registry as loop diuretics could in-
dicate heart failure. This analysis also showed that potassium level of
3.8—4.0 mmol/L was not significantly associated with the increased
risk of death, although evidently with the same overall trends as in
our initial findings (HR: 1.24, 95% CI: 0.94—-1.64, P = 0.12).

Third, we excluded patients who, prior hypertension date,
were diagnosed with myocardial infarction or heart failure as
both could be treated with medication used for hypertension.
This analysis showed that potassium levels outside the interval
of 4.1-4.7 mmol/L were associated with increased mortality risk.

Discussion

This study analysed the short-time mortality risk in relation to
different potassium intervals in hypertensive patients administered
various classes of blood-pressure-lowering drugs. The major finding
was that even mild deviations within the normal potassium range
(3.5-5.0 mmol/L) were associated with increased mortality.
Although it was expected that hypo- and hyperkalaemia would be
associated with increased risk of death, it was unexpected that three
normal potassium levels (K: 3.5-3.7, 3.8—4.0, and 4.8—5.0 mmol/L)
were also associated with a significantly increased mortality in
hypertensive patients.

We considered the time frame of potassium measurement within
90 days from start of antihypertensive treatment optimal for analys-
ing the acute mortality risk in patients with hypertension for two
reasons. First, Mcdowell and Ferner' showed in a review about
monitoring of hypertensive patients for adverse drugs reactions
that the peak follow-up time of potassium and creatinine was
3 months and 1 year after treatment initiation, respectively. Second,
Podrid” illustrated in a review that potassium concentrations were
directly related to the dosage of the administered diuretic. Low po-
tassium can be observed from 4 to 40 weeks after treatment with
diuretics in patients with hypertension. Moreover, Supplementary
material online, S reveal that the majority of the population had
a potassium measurement in the first 45 days (65.1%) and that
most of the patients deceased (72.9%) in the same timeframe. How-
ever, methodologically, it would not have been appropriate to re-
duce the follow-up time as a considerable number of patients did
not have their potassium measured and we would have missed

Hazard ratio Low 95% High 95% P

4.00 <0.01 2]
2.29 <0.01 B
146 0.06 L |
]
142 0.17 |
2.36 <0.01 B
348 <0.01 |
r T T T T T 1
0 1 2 3 4 5 6

Figure 2 All-cause mortality in hypertensive patients stratified by potassium intervals (90-day follow-up). n = 44 799. Reference interval

represented by the interval K: 4.1-4.4 mmol/L.
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Potassium: Hazard ratio Low 95% High 95% P
K:2.9-3.4 mmol/L 2.80 2.17 3.62 <0.01
K:3.5-3.7 mmol/L 1.70 1.36 2.13 <0.01
K:3.8-4.0 mmol/L 1.21 1.00 1.47 0.05
K: 4.1-4.4 mmol/L 1 Reference

K:4.5-4.7 mmol/L 1.09 0.88 1.34 0.44
K: 4.8-5.0 mmol/L 1.48 115 1.92 <0.01
K:5.1-5.8 mmol/L 1.70 1.20 2.41 <0.01
Age: 30-50 years 0.62 0.41 0.96 0.03
Age: 51-70 years 1 Reference

Age: 71-80 years 1.89 1.57 2.28 <0.01
Age: >80 years 4.49 3.75 5.38 <0.01
Gender, Female 1.50 1.31 1.72 <0.01
Atrial fibrillation 1.34 1.14 1.57 <0.01
Acute myocardial infarction 1.12 091 1.36 0.28
COPD 2.02 1.71 2.38 <0.01
Stroke 1.44 1.21 1.70 <0.01
Heart failure 1.46 1.23 1.72 <0.01
Diabetes 1.05 0.85 1.31 0.64
Potassium supplements 0.92 0.81 1.06 0.25
ACEIs/ARBs & Beta blockers 0.84 0.58 1.22 0.36
Beta blockers & Thiazide diuretics & Potassium supplements 1.46 1.03 2.08 0.03
ACEIs/ARBs & Calcium channel blockers 1.03 0.68 1.57 0.87
Other single pill antihypertensive drug combinations 1.85 1.43 2.40 <0.01
ACEIs/ARBs & Thiazide diuretics 0.65 0.42 1.01 0.05

ACEIs/ARBs & Thiazide diuretics & Potassium supplements |

Reference

1T 1 1T 1T 1T 71T 1

01234567

Figure 3 All-cause mortality in hypertensive patients stratified by potassium intervals (90-day follow-up). n = 44 799. Model adjusted for cov-
ariates. Reference interval represented by the interval K: 4.1-4.4 mmol/L; and single-pill combination of angiotensin-converting enzyme inhibitors/
angiotensin receptor blockers, thiazide diuretics, and potassium supplements. ACEIs/ARBs, angiotensin-converting enzyme inhibitors/angiotensin

receptor blockers.

27.1% of the events. Furthermore, a longer follow-up time would
have been a great bias, as data showed a trend in less potassium
measurement and less events over time. In as such, within a window
period of 90 days from hypertension treatment, we intended to
register both the immediate and the slow onset potassium disarrays.
It is important to acknowledge that all patients have been treated
with two antihypertensive drugs for two concomitant quarters
(180 days) before the first potassium measurement.

As for the definition of hypertension, Olesen et al."" have vali-
dated the model of identifying hypertensive patients according to
blood-pressure-lowering drug prescriptions. Nevertheless, we per-
formed a sensitivity analysis where we attempted to identify major
difference in identification of hypertensive population based on ICD
codes vs. pharmacological treatment. We did not observe any major
difference in the association of the defined potassium intervals and
mortality risk. Moreover, the combination of ACEIs/ARBs with loop
diuretics can indicate heart failure and not hypertension.” For this
reason, we completed a second sensitivity analysis where patients
with loop diuretic prescription were excluded. This analysis did
not show any considerable difference in results when compared
with the initial analysis. Additionally, we performed a third analysis
where patients with history of myocardial infarction and heart fail-
ure were excluded. This was because combination of ACEls with
B-blockers could indicate one of the above mentioned conditions

and not hypertension.”**" This analysis did not show major differ-
ence when compared with the other two sensitivity analysis, or
main analysis. Overall, these analyses showed almost identical re-
sults to our primary analysis, with small variations in statistical signifi-
cance probably related to fewer individuals in each potassium
interval group. All these analyses indicated that serum potassium
>4.0 and <4.7 mmol/L is optimal in hypertensive patients.

To our knowledge, few, if any, studies®’ have investigated which
potassium interval is the safest in hypertensive patients; most studies
have analysed the effect of different classes of antihypertensive
drugs on potassium homeostasis, mortality, and cardiovascular
and non-cardiovascular events. Alderman et al. demonstrated that
patients are more prone to hypokalaemia if treated with chlorthali-
done compared with amlodipine or lisinopril, and that hypokalaemic
patients have a higher mortality risk than do those with normokalae-
mia."? Moreover, Ikram mentioned in his article ‘a crossover study
design in hypertensive patients with coronary disease’ that mild de-
grees of hypokalaemia induced by thiazide diuretics increased the
tendency to arrhythmia when compared with normokalaemia on
a potassium-sparing diuretic.”2~%* These findings are in agreement
with our study. We observed increased all-cause mortality in
hypokalaemic patients, and that thiazides in combination with
ACEIs/ARBs seemed to be particularly safe for hypertensive patients
when compared with the reference (ACEls/ARBs combined with
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thiazide diuretics and potassium supplements). Alderman et al. also
demonstrated that ACEls increase the risk of elevated potassium
and that this patient group had ‘a significantly increased risk of com-
bined cardiovascular disease compared with normokalaemics’. Simi-
larly, our study demonstrated that hyperkalaemic patients are

Relative risk

TTTTT T T T T T T T T T T T T TT] TTTTTTT
3.0 3.5 4.0 4.5 50 55
Serum potassium concentration in mmol/L

Figure 4 Restricted cubic splines showing the adjusted hazard
ratios for all-cause mortality as a function of potassium concentra-
tion. Knots at the 10th, 25th, 50th, 75th, and 90th percentiles of
potassium. Model adjusted for age, sex, chronic obstructive pul-
monary disease, stroke, acute myocardial infarction, atrial fibrilla-
tion, heart failure, diabetes mellitus, potassium supplement,
angiotensin-converting enzyme inhibitors/angiotensin receptor
blockers in combination with thiazides, angiotensin-converting en-
zyme inhibitors/angiotensin receptor blockers in combination with
calcium channel blockers, angiotensin-converting enzyme inhibi-
tors/angiotensin receptor blockers in combination with B-blockers,
3-blockers in combination with thiazides and potassium supple-
ments, and other single-pill antihypertensive drug combinations.
n = 44799. This figure shows an approximation of the function
relating serum potassium to the hazard rate of death, and should
not be interpreted with respect to some reference.

associated with increased mortality risk compared with normoka-
laemic patients, and that patients in this group are characterized
by a higher administration rate of ACEIs/ARBs than are hypokalaem-
ic and normokalaemic patients. Nevertheless, several studies and
guidelines recommend dual therapy of ACEIs/ARBs with calcium
channel blockers, diuretics, or B-blockers."*?¢ This statement is
strongly supported by our study that showed that single-pill
combination of ACEIs/ARBs with -blockers and thiazide diuretics
was associated with decreased mortality risk, in spite of insignificant
P-values.

The study by Macdonald and Struthers was the only study/review
we identified that contained exact recommendations for a potas-
sium interval in patients with hypertension.” The authors indicated
that it is favourable for hypertensive patients to maintain potassium
between 3.5 and 5.0 mmol/L. This was based on studies that evalu-
ate the link between hypokalaemia and development of ventricular
arrhythmias and sudden cardiac death. However, most of the cited
studies did not directly examine the relationship between serum
potassium and mortality in hypertensive patients.

Overall, we were unable to identify any studies that provide direct
evidence to select optimum levels of serum potassium in disease
or health. Here, we demonstrate a significantly increased risk of
death among hypertensive patients with serum potassium <4.1
or >4.7 mmol/L.

Study limitations

The limitations largely relate to the observational nature of the
study. However, the Danish National Health registries contain
uniquely detailed information, and we were able to extract reliable
data on co-morbid illnesses and concomitant medication, as well as
potassium measurements and date of death, overall strengthening
the reliability of our findings. All factors that were considered pos-
sible confounders were included in the Cox multivariable analysis.

Limitations of this study are represented by the lack of informa-
tion regarding the cause of death. In certain circumstances, it might

Table 2 Sensitivity analysis 1 (hypertensive patients found according to International Classification of Disease codes)
and sensitivity analysis 2 (patients with loop diuretic prescription excluded from main analysis) and sensitivity analysis 3
(Patients with acute myocardial infarction or heart failure diagnosis before hypertension diagnosis were excluded from

the main analysis)

Potassium Hypertension definition based Patients with loop diuretic prescription Patients with an acute myocardial

(mmol/L) on ICD codes (n = 26 126) were excluded (n = 35 393) infarction or heart failure diagnosis
before hypertension were excluded
(n = 35827)

R Low95%H|gh95%P R : ow95%H|gh95%P R Low95%H|gh95%P ......

29-34 191 1.63 224 <0.01 349 243 5.00 <0.01 299 221 4.06 <0.01

35-37 149 1.28 174 <0.01 203 1.48 2.79 <0.01 1.89 144 248 <0.01

3.8-4.0 1.14 0.98 132 010 1.24 0.94 1.64 0.12 1.31 1.04 1.66 0.02

41-44 1 Reference 1 Reference 1 Reference

45-47 1.18 0.98 143 0.07 0.95 0.69 1.30 0.74 1.18 0.91 153 0.22

48-5.0 1.38 1.07 178 0.01 1.50 1.01 222 0.04 1.85 134 2.55 <0.01

5.1-58 220 1.66 291 <0.01 1.89 1.1 324 0.02 213 137 329 <0.01

Model adjusted for covariates. Reference interval represented by the interval K: 4.1-4.4 mmol/L.
All-cause mortality in hypertensive patients stratified by potassium intervals (90-day follow-up).

ACEIs/ARBs, angiotensin-converting enzyme inhibitors/angiotensin receptor blockers.
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be difficult to determine the primary cause of death when a patient
can be attributed one or more codes in situations where autopsy is
missing.

As the Danish National Health registries do not contain reliable
diagnostic codes for differentiating whether hypertension was diag-
nosed in hospital vs. general practitioner, we used an alternative mo-
dality based on a validated algorithm for identifying patients with
hypertension. Despite the high predictive value and specificity of
this method, misclassification of some patients as hypertensive
could occur. With regard to the definition of diabetes, we could en-
counter similar problems as with hypertension. Patients with dia-
betes who were treated by their general practitioner and never
hospitalized do not have diabetes diagnostic codes available. There-
fore, we considered that more than two prescriptions of glucose-
lowering drugs may increase the predictive value in our cohort.
However, misclassification cannot be excluded.

Furthermore, our population may not extend to other popula-
tions, which can lead to difficulty in reproducing these results world-
wide. Despite the fact that we performed three sensitivity analyses
to adjust for major confounders, we cannot exclude a possible effect
of unmeasured confounders. Additionally, the characteristics of the
patients with hypertension, who had a serum potassium measure-
ment within 90 days from dual single-pill therapy, may be different
from the hypertensive patients who did not have a potassium meas-
urement in this time interval. Moreover, it is discussable whether the
use of the first serum potassium measurement within the 90 days of
antihypertensive treatment was optimal for the analysis of 90-day
mortality. However, we observed decrease in both potassium mea-
surements and death rate in time. Last but not least, we cannot
affirm whether mortality is increased due to the influence of
potassium influence on myocardial membrane potential or it is a
marker of other processes.

Conclusion

In conclusion, our results strongly indicate that serum potassium
levels <4.1 or >4.7 mmol/L are associated with a significantly
increased mortality in hypertensive individuals.

Clinical implications

This study indicates that low- and high-normal potassium levels may
be associated with increased risk of death, which suggests that a nar-
rower normal interval might improve outcome in patients with
hypertension. Most drugs against hypertension influence in some
way potassium homeostasis. Therefore, monitoring soon after the
onset of medication would probably be relevant to achieve stable
potassium levels and improve survival. Future studies that focus
on frequency of potassium measurement, potassium fluctuations
over time, and effect of potassium regulation on mortality can surely
complement this study’s findings.

Supplementary material

Supplementary material is available at European Heart Journal online.
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Abstract

Background: Hypokalemia is common in patients treated with antihypertensive drugs, but the impact of correcting
hypokalemia is insufficiently studied. We examined the consequences of hypokalemia and borderline hypokalemia
correction in patients with hypertension.

Methods: We identified 8976 patients with hypertension and plasma potassium concentrations <3.7 mmol/L within
100 days from combination antihypertensive therapy initiation. The first measurement between 6 and 100 days after
the episode with potassium <3.7 mmol/L was retained. We investigated all-cause and cardiovascular mortality
within 60-days from the second potassium measurement using Cox regression. Mortality was examined for seven
predefined potassium intervals derived from the second measurement: 1.5-2.9 mmol/L (n=271), 3.0-3.4 mmol/L
(n=1341), 3.5-3.7 (n=1982) mmol/L, 3.8-4.0 mmol/L (n = 2398, reference), 4.1-4.6 mmol/L (n = 2498), 4.7-5.0 mmol/
L (n=352) and 5.1-7.1 mmol/L (n = 134).

Results: Multivariable analysis showed that potassium concentrations 1.5-2.9 mmol/L, 3.0-3.4 mmol/L, 4.7-5.0
mmol/L and 5.1-7.1 mmol/L were associated with increased all-cause mortality (HR 2.39, 95% Cl 1.66-3.43; HR 1.36,
95% Cl 1.04-1.78; HR 2.36, 95% Cl 1.68-3.30 and HR 2.62, 95% Cl 1.73-3.98, respectively). Potassium levels <3.0

and > 4.6 mmol/L were associated with increased cardiovascular mortality. The adjusted standardized 60-day
mortality risks in the seven strata were: 11.7% (95% Cl 8.3-15.0%), 7.1% (95% Cl 5.8-8.5%), 6.4% (95% C| 5.3-7.5%),
54% (4.5-6.3%), 6.3% (54-7.2%), 11.6% (95% Cl 8.7-14.6%) and 12.6% (95% Cl 8.2-16.9%), respectively.

Conclusions: Persistent hypokalemia was frequent and associated with increased all-cause and cardiovascular
mortality. Increase in potassium to levels > 4.6 mmol/L in patients with initial hypokalemia or low normal potassium
was associated with increased all-cause and cardiovascular mortality.

Keywords: Hypokalemia, Borderline hypokalemia, Hypokalemia correction, Mortality, Low potassium.
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Novelty and Significance
What is new?

e Correcting plasma potassium concentrations <3.7
mmol/L to levels between 3.5-4.6 mmol/L was
associated with improved short-term prognosis

What is relevant?

e Increased mortality risk was observed in patients
who initially had borderline hypokalemia, partly
because they developed hypokalemia. This
emphasizes that potassium supplementation might
be relevant in patients with low normal potassium
concentrations

e Correcting hypokalemia and borderline hypokalemia
shortly was associated with good prognosis

e Low potassium concentrations have previously been
associated with arrhythmogenesis and increased
mortality risk in patients with hypertension.

Summary

In this register based study we investigated the impact
of correcting hypokalemia and borderline hypokalemia
on 60-day mortality among 8976 patients treated with
combination antihypertensive therapy. We observed
that: (1) persistent hypokalemia was common and asso-
ciated with increased all-cause and cardiovascular mor-
tality; (2) Increase in potassium to levels > 4.6 mmol/L in
patients with initial hypokalemia or low normal potas-
sium was associated with increased all-cause and cardio-
vascular mortality; (3) Among patients with borderline
hypokalemia initially, development of hypokalemia or
hyperkalemia was associated with increased mortality
risk; (4) Correcting hypokalemia associated with in-
creased survival.

Background

Several common clinical conditions and drugs are
known to cause or precipitate hypokalemia [1]. Among
patients with hypertension, thiazides are the antihyper-
tensive drugs most frequently associated with hypokal-
emia [2—-4].

We recently demonstrated a U-shaped relationship be-
tween potassium levels and mortality among patients
with hypertension. We observed an increased mortality
risk even in patients with low and high normal serum
potassium concentrations, suggesting a narrower than
previously thought normal interval for potassium of 4.1—
4.7 mmol/L. [5] However, at present there is no evidence
regarding the consequences of potassium normalization
in patients with hypertension and hypokalemia. There-
fore, it is essential to examine how correction and even
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overcorrection of hypokalemia affect prognosis in pa-
tients with hypertension.

Using Danish national registers, we investigated the
60-day mortality among patients with hypertension and
hypokalemia or low normal potassium concentrations,
according to their subsequent plasma potassium concen-
trations measured within 6—100 days following the initial
episode with low potassium levels.

Methods

Data sources

In Denmark, a unique and personal identification num-
ber is allocated to all individuals at the time of birth or
immigration. This unique identifier allows linkage of
health and administrative data at the individual level [6]
and ensures nearly complete follow-up. We used anon-
ymized data from five different registers made available
by Statistics Denmark after central encryption of the
unique identifiers [7]. An overview of the registers used
in this study is available in Supplementary Table S1. In
Denmark, register-based studies using anonymized data
provided by Statistics Denmark are not warranted ap-
proval from the ethics committee.

Study population

We defined hypertension as redemption of minimum
two antihypertensive agents in two consecutive quarters.
This definition has previously been validated [8]. Pa-
tients entered the present study in the second quarter,
referred to as the date of hypertension. An overview of
the Anatomical Therapeutic Chemical Classification
System (ATC) codes used to identify patients with
hypertension is available in Supplementary Table S2. We
required a plasma potassium measurement <3.7 mmol/L
within 100 days from the date of hypertension for inclu-
sion. The first measurement within this time interval
was retained and referred to as the first potassium meas-
urement (K;). The second potassium measurement (Kj)
was identified in the interval 6-100 days from K; and
the first draw within this timeframe was retained. We
did not include potassium concentrations within 1-5
days from K; as, potassium disarrays are usually cor-
rected within a few days, regardless of the strategies ap-
plied. Patients below 18 years of age were excluded from
the study. Supplementary Figure S1 illustrates the popu-
lation flowchart.

Comorbidities and medication

We identified comorbidities and medications regarded
as confounders when studying the association between
changes in potassium levels and short-term mortality.
The following comorbidities dated up to 5 years before
the index date (K, date) were identified: hospitalization
for heart failure, ischemic heart disease, stroke, chronic
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obstructive pulmonary disease, chronic liver disease, dia-
betes mellitus, inflammatory bowel disease and malig-
nancy. Furthermore, patients with a past history of
primary adrenal insufficiency, primary hyperaldosteron-
ism, and diabetes insipidus were excluded. The Inter-
national Classification of Disease (ICD) codes used to
identify above-mentioned comorbidities are shown in
Supplementary Table S3. We used the Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) equation
[9] to calculate renal function, and an estimated glom-
erular filtration rate (eGFR) <30 mL/min/1.73 m? de-
scribed significant renal insufficiency. Patients were
excluded if no creatinine concentrations were available
the same day as or within a week from the index date.
Patients with missing serum sodium measurements on
the index date were also excluded.

Prescriptions redeemed up to 90-days before the
index date were identified for the following drugs: po-
tassium supplements, non-steroidal anti-inflammatory
drugs, corticosteroids, laxatives, xanthines, and anti-
microbials. See Supplementary Table S3 for relevant
ATC codes.

Exposure variable

Serum and plasma measurements yield similar results,
but for serum samples there is a risk of contamination
with potassium from burst platelets during coagulation
in the range of 0.1-0.5mmol/L due to non-standard
sample handling [10]. Therefore, we only used plasma
potassium measurements.

There is not a consensus on the normal plasma potas-
sium interval, as it can vary from population to popula-
tion. Supplementary Table S4 gives an overview on the
three most used reference intervals in serum and plasma
originating from different populations. We defined hypo-
kalemia as plasma potassium concentrations below 3.5
mmol/L and borderline hypokalemia as potassium levels
within the interval 3.5-3.7 mmol/L. Hyperkalemia was
defined as potassium levels above 4.6 mmol/L. [11] For
K,, seven predefined potassium intervals were
constructed: 1.5-2.9 mmol/L, 3.0-3.4 mmol/L, 3.5-3.7
mmol/L, 3.8-4.0 mmol/L, 4.1-4.6 mmol/L, 4.7-5.0
mmol/L and 5.1-7.1 mmol/L. Plasma potassium interval
K: 3.8—-4.0 mmol/L was used as the reference for statis-
tical analyses. We chose this interval as the reference
group because it had one of the largest number of pa-
tients and lowest mortality rate.

Outcome

The primary outcome was all-cause mortality within 60
days from K,. The secondary outcome was presumed
cardiovascular death within 60 days from K,.
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Statistical analyses

Categorical variables were presented as counts and per-
centages, and continuous variables as median with corre-
sponding 25th and 75th percentiles. Differences between
variables were compared using chi-squared and Kruskal-
Weallis tests, as appropriate.

To illustrate survival probability, Kaplan Meier curves
were plotted for the seven potassium intervals. A re-
stricted cubic spline curve was constructed to investigate
the relationship between potassium as a continuous vari-
able and absolute mortality risk in an age, sex, comor-
bidity and drug standardized population.

Cox proportional hazard modeling was used to analyze
the association between the seven predefined potassium
intervals and 60-day all-cause and presumed cardiovas-
cular mortality. Based on the Cox regression principle,
we modelled an average effect to estimate the 60-day ab-
solute risk of all-cause mortality, with potassium interval
3.8—4.0 mmol/L as reference.

The multivariable model was adjusted for: age, sex,
serum sodium, renal insufficiency, malignancy, heart fail-
ure, chronic liver disease, chronic obstructive pulmonary
disease, diabetes mellitus, stroke, atrial flutter/fibrilla-
tion, ischemic heart disease, inflammatory bowel disease,
antihypertensive therapy, corticosteroids, antimicrobials,
non-steroidal anti-inflammatory drugs, xanthines, laxa-
tives, and potassium supplements. The proportional
hazard assumption was tested by plotting Schoenfeld re-
siduals and was not violated. Interactions on mortality
were tested by comparing the likelihood ratio of the Cox
regression model with and without the interaction term.
The following variables were tested for interaction with
plasma potassium on mortality: age, sex, and renal insuf-
ficiency. A two-sided p-value <0.01 was considered
statistically significant for interactions. We found no sta-
tistically significant interactions. For other analyses, a
two-sided p-value < 0.05 was considered statistically sig-
nificant. Linearity of age on mortality was also assessed
through a likelihood ratio test comparing a linear
description with a categorical one. Age was found to
violate linearity and was included as a categorical
variable with five levels, using cut-off values from every
20th percentiles (55, 64, 72, 79 and 101 years). Hazard
ratios (HR) and absolute risks (AR) were estimated with
95% confidence intervals (95% CI). All data management
and analyses were performed using SAS, version 9.4 and
R, version 3.5.0 [12].

Results

Demographics

We identified 8976 patients treated with combination
antihypertensive therapy who had potassium concentra-
tions <3.7 mmol/L within the first 100 days from com-
bination therapy initiation. Baseline characteristics for
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the cohort stratified on the seven predefined K, intervals
are presented in Table 1. Females accounted for 53% of
the total population and median age was 68.3 years
(range 18.2—-100.8 years). Of the patients with borderline
hypokalemia at K;, 13% developed hypokalemia and
5.7% hyperkalemia at K,. As for patients with hypokal-
emia at K;, we observed that 28.5% remained hypokal-
emic at the second blood draw and 4.8% developed
hyperkalemia. Approximately half of the population was
hospitalized at K; and four fifths at K,. See supplemen-
tary Figure S2 displaying the distribution of K;, average
of potassium measurements drawn within 1-5 days from
K;, and K,. A low number of patients (n =572) had
renal insufficiency at the time of second potassium draw.
Median time from K; to K, was 22 days (range: 6—-100
days). As for diuretic treatment, thiazides were common
in patients with potassium concentrations <3.7 mmol/L,
whereas loop diuretics were more common among pa-
tients with high potassium levels. Thiazide-like diuretics
accounted for 4.4% of the total prescriptions of
thiazides.

Demographics stratified on survival status showed that
age, renal insufficiency, lower sodium concentrations,
hospitalization at the time K;, prior history of malig-
nancy, chronic liver disease, chronic obstructive pul-
monary disease, atrial fibrillation/atrial flutter, heart
failure, and stroke were predominant among the de-
ceased (Supplementary Table S5).

60-day survival after the second potassium measurement
During 60-day follow-up after K,, 627 (7.0%) patients
died, 331 from a cardiovascular cause. Mortality in the
seven strata was: 14.4, 7.0, 6.3, 5.2, 6.7, 13.6 and 21.6%,
respectively. The restricted cubic spline curve revealed a
U-shaped relationship between potassium and mortality
(Fig. 1).

The results of the multivariable Cox regression, with
plasma potassium 3.8—-4.0 mmol/L as the reference
group are shown in Fig. 2. All-cause mortality was sig-
nificantly increased in patients with hypokalemia (1.5-
29 mmol/L HR 2.39, 95% CI 1.66-3.43 and 3.0-3.4
mmol/L HR 1.36, 95% CI 1.04-1.78) when compared
with the reference. We observed a trend towards
increased mortality in patients with borderline hypokal-
emia and with potassium levels within the interval 4.1-
4.6 mmol/L (HR 1.24, 95% CI 0.97-1.59 and HR 1.20,
95% CI 0.95-1.51, respectively). All-cause mortality was
also elevated in patients with hyperkalemia (4.7-5.0
mmol/L HR 2.36, 95% CI 1.68-3.30; 5.1-5.7 mmol/L HR
2.62, 95% CI 1.73-3.98). The univariable analysis showed
similar results. We observed no interaction between K;
and K, on 60-day mortality.

Cardiovascular mortality accounted for nearly 53% of
all deaths. We observed increased risk of cardiovascular
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death in patients with initial hypokalemia or low normal
potassium levels who had potassium concentrations <
3.0mmol/L  and >4.6 mmol/L. at the second
measurement.

The standardized 60-day absolute risk of all-cause
mortality was lowest in patients with potassium concen-
trations between 3.8—4.0 mmol/L (AR 5.4, 95% CI 4.5—
6.3%, Table 2). Significant differences in risks (reported
against the reference) were observed for the following
potassium intervals: 1.5-2.9 mmol/L risk difference 6.3%
(95% CI 2.9-9.7%); 4.7—5.0 mmol/L risk difference 6.2%
(95% CI 3.2-9.3%); 5.1-7.1 mmol/L risk difference 7.2%
(95% CI 2.8—-11.6%).

Subgroup and sensitivity analyses
We performed eleven additional analyses to test the ac-
curacy and robustness of the main results (Table S6).

First, multivariable analysis performed on a subgroup
of patients without kidney insufficiency showed that po-
tassium levels within the intervals 1.5-2.9 mmol/L and
3.0-3.4 mmol/L were associated with increased mortality
risk compared with the reference (3.8—4.0 mmol/L) (HR
2.33, 95% CI 1.56-3.46 and HR 1.35, 95% CI 1.02-1.79,
respectively).

Second, in a subpopulation without history of malig-
nancy, adjusted analyses showed that potassium concen-
trations outside the interval 3.0-4.6 mmol/L were
associated with increased risk of death compared with
the reference.

Third, subgroup analysis on patients without history of
heart failure and no loop diuretic prescription showed
that patients with hypokalemia and hyperkalemia had an
increased mortality risk compared with patients with po-
tassium levels in the interval 3.8—4.0 mmol/L.

Fourth, analysis performed on a subgroup of patients
without ischemic heart disease showed that patients with
severe hypokalemia, and hyperkalemia had increased risk
short-term mortality risk when compared with the
reference.

Fifth, looking at patients with borderline hypokalemia
at the first potassium measurement, we observed that
patients who developed hypokalemia (1.5-2.9 mmol/L:
HR 2.16, 95% CI 1.25-3.73; 3.0-3.4 mmol/L: HR 1.70,
95% CI 1.22-2.37), or hyperkalemia (4.7-5.0 mmol/L:
HR 1.84, 95% CI 1.18-2.86; 5.1-7.1 mmol/L: HR 2.81,
95% CI 1.68—4.71) had an increased risk of death within
60-days when compared with the reference.

Sixth, among patients with hypokalemia at K;, analyses
showed that potassium concentrations within the inter-
vals 1.5-2.9 mmol/L, 4.1-4.6 mmol/L and 4.7-5.0 mmol/
L were associated with increased short-term mortality
risk.

Seventh, by performing the analyses on the last avail-
able potassium measurement within 6—100 days from K;
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Fig. 1 Age, sex, comorbidity and drug standardized 60-day risk of all-cause death in relation to plasma potassium as a continuous variable. Model
adjusted for age, gender, plasma sodium, renal insufficiency, malignancy, heart failure, chronic liver disease, chronic obstructive pulmonary
disease, diabetes mellitus, atrial flutter/fibrillation, stroke and ischemic heart disease, antihypertensive therapy, corticosteroids, antimicrobials, non-
steroidal anti-inflammatory drugs, potassium supplement, xanthines, laxatives
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instead of the first measurement, we noted that potas-
sium levels below 3.8 mmol/L were associated with in-
creased short-term mortality.

Eighth, analyses on patients with available K, measure-
ments within 6-45days from K; showed that severe
hypokalemia and hyperkalemia were associated with 60-
day all-cause mortality.

Ninth, analyses on patients with available K, measure-
ments above 45days from K; showed that potassium
interval 3.0-3.4 mmol/L was associated with 60-day all-
cause mortality.

Tenth, we stratified K, in three intervals: 1.5-3.4
mmol/L (hypokalemia), 3.5-4.6 mmol/L (normokalemia)
and 4.7-7.1 mmol/L (hyperkalemia). Mortality within
60-days was increased both in patients with hypokalemia
(HR 1.36, 95% CI 1.12-1.66) and in patients with
hyperkalemia (HR 2.13, 95% CI 1.66-2.74) at K, meas-
urement compared with patients with normal potassium
concentrations.

Eleventh, multivariable analysis on patients with avail-
able magnesium measurements at the time of plasma
potassium draws, showed significant association of po-
tassium levels below 3.0 mmol/L and mortality (HR 2.46,

95% CI 1.05-5.74). In addition, we also observed a trend
towards increased risk of death in patients with potas-
sium between 3.0-3.4 mmol/L.

Discussion
This Danish register-based cohort study investigated 60-
day mortality among 8976 patients with hypertension
and hypokalemia or low normal potassium in relation to
a subsequent potassium measurement. The major find-
ings were: (1) Persistent hypokalemia following low
potassium was more than twice as frequent as develop-
ment of hyperkalemia. (2) Persistent hypokalemia was
common and associated with increased all-cause and
presumed cardiovascular mortality; (3) Increase in potas-
sium to levels > 4.6 mmol/L in patients with initial hypo-
kalemia or low normal potassium was associated with
increased all-cause and cardiovascular mortality; (4)
Among patients with borderline hypokalemia initially,
development of hypokalemia or hyperkalemia was asso-
ciated with increased mortality risk; (5) Correcting hypo-
kalemia associated with increased survival.

In the current study, we observed significantly higher
60-day mortality risk in patients with potassium
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All-cause mortality

Variable
Plasma potassium intervals P(K):

P(K):

(K): 1.5-2.9 mmol/L 2.93 [2.05;4.20]

(K): 3.0-3.4 mmol/L 1.37 [1.05;1.79]
P(K): 3.5-3.7 mmol/L 1.23[0.96;1.57]
P(K): 4.1-4.6 mmol/L 1.31[1.04;1.65]
P(K): 4.7-5.0 mmol/L 2.79 [2.00;3.89]

(K)

P(K): 5.1-7.1 mmol/L 4.71[3.14;7.06]

Cardiovascular mortality

Variable
Plasma potassium intervals P(K):

P(K):

1.5-2.9 mmol/L 2.57 [1.53;4.34]
3.0-3.4 mmol/L 1.22[0.83;1.79]
3.5-3.7 mmol/L 1.07 [0.75;1.52]
P(K): 4.7-5.0 mmol/L 2.21 [1.34;3.65]

(
(
P(K):
(
(
P(K):

)
)
)
P(K): 4.1-4.6 mmol/L 1.15[0.82;1.59]
)
)

5.1-7.1 mmol/L 4.63 [2.64;8.11]

Univariable HR [95% CI]

Univariable HR [95% CI]

Fig. 2 All-cause and cardiovascular mortality after hypokalemia or borderline hypokalemia according to subsequent potassium measurements in
patients treated with combination antihypertensive therapy (60-days follow-up, n =8976). Potassium interval K: 3.8-4.0 mmol/L represented the
reference range. Adjusted for age, gender, serum sodium, renal insufficiency, malignancy, heart failure, chronic liver disease, chronic obstructive
pulmonary disease, diabetes mellitus, atrial flutter/fibrillation, stroke and ischemic heart disease, antihypertensive therapy, corticosteroids,
antimicrobials, non-steroidal anti-inflammatory drugs, potassium supplement, xanthines, laxatives

Multivariable HR [95% CI]

2.39[1.66,3.43] .
1.36 [1.04,1.78] o
1.24[0.97,1.59] .
1.20 [0.95,1.51] o
2.36[1.68,3.30] ———
2.62[1.73,3.98] ———
0 2 4 6 8 10
Multivariable HR [95% CI]
2.32[1.36,3.93] ——
1.33[0.90,1.95] Lo
1.11[0.77,1.58] -
1.00 [0.72,1.39] -
1.76 [1.06,2.92] .
2.64[1.48,4.71] -
0 2 4 6 8 10

concentrations < 3.5 or>4.6 mmol/L after an episode
with hypokalemia or low normal potassium. This finding
was not surprising as we previously observed an appar-
ent optimal potassium range within 4.1-4.7 mmol/L in a
similar population [5]. Of 8976 patients with initial
plasma potassium <3.7 mmol/L, 18% had potassium con-
centrations <3.7 mmol/L at the second measurement

and 5.4% > 4.6 mmol/L, suggesting that potassium deficit
is frequently underestimated than overestimated by phy-
sicians. Notably, 13% of the patients with borderline
hypokalemia (K: 3.5 and 3.7mmol/L) at the first
measurement experienced a further decrease in potas-
sium (< 3.5mmol/L) at the second measurement. This
suggests that the association of low normal potassium

Table 2 60-day standardized absolute risk for all-cause death after hypokalemia or borderline hypokalemia according to subsequent
potassium measurements in patients treated with combination antihypertensive therapy (n = 8976). Potassium interval K: 3.8-4.0
mmol/L represented the reference range. Adjusted for age, gender, serum sodium, renal insufficiency, malignancy, heart failure,
chronic liver disease, chronic obstructive pulmonary disease, diabetes mellitus, atrial flutter/fibrillation, stroke and ischemic heart
disease, antihypertensive therapy, corticosteroids, antimicrobials, non-steroidal anti-inflammatory drugs, potassium supplement,

xanthines, laxatives

Absolute risk %, (95% Cl) 60-d Risk difference %, (95%Cl) p-value Average risk ratio %, (95%Cl) p-value
P(K) 1.5-2.9 mmol/L 11.7% (8.3-15.0) 63 (2.9-9.7) <0.001 2.17 (1.46-2.88) 0.001
P(K) 3.0-3.4 mmol/L 1% (5.8-8.5) 1.7 (0.1-34) 0.03 1.32 (0.99-1.66) 0.06
P(K) 3.5-3.7 mmol/L 6.4% (5.3-7.5) 1.0 (- 03-24) 0.14 1.19 (091-147) 0.17
P(K) 3.8-4.0 mmol/L 54% (4.5-6.3) REF. REF.
P(K) 4.1-4.6 mmol/L 6.3% (5.4-7.2) 09 (-0.3-2.2) 0.13 1.18 (0.92-1.44) 017
P(K) 4.7-5.0 mmol/L 11.6% (8.7-14.6) 6.2 (3.2-9.3) <0.001 217 (1.51-2.82) <0.001
P(K) 5.1-7.1 mmol/L 12.6% (8.2-16.9) 72 (28-11.6) 0.001 234 (145-3.22) 0.003
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concentrations with mortality that we previously ob-
served [5] can partly be explained by further declines in
potassium levels, and that low normal potassium con-
centrations might be a marker for an ongoing decrease
in potassium.

Our results also suggest that correction of hypokal-
emia is important in relation to short-term mortality, as
patients in the middle of the normal reference interval
had good prognosis. Guidelines recommend supplemen-
tation with potassium when plasma potassium levels are
below 3.5 mmol/L. [13] However, in this study we can-
not elucidate because of the low follow-up time the
mechanism through which patients increased or de-
creased in potassium concentrations. It is also difficult
to state whether potassium is a risk factor or a risk
marker regarding mortality. Our population is relatively
old, patients are treated with at least two antihyperten-
sive drugs, and about 20% of the patients have history of
heart failure, ischemic heart disease, atrial fibrillation/
flutter, chronic obstructive pulmonary disease and dia-
betes. Possibly, potassium concentrations at non-
cardiotoxic levels more likely are a risk marker of great
disease burden, which is very important to recognize
and identify.

Potassium supplementation of asymptomatic patients
with low normal concentrations is controversial. Guide-
lines in the US recommend a stricter standard for potas-
sium replacement therapy (< 4.0 mmol/L) especially in
patients with cardiovascular disease who are at high risk
of ventricular tachyarrhythmias [13]. Our study suggests
that potassium concentrations in the middle of the refer-
ence interval are beneficial even in patients with potas-
sium levels <3.7 mmol/L.

Various studies have previously demonstrated that
hypokalemia among patients with cardiovascular disease
is associated with an increased mortality risk [14—18].
However, no prior studies have investigated the impact
of potassium normalization on short-term survival.
Though, one study examined the impact of correcting
hypokalemia within 24 h on the risk of cardiac arrhyth-
mias in hospitalized patients without coronary syn-
dromes or history of arrhythmias [19]. The authors did
not find increased odds of arrhythmia in patients with
hypokalemia whose potassium levels were not corrected
>3.5 mmol/L. Although, the study does not describe or
account for the cause of admission, comorbidities or
pharmacotherapy. The investigators excluded patients
with history of ischemic heart disease and arrhythmia,
but included patients with heart failure who have a high
arrhythmia risk. Overall, both the study population and
the outcome measure differed in this paper compared
with our study.

Another study performed on 5916 individuals from
the general population found no significant associations
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between borderline hypokalemia (3.4—3.6 mmol/L) and
risk of all-cause mortality, risk of stroke or risk of acute
myocardial infarction [20]. Comparing the results of our
study with this study is difficult due to major differences
in study population, methodology and aim. First, our
population was characterized by redemption of at least
two antihypertensive drugs. Mattsson et al. [20] enrolled
participants from the general population, where 49.6%
had high blood pressure at baseline, 13.9% were pre-
scribed heart medication and 10.9% were treated with
diuretics. In our population, we observed higher burden
of cardiovascular disease and use of diuretics. Second,
our aim was to investigate the impact of correcting
hypokalemia or borderline hypokalemia on short-term
all-cause and cardiovascular mortality. In terms of mor-
tality, Mattsson et al. [20] followed participants from
their fourth examination in 2001-2003 until November
2014 or death, having a median follow-up of 11.9 years
(Q1-Q3: 11.4-12.5 years). As potassium is varying over
time especially in patients with cardiovascular disease or
treated with antihypertensive drugs, use of one potas-
sium measurement to assess mortality over more than
10 years can provide results that are difficult to interpret.
Shorter follow-up time or time varying analysis where
the authors accounted for both multiple measurements
over time and change in relevant medication would have
provided better methodology. Although, it is important
to acknowledge that correcting hypokalemia and low
normal potassium might not have the same impact in
general population compared to a population with heart
disease.

Another study investigated the influence of dyskalemia
at admission and early dyskalemia correcting on short-
term survival and cardiac events among intensive care
unit (ICU) patients [21]. The authors concluded that pa-
tients with persisting hypokalemia or hyperkalemia
within the first 2 days in ICU had increased risk of
death. The two populations are not comparable, however
both studies emphasize the importance of rapid correc-
tion of hypokalemia to improve short-term mortality.

Limitations

The limitations are related to the observational nature of
register-based studies, which imply non-causal interpret-
ation of the results.

We did not have information about comorbidities and
risk factors from the primary sector. Therefore, patients
who did not redeem any medication of interest or were
not registered an ICD-code from the secondary sector
could have been misclassified as “healthy”. Patients with
complications related to hypertension have a larger like-
lihood for being referred to the secondary sector and
therefore also a higher probability for being diagnosed
with other conditions (compared with patients with
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uncomplicated hypertension), leading to an ascertain-
ment/surveillance bias and non-differential misclassifica-
tion bias. To reduce this bias, we defined hypertension
as use of at least two antihypertensive drugs in two con-
comitant quarters. Whether hypertension was resistant,
controlled or uncontrolled was unkown, and data about
ejection fraction and type of heart failure was not
available.

We cannot exclude that the blood draws may contain
hemolysis. However, in case of significant hemolysis the
samples submitted are rejected and no potassium value
is available.

We could not investigate the effect of any potential
treatment or drug dosage adjustment in the time be-
tween the first and second potassium measurement. The
Danish National Prescription Registry records filled pre-
scriptions; thus, changes in dosage cannot be identified,
unless a new drug is prescribed. In addition, the majority
of the patients were hospitalized at the time of
potassium measurement and any treatment during
hospitalization is not registered in the Danish National
Prescription Registry. Moreover, it was also difficult to
identify the cause of hypokalemia using the registers.
Hypokalemia might have occurred due to administra-
tion of diuretics, alkalosis, derangements in the renin
angiotensin aldosterone system, gastroenteritis or
other pathologies. However, the purpose of this study
was neither to investigate the cause of hypokalemia,
nor to assess the strategies used to correct low potas-
sium concentrations. The purpose of this study was
to find a clue, whether normalization of potassium
had an effect on short-term mortality, whether we
should increase potassium concentrations in patients
with borderline hypokalemia and whether potassium
actually increased.

It is also important to acknowledge that plasma potas-
sium is not always a good predictor of the whole body
potassium. Yet, it is the most commonly used method to
assess potassium and only in patients with persistent
hypokalemia over a longer period of time total body po-
tassium is calculated.

Conclusion

Persistent hypokalemia was frequent and associated with
increased all-cause and cardiovascular mortality. In-
crease in potassium to levels >4.6 mmol/L in patients
with initial hypokalemia or low normal potassium was
associated with increased all-cause and cardiovascular
mortality.

Perspectives

We were not able to report the initiatives medical doc-
tors undertook after observing potassium levels below
3.8 mmol/L at the first measurement. However, our
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results emphasize the importance of potassium
normalization after an episode with hypokalemia and
low normal potassium and that overcorrection is associ-
ated with an increased risk of death. Potassium concen-
trations in the middle of the normal reference interval
are associated with good prognosis. Possibly, potassium
supplementation, use of mineral receptor antagonists or
thiazide-like diuretics instead of thiazide-type in patients
with potassium concentrations <3.7 mmol/L could be of
clinical importance, but requires further study, prefera-
bly through a randomized controlled trial.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512872-020-01654-3.
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Antihypertensive Medication

Risk of Developing Hypokalemia in Patients
With Hypertension Treated With Combination
Antihypertensive Therapy

Maria Lukécs Krogager, Rikke Ngrmark Mortensen, Peter Enemark Lund, Henrik Bgggild,
Steen Mgller Hansen, Kristian Kragholm, Kristian Aasbjerg, Peter Sggaard, Christian Torp-Pedersen

Abstract—Little is known about the occurrence of hypokalemia due to combination therapy for hypertension. Using data
from Danish administrative registries, we investigated the association between different combinations of antihypertensive
therapy and risk of developing hypokalemia. Using incidence density matching, 2 patients without hypokalemia were
matched to a patient with hypokalemia (K, <3.5 mmol/L) on age, sex, renal function, and time between index date
and date of potassium measurement. Combination therapies were subdivided into 10 groups including (3-blockers
(BB)+thiazides (BB+thiazides), calcium channel blockers (CCB)+renin angiotensin system inhibitors (RASi)+thiazides
(CCB+RASi+Thiazides), calcium channel blockers+thiazides (CCB+thiazides), and 3-blockers+renin angiotensin system
inhibitors+thiazides (BB+RASi+thiazides). We used conditional logistic regression to estimate the odds of developing
hypokalemia for different combinations of antihypertensive drugs within 90 days of combination therapy initiation. We
matched 463 patients with hypokalemia to 926 patients with normal potassium concentrations. The multivariable analysis
showed 5.82x increased odds of developing hypokalemia if administered CCB+thiazides (95% CI, 3.06—11.08) compared
with CCB+RASi. Other combinations significantly associated with increased hypokalemia odds were BB+thiazides (odds
ratio, 3.34 [95% CI, 1.67-6.66]), CCB+RASi+thiazides (odds ratio, 3.07 [95% CI, 1.72-5.46]), and BB+RASi+thiazides
(odds ratio, 2.78 [95% CI, 1.41-5.47]). Combinations of thiazides with CCB, RASi, or BB were strongly associated with
increased hypokalemia risk within 90 days of treatment initiation. (Hypertension. 2020;75:966-972. DOI: 10.1161/
HYPERTENSIONAHA.119.14223.) ® Online Data Supplement

Key Words: calcium channel blockers B hypertension B hypokalemia B potassium B thiazides

Current guidelines for the management of hypertension rec-
ommend 5 major drug classes, namely calcium channel
blockers (CCB), ACE (angiotensin-converting enzyme) inhibi-
tors, ARBs (angiotensin receptor blockers), 3-blockers, and
thiazides/thiazide-like diuretics. In patients who do not have
an optimal response on monotherapy, guidelines recommend
sequentially adding other antihypertensive drugs until blood
pressure target is achieved.'

Most of the drugs used for the treatment of hypertension,
especially thiazide diuretics, ACE inhibitors, and ARBs, are
known to influence potassium homeostasis through different
mechanisms.? In combination therapy, avoidance of potassium
imbalances can be a challenge and prevention of potassium
imbalances is important as they can elicit arrhythmias and
sudden cardiac death.>> Moreover, a previous study showed
that potassium levels outside the interval 4.1 to 4.7 mmol/L
were associated with increased mortality risk in patients

with hypertension.® However, there is little knowledge on the
occurrence of potassium imbalances in relation to different
combination therapies.

Using the Danish nationwide administrative registries,
we investigated the risk of developing hypokalemia within
90 days depending on different antihypertensive combination
therapies.

Method

Data Availability

Due to restrictions related to Danish law and protecting patient pri-
vacy, the combined set of data used in this study can only be made
available through a trusted third party, Statistics Denmark. This state
organization holds the data used for this study. University-based
Danish scientific organizations can be authorized to work with data
within Statistics Denmark and such organization can provide access
to individual scientists inside and outside of Denmark. Data are
available on request to authorized scientists by contacting Statistics
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Denmark: http://www.dst.dk/en/OmDS/organisation/TelefonbogOrg.
aspx?kontor=13&tlfbogsort=sektion or the Danish Data Protection
Agency:  https://www.datatilsynet.dk/english/the-danish-data-pro-
tection-agency/contact/. More information regarding data access is
available at https://www.dst.dk/en/TilSalg/Forskningsservice.

Databases

All residents in Denmark have a personal, unique, and permanent
civil registration number that enables linkage of data between all na-
tionwide administrative registries.

We used The Danish Civil Registration System’ to collect data re-
garding age and gender. From The Danish National Patient Registry,®
we obtained information about hospital admission dates, hospital dis-
charge dates, discharge diagnoses, dates of operation, and procedure
codes. Diagnoses are classified as primary and secondary according
to World Health Organization International Classification of Disease.
From 1994 and onwards the International Classification of Disease,
Tenth Revision was in use. The Danish National Patient Registry cov-
ers information from 1978 until present time.

From The Danish National Prescription Registry,’ information
on each individual’s drug redemption was collected. This regis-
ter includes all dispensed prescriptions from all Danish pharmacies
since 1995 based on the Anatomic Therapeutic Chemical system.
The Danish healthcare system is state-financed and partly reimburses
drug costs. For this reason, all Danish pharmacies are required by law
to register all dispensed drug prescriptions, providing a complete o-
verview of all prescriptions. From 1995, registries of laboratory data
contain blood test results from 3 of the 5 regions in Denmark, cover-
ing = 4058 000 inhabitants.

Study Population and Design

Hypertension was defined as the redemption of at least 2 antihyper-
tensive drugs in 2 consecutive quarters. Patients entered the study
after the first occurrence of redeeming prescriptions for combina-
tion antihypertensive therapy in 2 subsequent quarters.'® This time
was referred to as the index date. Anatomic Therapeutic Chemical
codes of the drugs used to define patients as having hypertension
were included in Table S1 in the online-only Data Supplement. We
defined hypertension as redemption of at least 2 antihypertensive
drugs in at least 2 consecutive quarters for different reasons. First,
by using Danish registries, it was difficult to ascertain whether
patients were treated for hypertension with monotherapy only. The
majority of the drugs used to treat high blood pressure can be used
for other cardiovascular diseases, such as atrial fibrillation, heart
failure, or myocardial infarction. Second, by using diagnosis code
approach to identify patients with hypertension, we would have
lost a considerable sample of patients as in many cases treatment
and monitoring takes place in a primary care setting. In a study by
Olesen et al,'® this definition of hypertension was validated and
the authors found that the positive predictive value of treatment
with 2 classes of antihypertensive drugs was 80% and the speci-
ficity 94.7%.

The first potassium measurement within 90 days from index date
was kept methods for blood potassium analysis have not been simi-
lar in all laboratories over the entire study period, having measured
both serum and plasma potassium concentrations. As the normal
ranges for the 2 methods of measuring blood potassium concentra-
tions do not differ substantially, we referred to all measurements as
serum potassium.

Exclusion criterias were age below 18 years, no potassium meas-
urement up to 30 days before index date, hypokalemia, or hyper-
kalemia up to 30 days before index date, hyperkalemia at the first
potassium measurement after combination therapy initiation and pre-
scription of loop diuretics. The population flow chart with inclusion
and exclusion criteria was shown in Figure S1.

This study used a nested case-control design. Using incidence
density matching, 2 patients without hypokalemia (K, >3.5 mmol/L;
n=926) were matched to each patient with hypokalemia (K, <3.5
mmol/L; n=463) on age, sex, renal function, and time between index
date and date of potassium measurement.

Hypokalemia: Combination Antihypertensive Therapy 967

Comorbidities, Procedures, and Concomitant
Medication

The following discharge diagnoses present before index date were
assessed to characterize the population: heart failure, ischemic heart
disease, acute myocardial infarction, atrial fibrillation, atrial flutter,
second- or third-degree atrioventricular block, ventricular tachy-
cardia or fibrillation, stroke, chronic obstructive pulmonary disease,
chronic liver disease, inflammatory bowel disease, diabetes mellitus,
hypothyroidism, cancer, and stroke. None of the patients had a his-
tory of diabetes insipidus, syndrome of inappropriate antidiuretic
hormone secretion, primary hyperaldosteronism, or Addison disease.

The kidney function of each patient was assessed by calculating
the estimated glomerular filtration rate (¢GFR),'' and an eGFR <30
mL/(min-1.73 m?) suggested renal insufficiency. This cutoff level
was chosen, as we did not have information on whether patients had
evidence of kidney damage (ie, albuminuria, hematuria, structural
changes, or biopsy verification). Serum creatinine used to calculate
eGFR was obtained within 7 days before potassium measurement,
and patients with missing creatinine values were excluded.

From the Danish National Prescription Registry, we identified
the following redeemed medication known to be associated with
potassium disturbances: potassium supplements, antimicrobials,
[32-agonists, mineralo- and glucocorticoids, laxatives, xanthines,
and macrolides. Only potassium supplementation, antimicrobials,
and [32-agonists were present in the nested case-control population.
Potassium supplements were supplements as a single pill therapy
combined with an antihypertensive (Anatomic Therapeutic Chemical
CO03) or as an individual pill (ATC A12B). Definitions of comorbidi-
ties and concomitant medication before index date were illustrated
in Table S2.

Statistical Analyses

Categorical variables were reported as counts and percentages and
continuous variables as medians with 25th to 75th percentiles.
Differences between variables were compared using y* and Kruskal-
Wallis tests, as appropriate.

An incident episode of hypokalemia was defined as a blood potas-
sium level <3.5 mmol/L within 90 days from index date.

Cumulative incidence proportion curves for developing hypoka-
lemia in patients treated with combination antihypertensive therapy,
who had available potassium measurements within 90 days from in-
dex date and no potassium imbalances up to 30 days before index
date, were estimated.

The independent variable defining the different possible combina-
tions of antihypertensive treatment was coded as a dummy variable
with the 10 most frequent possibilities identified in the population:

. BB (p-blockers)+CCB
. BB+RASI (renin-angiotensin system inhibitors)
. BB+RASi+mineral receptor antagonist
. BB+RASi+thiazides
. BB+thiazides
. CCB+RAS:I (reference)
. CCB+RASi+thiazides
. CCB+thiazides
. RASi+thiazides

10. Other combinations.
Antihypertensive drug groups 1, 6, 7, and 8 referred to combinations
of CCBs with other blood pressure drugs. However, these groups only
contain one type of CCBs, namely dihydropyridine derivatives, such
as amlodipine. Conditional logistic regression analysis was used to
estimate the odds ratio and 95% CI between different combination
therapies and developing hypokalemia with CCB+RASi as reference.

When investigating the association between hypokalemia and the
10 antihypertensive drug groups the model was adjusted for initial se-
rum sodium, malignancy, inflammatory bowel disease, diabetes mel-
litus, and chronic liver disease.

As some of the antihypertensive drug combinations can also indi-
cate cardiovascular diagnoses other than hypertension, we performed
a sensitivity analysis where we also matched the controls on history
with ischemic heart disease/myocardial infarction and heart failure.

O 001NN AW~
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A 2-Sided P Value <0.05 was considered statistically significant
since not every patient with hypertension, treated with combination
therapy, had a potassium measurement available within 90 days from
treatment initiation, we also looked at the prevalence of different co-
morbidities between our population and the general population with
no potassium concentrations within the predefined timeline.

Data management and analyses were performed using SAS, ver-
sion 9.4 (SAS Institute, Inc, Cary, NC) and R, version 3.5.1 (R Core
Team [2018]). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria; https://
www.R-project.org/.

Ethics

The Danish Data Protection Agency approved the use of data (ref-
erence: 2007-58-0015, internal reference: GEH-2014-015, I-Suite
number: 02733). By Danish law, ethical approval is not required for
retrospective registry-based studies.

Results

Demographics

Population characteristics of the cohort, from which cases and
controls were identified and matched on different variables,
were illustrated in Table S3. During 1995 to 2018, 11896
patients treated for hypertension with combination therapies
had a potassium measurement within 90 days of index date.
Among the patients, 3.9% had potassium concentrations
below 3.5 mmol/L. Furthermore, we observed that 48.5% of
the patients redeemed thiazides, of which 1.6% were thiazide-
like diuretics and 45% hydrochlorothiazides. Additionally,
31.8% of the population was prescribed potassium supple-
ments, of which 86.7% represented potassium chloride as
single pill combined with an antihypertensive.

After matching on age, sex, eGFR, renal insufficiency,
and time from index date to potassium measurement, we
ended up with 463 cases and 926 controls. Median time
from index date to potassium measurement was 30 days
(0, 90). Following proportions were observed in each of
the 10 combination antihypertensive therapies: BB+CCB
4.3%, BB+RASi 16.9%, BB+RASi+mineral receptor an-
tagonist 3.2%, BB+RASi+thiazides 4.0%, BB+thiazides
4.4%, CCB+RASi 12.5%, CCB+RASi+thiazides 6.5%,
CCB+thiazides 6.7%, RASi+thiazides 12.2%, and Other
combinations 12.2% (Table).

We also observed higher prevalence of hypoka-
lemia in patients redeeming CCB+thiazides (12.1%) and
RASi+thiazides (30.7%) than in patients treated with any of
the other drug groups. Among the cases (with hypokalemia),
45.8% redeemed potassium supplement.

Antihypertensive Combination Therapies and Risk
of Hypokalemia

Figure S2 illustrated the cumulative incidence proportion of
hypokalemia in patients treated with combination antihyper-
tensive therapy who had available potassium measurements
within 90 days of the index date and no potassium imbalances
up to 30 days before index date (n=11896). After stratifying
on the 10 combination therapies the cumulative incidence
curves showed that the combination of CCB+thiazides had a
significantly higher incidence of hypokalemia than the other
groups (about 10%; Figure S3).

In the nested case-control population the adjusted con-
ditional logistic regression analysis with CCB+RASi as
reference showed 5.82x increased odds for development
of hypokalemia if administered CCB+thiazides (95% CI,
3.06-11.08). Moreover, patients on BB+thiazides had an odds
ratio of 3.34 for developing hypokalemia (95% CI, 1.67—
6.66). Other drug combinations significantly associated with
increased hypokalemia risk were CCB+RASi+thiazides (odds
ratio, 3.07 [95% CI, 1.72-5.46]) and BB+RASi+thiazides
(odds ratio, 2.78 [95% CI, 1.41-5.47]; Figure). The univari-
able analysis showed similar results (Figure S4).

Sensitivity Analyses
We performed an additional conditional logistic regression
analysis on a population matched on age, sex, eGFR, renal in-
sufficiency, time from index date to potassium measurement,
heart failure, and ischemic heart disease/myocardial infarc-
tion. The results were similar to the main analyses, though
with slightly lower effect sizes (Figure S5 and Figure S6).
We also looked at differences in comorbidity proportions
in our nested case-control population versus general popula-
tion treated with combination antihypertensive therapy who
did not have available serum potassium measurements within
90 days from index date. We observed that nearly all comor-
bidities had higher rates in the nested case-control population
than in the general population. See Table S4 and the Table for
general population demographics.

Discussion
The main findings in this article were (1) hypokalemia among
patients treated with combination antihypertensive thera-
pies was common, (2) the 3 antihypertensive drug combina-
tions with the highest odds of developing hypokalemia were
CCB+thiazides, BB+thiazides, CCB+RASi-+thiazides.

Current guidelines recommend combination antihyperten-
sive drug treatment strategies in patients not achieving targeted
blood pressure.! Pharmacologically, the great majority of the
patients in this study were treated with combination therapies
with opposite effects on potassium homeostasis. Despite this
approach, the occurrence of hypokalemia remained high con-
sidering the short study period. A large scale Swedish study
investigating determinants of hyperkalemia and hypokalemia
showed that patients with hypertension had 1.80 and 1.05x
higher odds of developing hypokalemia and hyperkalemia
within 3 years, respectively.'? This is in line with our find-
ings where we observed increased odds of hypokalemia re-
lated to some specific antihypertensive combination therapies.
Yet, the 2 studies are not utterly comparable as we both had
different approaches for defining hypertension (International
Classification of Disease codes versus 2 concomitant antihy-
pertensive drugs) and different aims.

Comparison of our findings with other studies was difficult,
as the great majority of previous articles focused on outcomes
like stroke and cardiovascular events' instead of dyskalemias.
We found that CCB+thiazides, CCB+RASi+thiazides, and
BB+thiazides were highly associated with increased risk of
hypokalemia when compared with CCB+RASi. In the follow-
ing paragraphs, each of the drug combinations and their asso-
ciation to hypokalemia will be discussed.
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Table. Demographics of the Matched Population

Controls (n=926) Cases (n=463) Total (n=1389) PValue
Sex

Female 484 (52.3)* 242 (52.3)* 726 (52.3)* 1.0*

Age, median (range) 65.0 (21.0-95.0)* 66.0 (23.0-95.0)* 65.0 (21.0-95.0)* 0.55*
Days from hypertension to potassium 30.0 (0.0-90.0)* 31.0 (0.0-90.0)* 30.0 (0.0-90.0)* 0.68*
measurement, median (range)
Serum sodium, median (range) 140.0 (113.0-146.0)* | 140.0 (118.0-148.0)* | 140.0 (113.0-148.0)* 0.15*
Renal insufficiency 10 (1.1)* 5(1.1)* 15 (1.1)* 1.0*
eGFR, median (range) 77.0 (10.0-214.0) 79.0 (7.0-222.0) 78.0 (7.0-222.0) 0.32
Treatment combinations

BB+CCB 41 (4.4) 19 (4.1) 60 (4.3)

BB-+RASI 195 (21.1) 40 (8.6) 235(16.9)

BB-+RASi+MRA 40 (4.3) 4(0.9 44 (3.2

BB+RASi-+thiazides 33(3.6) 23 (5.0 56 (4.0)

BB-+thiazides 32(3.5) 29 (6.3) 61 (4.4)

CCB-+RASi 134 (14.5) 40 (8.6) 174 (12.5)

CCB-+RASi+thiazides 49 (5.3) 42(9.1) 91(6.6)

CCB-+thiazides 37 (4.0 56 (12.1) 93(6.7)

RASi+thiazides 264 (28.5) 142 (30.7) 406 (29.2)

Other combinations 101 (10.9) 68 (14.7) 169 (12.2) < 0.0001
Heart failure 153 (16.5) 30 (6.5) 183 (13.2) < 0.0001
IHD/MI 224 (24.2) 68 (14.7) 292 (21.0) <0.0001
COPD 56 (6.0) 30 (6.5) 86 (6.2) 0.84
Diabetes mellitus 121 (13.1) 41(8.9) 162 (11.7) 0.03
Chronic liver disease 24 (2.6) 9(1.9 33(2.4) 0.57
Hemodialysis <3 <3 <6
Malignancy 115 (12.4) 73(15.8) 188 (13.5) 0.10
Stroke 83(9.0) 55 (11.9) 138 (9.9) 0.11
Atrial flutter/fibrillation 120 (13.0) 41(8.9) 161 (11.6) 0.03
Atrioventricular block 3(1.4) <3 <16
VTNF 36 (3.9) 13(2.8) 49 (3.5) 0.38
Inflammatory bowel disease 6(1.7) 11(2.4) 27 (1.9 0.54
Hypothyroidism 8(1.9) 9(1.9 27 (1.9 1.0
Potassium supplement 312 (33.7) 212 (45.8) 524 (37.7) < 0.0001
Antimicrobials <3 <3 <6
-2 agonists <3 <3 <6

Potassium supplement addressed supplementation as a single pill therapy with an antihypertensive and as an individual pill. We attribute
<=3 to variables with values between 1 and 3 to secure anonymity and protection of personal data. BB indicates 3-blockers; CCB, calcium
channel blockers; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; ICD, implantable cardioverter-
defibrillator; IHD/MI, ischemic heart disease/myocardial infarction; MRA, mineral receptor antagonist; RASI, renin-angiotensin system

inhibitors; and VT/VF, ventricular tachycardia/ventricular fibrillation.
*Variables represent the variables we matched on.

CCB+Thiazides

A meta-analysis based on the results of 4 randomized trials
investigated the efficacy and safety of CCBs and thiazide
(-like) diuretics. The authors observed that the most frequent
adverse event related to CCB+diuretic combination was

hypokalemia.”® Because of the insufficient knowledge about
dyskalemias caused by CCB+thiazides, we searched liter-
ature treating the 2 drugs individually. There is little recent
knowledge on the effect of CCB on potassium homeostasis
either in large or small-scale studies. On one hand, numerous
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Combination therapies Odds ratio LowerCl  Upper Cl

Figure. Forestplot of multivariable conditional
logistic regression analysis for the development

BB+CCB 1.62 0.81 3.21 ————
of hypokalemia. Population matched on age,
BBHRASI 086 0.51 146 — sex, renal insufficiency, and time index date
BB+RASI+MRA 0.44 0.14 1.37 — initiation to serum potassium measurement.
The model was adjusted for serum sodium,
BB+RASi+Thiazides 278 1.41 547 . o . ;
renal insufficiency, malignancy, inflammatory
BB+Thiazides 334 1.67 6.66 bowel disease, diabetes mellitus, alcoholism,
nd chronic liver di . Th mbination
CCB+RASI+Thiazides 3.07 1.72 5.46 —— and ¢ ) c liver disease ef:o b, atio
of calcium channel blockers with renin-
CCB+Thiazides 5.82 3.06 11.08 _— angiotensin system inhibitors was used as
RASHThiazides 162 123 3.00 refeltence. BB indicates ﬁ-blockersi CCB,
calcium channel blockers; MRA, mineral
Other combinations 241 1.44 4.04 —_—

receptor antagonist; and RASI, renin-
angiotensin system inhibitors.

o

o
.
o

in vitro, in vivo and case report publications reported hyper-
kalemia following initiation of CCB.!'*' On the contrary, case
studies and studies on rats showed hypokalemia in relation
to administration of CCB.?** As for thiazide diuretics, nu-
merous studies showed that monotherapy is associated with
development of hypokalemia.?*% The mechanisms through
which the 2 drug types lead to hypokalemia seemed to be very
different: thiazides enhance renal potassium disposal, while
CCBs augment extrarenal loss of potassium.?'*=! However,
the mechanisms through which CCB can cause both hypo-
and hyperkalemia are poorly elucidated.

CCB+RASi+Thiazides

No study directly compared the risk of hypokalemia related
to this combination therapy in relation to other combination
therapies. Most studies compare the risk of hypokalemia in
patients treated with thiazides alone versus different combina-
tions of antihypertensive drugs with complementary effect on
potassium homeostasis.*?

BB+Thiazides

The combination of BB and thiazides is no longer first-line
treatment of arterial hypertension but certainly an effective
combination in prevention of adverse cardiovascular events.!
To our knowledge, no study reported increased hypokalemia
risk in patients prescribed BB+thiazides. Although we do
know that use of thiazides diuretics can lead to hypokalemia,*
while use of some BB is associated with increased hyperka-
lemia risk especially in patients with renal dysfunction and
insulin insufficiency.*

Our results suggested that high odds of hypokalemia
were strongly related to the use of thiazides as they were pre-
sent in each of the combination therapy groups with signif-
icant increased odds of low potassium concentrations. This
adverse effect was also observed in patients administered po-
tassium supplements.

Should we be concerned about hypokalemia? Both hypo-
kalemia and hyperkalemia have previously been shown to be
associated with increased risk of all-cause mortality®*** and
cardiovascular disease® in different populations with heart di-
sease. Regarding patients with hypertension, current studies
have discrepant results. In a previous study, we found that po-
tassium concentrations outside the interval 4.1 to 4.7 mmol/L
were associated with increased mortality risk.® Contrarily,

Franse et al’’ found no significant difference in the relative risk
of all-cause mortality for participants who received low-dose
chlorthalidone and who experienced hypokalemia compared
with placebo group. Additionally, Alderman et al* observed a
higher all-cause mortality (hazard ratio, 1.21) in patients with
hypokalemia than in normokalemics. However, the authors
also found heterogeneity in hazard ratios across the 3 treatment
arms (chlorthalidone, amlodipine, and lisinopril). Comparison
of the 3 studies is difficult as the only common features were
that patients were treated for hypertension and had their blood
potassium measured. Yet, there are 2 very essential differences
in these studies that could explain the discrepancy in results,
namely the burden of disease. First, in our large epidemiolog-
ical study, we included patients who redeemed at least 2 con-
comitant antihypertensive drugs,® while the randomized trials
either compare monotherapy with placebo or monotherpies
within themselves. Undoubtely, patients included in the epi-
demiological study had more advanced hypertension that the
patients in the randomized trials.

Second, the time when mortality was assessed could be
a strong influencer of the results. The randomized trials used
year-1 potassium measurement to investigate long-term mor-
tality (y), while we examined the effect of different potassium
concentrations measured within 90 days from combination
antihypertensive therapy on 90 days all-cause mortality.5-*
Ultimately, we believe that hypokalemia is an important risk
factor or risk marker of cardiovascular disease and mortality.
Yet, further studies are needed to explain which patients are at
high risk of adverse effects after an episode of hypokalemia.

Limitations
Most of the limitation were related to the observational nature
of the study design meaning that unmeasured confounding
such as vomiting, diarrhea, and diet may affect our findings.
Information on the clinical indication for blood tests or symp-
toms of dyskalemias and electrocardiographic changes were
not available. However, according to guidelines patients with
hypertension need to have their blood pressure monitored
and standard blood test performed within 3 to 6 months of
treatment initiation. Therefore, we believe that cases where
clinicians specifically test for potassium imbalances in our
population are negligible.

Furthermore, due to the short follow-up time, it was diffi-
cult to calculate dosage of redeemed antihypertensive drugs.
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Therefore, compliance issues or overdose could not be identi-
fied for any of the drug groups, which can lead to nondifferen-
tial misclassification.

Finally, the fact that potassium concentrations were meas-
ured in both serum and plasma within the different laborato-
ries over the years is an inevitable limitation, due to cases with
misclassification of the patients. Reference ranges for normal
serum potassium and plasma potassium concentrations do not
differ substantially. The Nordic Reference Interval Project
recommends that an interval of 3.6 to 4.6 mmol/L is consid-
ered to be normal for serum potassium, whereas an interval
of 3.5 to 4.4 mmol/L is suggested to be normal for plasma
potassium.* False-positive hyperkalemia was presumably
uncommon as all laboratories left out reporting of potassium
values in presence of hemolysis.

Conclusions

Combinations of thiazide diuretics with CCB, RASIi, or BB
were strongly associated with increased hypokalemia risk
within 90 days of treatment initiation, regardless of potassium
supplementation.

Perspectives

Focus on optimal management of hypertension in clinical
practice is emphasized in the current practice due to the
numerous studies showing benefits both related to the risk
of death but also to cardiovascular comorbidity and health-
related quality of life.***! Hypo- and hyperkalemia are com-
mon side effects of the drugs used to treat hypertension.
Awareness of the risk factors associated with potassium
disturbances is important to identify patients at risk. For
example, our study strongly suggested that patients treated
with CCB+thiazides had an increased probability of devel-
oping hypokalemia within 90 days from index date, despite
potassium supplementation. Therefore, it would be prudent
to recommend identifying and closely monitoring patients
at high risk of potassium imbalances as important goals in
everyday clinical settings.
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Novelty and significance

What Is New?

Patients treated with thiazide diuretics in combination with calcium
antagonists, -blockers, or renin-angiotensin system inhibitors had an
increased hypokalemia risk within 90 days from combination therapy
initiation.

Increased hypokalemia risk was observed also in patients administered
potassium supplements.

What Is Relevant?

Increased hypokalemia risk was present despite all patients being treat-
ed with combination of antihypertensive drugs with opposite effect on
potassium homeostasis and despite supplementation with potassium in
some of the cases.

e Low potassium concentrations have previously been associated with

arrhythmogenesis and increased mortality risk in patients with hyper-
tension.

Summary

In this register study comprising 463 patients with hypokalemia
and 926 patients with normal potassium concentrations, we ob-
served that combination of thiazides with {-blockers, calcium
channel blockers, and renin-angiotensin system inhibitors had
increased hypokalemia risk compared with the combination of cal-
cium antagonists with renin-angiotensin system inhibitors.
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