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SAMMANFATTNING
Bakgrund
Patienter med akut kranskärlssjukdom (ACS) löper hög risk för allvarliga komplikationer såväl under
vårdtiden som efter utskrivning från sjukhus. Syftet med detta avhandlingsarbete har varit att
undersöka faktorer, som kan förutsäga risk för allvarliga händelser såsom rytmrubbningar, hjärtstopp
och död vid och efter ACS. Vidare har betydelsen av kaliumrubbningar i detta sammanhang
undersökts.
Metoder och resultat
Studie I: Vi använde data från det svenska hjärtsjukvårdsregistret SWEDEHEART för att undersöka
möjliga prediktorer för hjärtstopp på sjukhus hos patienter med misstänkt NSTE-ACS, den form av
ACS där kranskärlet vanligen bara är delvis tilltäppt. En riskalgoritm bestående av fem variabler
(blodtryck, ålder, hjärtfrekvens, EKG-förändring och grad av hjärtsviktssymptom) togs fram. Denna
validerades genom att använda annan patientdata från SWEDEHEART och MINAP, det brittiska
hjärtinfarktsregistret.
Studie II: Genom att länka data från SWEDEHEART och det svenska pacemaker- och ICD-registret
kunde vi identifiera patienter, som skrivits ut efter hjärtinfarkt, genomgått kranskärlsröntgen under
vårdtiden och inte hade ICD (inopererad defibrillator). Sambanden mellan kliniska parametrar och
hjärtstopp utanför sjukhus (OHCA) inom 90 dagar undersöktes genom samkörning med det svenska
hjärt-lungräddningsregistret. Incidensen av OHCA var lägre (0,29%) än i tidigare studier. Sex
variabler (kön, ålder, njurfunktion, grad av hjärtsviktssymptom, nyupptäckt förmaksflimmer/-fladder
och LVEF, d.v.s. andel blod som pumpas ur vänster kammare vid varje hjärtslag) var oberoende
associerade med OHCA. Dessa variabler predicerade också risk för död inom 90 dagar hos patienter,
som inte registrerats i det svenska hjärt-lungräddningsregistret under samma tidsperiod. Ovannämnda
variabler förutsade risken för OHCA bättre än endast LVEF, som enskilt fortfarande är den mest
använda riskmarkören.
Studie III: Patienter som lagts in på sjukhus på misstanke om ACS och som registrerats i
SWEDEHEART och SCREAM inkluderades i denna studie. SCREAM är ett register, som samlat
laboratoriedata avseende njur- och saltprover från alla patienter, som genomgått dylik provtagning i
Stockholm. Sambanden mellan kaliumnivå vid inskrivning och utfall under sjukhusvistelsen
undersöktes. Hyperkalemi (förhöjt kalium) var associerat med risk för död medan hypokalemi (för
lågt kalium) var associerat med risk för hjärtstopp och nyupptäckt förmaksflimmer-/fladder. Dessa
samband påverkades inte av huvuddiagnos vid utskrivning (typ av ACS eller annan icke-ACSdiagnos) eller kliniska parametrar vid ankomst till sjukhus.
Studie IV: Även i denna studie användes data från SWEDEHEART och SCREAM. Patienter som
skrivits ut efter hjärtinfarkt inkluderades. Sambanden mellan kaliumnivå vid utskrivning och diverse
utfall under följande år undersöktes. Kaliumnivå och njurfunktion vid utskrivning förutsade risken för
kaliumrubbningar under det följande året, vilka drabbade knappt 37% av patienterna. Ett U-format
samband sågs mellan kaliumnivå vid utskrivning och risk för död inom ett år.
Slutsats
En riskalgoritm bestående av fem variabler kan underlätta riskbedömningen avseende hjärtstopp på
sjukhus för patienter som inläggs på misstanke om ACS. Incidensen av OHCA inom 90 dagar efter
hjärtinfarkt var i vår studie lägre än tidigare visat. Sex variabler inklusive LVEF förutsade risken för
OHCA bättre än vad LVEF för sig gjorde. Kaliumrubbningar vid inkomst är associerade med
allvarliga rytmrubbningar och död under sjukhustiden hos patienter som läggs in på misstanke om
ACS oavsett slutdiagnos och inkomstparametrar. Kaliumrubbningar inom första året efter hjärtinfarkt
är vanligt förekommande och prediceras av njurfunktion och kaliumnivå vid utskrivning, vilka också
predicerar död inom ett år.
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ABSTRACT
Background
Patients with acute coronary syndrome (ACS) face a high risk of lethal complications, both
during the hospital course and after discharge. The aim of this thesis was to assess patient
characteristics and predictors of adverse events in ACS including arrhythmias, cardiac arrest,
and mortality as well as the impact of potassium disorders in this setting.
Methods and results
Study I: We used data from the Swedish Web-system for Enhancement and Development of
Evidence-based care in Heart disease Evaluated According to Recommended Therapies
(SWEDEHEART) to assess predictors of in-hospital cardiac arrest in patients admitted with
suspected non-ST-elevation ACS (NSTE-ACS). A risk-score model was developed including
five variables: systolic blood pressure <100 mmHg, age ≥60 years, heart rate <50 or ≥100
bpm, ST-T abnormalities on the admission ECG, and Killip class ≥II. The risk-score model
was temporally validated in SWEDEHEART and externally validated using data from the
Myocardial Ischaemia National Audit Project (MINAP).
Study II: Using SWEDEHEART and the Swedish Pacemaker and Implantable CardioverterDefibrillator (ICD) Registry, we identified patients without a prior ICD, who had undergone
in-hospital coronary angiography and were discharged alive after myocardial infarction (MI).
Associations between patient characteristics and out-of-hospital cardiac arrest (OHCA) as
recorded in the Swedish Cardiopulmonary Resuscitation Registry within 90 days after
discharge were assessed. The incidence of OHCA was low (0.29%) compared to previous
studies. Six variables (male sex, age ≥60 years, estimated glomerular filtration rate [eGFR]
<30 mL/min per 1.73 m2, Killip class ≥II, new-onset atrial fibrillation/flutter, and LVEF
categorized as ≥50%, 40-49%, 30-39%, and <30%) were independently associated with
OHCA and predicted OHCA as well as non-OHCA death better than an LVEF cut-off of
<40% alone.
Study III: Patients admitted with suspected ACS and registered in SWEDEHEART and the
Stockholm CREAtinine Measurements (SCREAM) project were included. Associations
between admission plasma potassium and in-hospital outcomes were assessed. In fully
adjusted models, hyperkalemia was associated with mortality, while hypokalemia was
associated with cardiac arrest and new-onset atrial fibrillation. No association was observed
between potassium and second- or third-degree atrioventricular block. Results were not
modified by discharge diagnosis (ACS subtype or non-ACS diagnosis) or baseline
characteristics.
Study IV: SWEDEHEART and SCREAM were used to identify patients discharged alive
after MI. Associations between plasma potassium at discharge and outcomes within one year
were assessed. Potassium and eGFR at discharge were found to be independent predictors of
hyper- or hypokalemia within one year, which affected 36.5% of the patients. A U-shaped
association was observed between discharge potassium and mortality within one year.
Conclusion
A five-variable risk score can be used to predict in-hospital cardiac arrest in patients admitted
with suspected ACS. In a contemporary cohort of MI patients, the incidence of OHCA within
90 days after discharge was low, but compared to an LVEF cut-off alone which is routinely
used, five variables in addition to LVEF predicted OHCA better. Dyskalemias at admission
are associated with in-hospital arrhythmic events and mortality across all ACS/non-ACS
diagnoses regardless of baseline characteristics. Potassium disorders within the first year
following MI are frequently encountered and potassium level and kidney function at
discharge strongly predict their occurrence as well as one-year mortality.
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1 INTRODUCTION
The term acute myocardial infarction (MI) defines a clinical or pathologic event consistent
with acute myocardial ischemia, where there is proof of myocardial necrosis. In a clinical
setting, a typical rise and/or fall in biomarkers of myocyte injury (ideally cardiac troponin)
with at least one value above the 99th percentile upper reference limit is mandatory for the
diagnosis1. Acute coronary syndrome (ACS) refers to the clinical spectrum of presentation of
acute myocardial ischemia and includes ST-elevation MI (STEMI), non-ST-elevation MI
(NSTEMI), and unstable angina (UA), where the latter is not accompanied by myocardial
necrosis. NSTEMI and UA are jointly termed NSTE-ACS2.
Rates of morbidity and mortality associated with ischemic heart disease have declined
considerably during the last decades, much owing to the earlier and more widespread use of
coronary revascularization, more aggressive antithrombotic treatment, and secondary
preventive medication3-6. Furthermore, there has been a change in pattern of ACS with a
transition from STEMI to NSTE-ACS, which has now become predominant7. Nevertheless,
ACS is still a leading global cause of morbidity and mortality. A better understanding and
reconsideration of risk factors associated with adverse events in ACS is therefore warranted8.
The following sections outline certain aspects of risk in ACS covered in the thesis.
1.1

MECHANISMS AND TEMPORAL DISTRIBUTION OF VENTRICULAR
ARRHYTHMIAS IN ACUTE CORONARY SYNDROME

In the setting of ACS, ventricular arrhythmias, including sustained ventricular tachycardia
(VT) and ventricular fibrillation (VF), are a potentially life-threatening complication that can
occur both in the acute phase and during the course of follow-up. Ventricular arrhythmias can
be thought to result from the interaction between three basic components: substrate, trigger,
and modulating factors. These components and hence the electrophysiological mechanisms of
arrhythmia vary during the time course of ischemia. The functional changes within the
injured myocardium set the stage for the arrhythmogenic substrate. In order for arrhythmias
to become manifest, appropriate trigger factors such as ventricular premature depolarization,
variations in cycle length, and heart rate must be present. Additionally, modulating factors
including electrolyte abnormalities, e.g. potassium disturbances (see Section 1.2), impaired
left ventricular function, and altered sympathetic nervous system activity may modify the
substrate as well as the trigger9.
Much of our knowledge about ischemia-related arrhythmia mechanisms is derived from
experimental studies. A distinction is made between phase 1, the early and potentially
reversible stage within 2 to 30 minutes of ischemia, and phase 2, the infarct-evolving phase
starting about 1.5-5 hours after ischemia onset and lasting up to 48-72 hours. Phase 1 is
further divided into phases 1A (2-10 minutes) and 1B (15-30 minutes). Phase 1A arrhythmias
are thought to arise mainly from reentry that causes bursts of VT, which rarely degenerates
into VF. Arrhythmias during phase 1B may involve both automatic and non-automatic
ectopic excitation as well as reentry, resulting in VT and more frequently VF, as opposed to
10
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phase 1A. It has been proposed that phase 2 arrhythmias are associated with reperfusion of
ischemic areas and share mechanisms similar to those seen in phase 1B. Surviving Purkinje
fibers displaying abnormal automaticity are believed to be among the specific foci underlying
arrhythmia in phase 210. Ventricular arrhythmias occurring beyond phase 2 (>72 hours) are
usually scar mediated and give rise to monomorphic VT caused by reentry, which is
facilitated by slow conduction in fibrotic areas of infarcted myocardial tissue11. Polymorphic
VT has been reported to occur infrequently after myocardial infarction and may be associated
with signs or symptoms of recurrent ischemia12. Figures 1 and 2 outline temporal
distribution, biochemical, and electrophysiological characteristics of ischemic ventricular
arrhythmias in more depth

Figure 1. Temporal distribution and genesis of ischemic ventricular arrhythmias10.
Reproduced with permission from Elsevier.
VT: ventricular tachycardia; VF: ventricular fibrillation; AA: abnormal automaticity; EADs: Early
afterdepolarizations; DADs: Delay afterdepolarizations (DADs); P2R: phase 2-reentry; PFs: Purkinje fibers.

Figure 2. Biochemical and electrophysiological characteristics of Phase 1 and Phase 2
ischemia mediated ventricular arrhythmias10. Reproduced with permission from Elsevier .
INa: sodium channel current; Late INa: late INa; APD: action potential duration; ICa: inward calcium current;
IK-ATP: ATP-sensitive potassium current.
11
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1.2

ELECTROPHYSIOLOGICAL EFFECTS OF POTASSIUM DISORDERS

The ratio of intra- and extracellular potassium concentrations is critical for the resting
membrane potential and for generating action potentials in the heart and other excitable
tissues. Approximately 98% of total body potassium is distributed as an intracellular cation,
whereas only a small portion is extracellular with plasma levels normally strictly maintained
between 3.5 and 5.0 mmol/L13. Potassium derangements impact on electrophysiological
properties and promote arrhythmias through the interplay between K+, Na+, and Ca2+, and the
regulation of the Na+-K+ ATPase and Na+-Ca2+ exchange.
Hypokalemia causes hyperpolarization of the resting membrane, inhibits the Na+-K+ ATPase,
and suppresses K+ channel conductance. This, in turn, results in action potential duration
(APD) prolongation, reduced repolarization reserve, early afterdepolarization (EAD), delayed
afterdepolarization (DAD), and automaticity. EAD-mediated arrhythmias include Torsades
de pointes and polymorphic VT, which may degenerate to VF. Additionally, hypokalemia
enhances the proarrhythmic effect of class III antiarrhythmic drugs (K+ channel blockers) by
further suppressing K+ channel conductance and may also increase the affinity of the drug14.
Some observational data have suggested a possible association between hypokalemia and
atrial fibrillation15, 16. An experimental study demonstrated that hypokalemia reduces
sinoatrial node automaticity and induces triggered activity and burst firing in pulmonary
veins, which may play a role in the genesis of atrial fibrillation17.
Systemic hyperkalemia enhances K+ channel conductance, shortens APD, and induces postrepolarization refractoriness, resulting in increased repolarization reserve. Furthermore, the
resting membrane potential depolarizes, which alters conduction velocity (CV) in a biphasic
manner. Initially CV accelerates but then gradually becomes slower as hyperkalemia
progresses. Nonetheless, hyperkalemia causes CV restitution, i.e. the dependence of the CV
of a propagating wave on the preceding diastolic interval, to accentuate. Arrhythmias
resulting from hyperkalemia include asystole, heart block, and VT/VF, where reentry may be
induced by several mechanisms. The severity of hyperkalemia needed to induce arrhythmias
varies substantially among humans. The sinus node and sinoatrial conduction are generally
less sensitive to hyperkalemia than the atrioventricular (AV) node and infranodal escape
pacemakers14.
Interstitial hyperkalemia defines a rise of interstitial [K+] in tissue with normal [K+] in the
systemic circulation. Interstitial [K+] increases swiftly in the central ischemic zone after acute
coronary occlusion. APD shortens and the resting membrane potential depolarizes resulting
in systolic and diastolic injury currents flowing across the border zone, which can reexcite
nonischemic recovered tissue to generate extrasystoles promoting reentry. Additionally,
phase 2 reentry (reentry not depending on circus movement, where local reexcitation is
generated in a region with spatially widely dispersed repolarization18) may arise from the
subepicardium14. All together, these changes set the stage for both triggers and substrates
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capable of inducing ventricular ectopy, VT, and VF during phase 1 of acute myocardial
ischemia14.
1.3

IN-HOSPITAL CARDIAC ARREST AND RHYTHM MONITORING IN NON-ST
ELEVATION ACUTE CORONARY SYNDROME

In patients with STEMI, in-hospital ventricular arrhythmias affect approximately 5% and
most commonly occur within the first 48 hours19-21. In NSTE-ACS, in-hospital ventricular
arrhythmias are less common. A pooled analysis of four major randomized controlled trials
(RCTs) with over 26,000 patients conducted in the 1990s showed that the incidence of inhospital ventricular arrhythmias was 2.1%. Median time to arrhythmia was approximately 78
hours and its occurrence was associated with increased mortality at 30 days and six months.
Prior hypertension, chronic obstructive pulmonary disease, prior myocardial infarction, and
the presence of ST-segment changes at presentation were associated with VF, and the same
variables except for hypertension also predicted VT (Table 1)22. In a more recent substudy of
the Early Glycoprotein IIb/IIIa Inhibition in NSTE-ACS (EARLY ACS) trial, comprising
9211 patients, in-hospital ventricular arrhythmias occurred in 1.5% and were associated with
increased mortality after discharge, both at 30 days and at one year. In-hospital ventricular
arrhythmias were as likely to occur after 48 hour as within 48 hours and in 38% of affected
patients they occurred after revascularization. Eight factors were independently associated
with in-hospital ventricular arrhythmias (Table 1). Higher systolic blood pressure and higher
estimated creatinine clearance were associated with a lower risk of in-hospital ventricular
arrhythmias. Higher white blood cell count, higher heart rate, and higher body weight were
associated with higher risk of in-hospital ventricular arrhythmias as were elevated baseline
troponin level, Killip class higher than I, and a history of angina23. A single-center study of
588 NSTEMI patients reported a 2.6% incidence of in-hospital ventricular arrhythmias where
two-thirds occurred within 12 hours of onset of symptoms24. In a more recent single-center
study of 1325 patients with NSTEMI, the incidence of in-hospital ventricular arrhythmias
was 1.5% (n=21) and approximately 25% occurred after 48 hours of hospitalization25. This
study also reported that risk stratification at admission using the Global Registry of Acute
Coronary Events (GRACE) score26, 27 and echocardiographic systolic left ventricular ejection
fraction (LVEF) could identify NSTEMI patients with a higher risk for in-hospital ventricular
arrhythmias25.
Patients with ACS are also at risk for in-hospital non-VT/VF cardiac arrest, i.e. asystole and
pulseless electrical activity (PEA), as well as high-degree AV block. In a pooled analysis of
three large RCTs comprising nearly 30,000 patients with NSTEMI, asystole or PEA occurred
in 0.7% and was more frequent beyond the first 48 hours. High-degree AV block affected
0.4% and was more common within the first 48 hours. Increasing age, higher heart rate,
higher Killip class, ST-segment depression on admission, prior myocardial infarction, and
prior peripheral artery disease were associated with both asystole and PEA. Older age, lower
heart rate, lower blood pressure, and prior diabetes were associated with high-degree AV-
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block, which was also more commonly observed in patients with right coronary artery
lesions28.
For patients admitted with confirmed or suspected NSTE-ACS, decisions have to be made
regarding level of surveillance including selection of patients for and duration of continuous
ECG monitoring. Current guidelines (2014) from the American College of Cardiology (ACC)
and the American Heart Association (AHA) provide several clinical factors that have been
found to be predictive of VT/VF (Table 1): heart failure signs on presentation, hypotension,
tachycardia, cardiogenic shock, and poor Thrombolysis in Myocardial Infarction (TIMI)
flow29. Current guidelines (2015) from the European Society of Cardiology (ESC)
recommend monitoring in low-risk patients until revascularization or ≤24 hours, and
prolonged monitoring only if intermediate/high-risk features are present (e.g. hemodynamic
instability, major arrhythmias, LVEF <40%, failed reperfusion and the presence of critical
stenosis or complications related to percutaneous coronary intervention [PCI])2. According to
ESC guidelines, continuous rhythm monitoring is also recommended until the diagnosis of
NSTE-ACS is established or ruled out2 and this is supported by a consensus document from
AHA with expert opinions from 200430.
Table 1. Predictors of in-hospital VT/VF in NSTE-ACS.
Al-Khatib et al.22

Piccini et al.23

Prior hypertension*

Lower systolic blood pressure Signs of HF on presentation

COPD

Lower creatinine clearance

Hypotension

Prior MI

Elevated troponin

Tachycardia

ST-changes at presentation Killip class ≥II
Higher WBC

Amsterdam et al.29

Cardiogenic shock
Low TIMI flow grade

Higher heart rate
Higher body weight
History of angina
*Only associated with VF; COPD: chronic obstructive pulmonary disease; TIMI: Thrombolysis in Myocardial
Infarction; WBC: white blood cell count; HF: heart failure.

In summary, several studies have investigated incidence, timing and prognosis of in-hospital
ventricular arrhythmias and also non-VT/VF cardiac arrest in the setting of NSTE-ACS.
However, the best data come from subanalyses of large multicenter trials, which refer to
selected patients and do not necessarily reflect real-life clinical practice. Current guidelines
suggest several risk factors associated with in-hospital ventricular arrhythmias and also
provide recommendations for duration of continuous ECG-monitoring but these are mainly
based on experts’ opinions.
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1.4

CARDIAC ARREST AND SUDDEN CARDIAC DEATH AFTER
MYOCARDIAL INFARCTION DISCHARGE

Following MI, patients are at increased risk for sudden cardiac death (SCD), which is largely
due to ventricular tachyarrhythmias and subsequent cardiac arrest31. The 30-day cumulative
incidence of SCD was 1.2% in a community cohort of nearly 3000 post-MI patients between
1979 and 2005, while the event rate after 30 days declined to 1.2% per year during a median
follow up of 4.7 years32. In a study comprising over 14,000 post-MI patients between 1998
and 2001 with LVEF ≤40% or clinical or radiologic evidence of heart failure, the risk of SCD
or resuscitated cardiac arrest was 1.4% in the first month and fell to 0.14% per month after
two years. Restricted to patients with LVEF ≤30%, the event rate in the first month was
2.3%. Notably, among patients with cardiac arrest within the first month and successful
resuscitation, 74% were still alive at 12 months33. Despite the increased risk of SCD in the
early phase after MI, two major randomized trials conducted between 1998 and 2007 did not,
due to competing causes of death, demonstrate improved survival for patients with LVEF
≤35% and ≤30%, respectively, randomly assigned to receive an implantable cardioverterdefibrillator (ICD) within 31 to 40 days (at a mean of 18 and 13 days respectively) after
MI34, 35. Hence, current guidelines recommend ICD for primary prevention at least 40 days
after MI and 90 days after revascularization in patients with LVEF ≤35% and symptomatic
heart failure, New York Heart Association (NYHA) class II-III, or LVEF ≤30%, on optimal
medical therapy for ≥3 months36, 37. These guidelines primarily rely on two RCTs
demonstrating superior long-term survival for patients who received an ICD more than 30
days after MI with LVEF ≤30%38 or after at least three months of optimal medical therapy
with symptomatic heart failure (NYHA II-III) and LVEF ≤35%39. Several non-invasive tests
for early risk stratification, such as microvolt T-wave alternans, tests for autonomic
dysfunction, or signal-averaged electrocardiogram, have been proposed but without
convincing evidence40-42. Thus, according to current European guidelines, non-invasive tests
in the early post-MI phase are not recommended (class III). Instead, LVEF should be
reevaluated 6 to 12 weeks (class I) after MI to assess indication for primary prevention ICD
implantation36.
Some data support that an electrophysiology study (EPS) with no inducible sustained
ventricular tachyarrhythmias early after MI in patients with LVEF ≤40% is associated with a
low long-term risk of SCD43-45. Two fairly recent non-randomized single-center studies have
also demonstrated the use of EPS to guide early ICD therapy in patients with STEMI and
LVEF ≤40%. An ICD was implanted before discharge in patients with inducible VT at EPS
performed at a median of 9 days after MI. ICD patients had high rates of spontaneous
ventricular arrhythmias and a non-negligible proportion received appropriate therapies early
post-MI: 17% within 2 months post-MI and 25% within 40 days post-MI, respectively. The
non-ICD patients had a low mortality rate during follow-up (≥30 months)46, 47. Current
European guidelines suggest that EPS with programmed ventricular stimulation may be
considered early post-MI in patients with LVEF <40% but also stress that randomized trials
are needed to evaluate the role of EPN in early risk stratification after MI36.
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The recently published Vest Prevention of Early Sudden Death Trial (VEST) enrolled 2302
post-MI patients with LVEF ≤35%. Participants were randomly assigned to a wearable
cardioverter–defibrillator in a 2:1 ratio within 7 days after MI-discharge and followed up to
90 days. The cumulative incidences of arrhythmic death and non-arrhythmic death were 1.6%
and 1.4% in the device group and 2.4% and 2.2% in the control group. The primary outcome
of arrhythmic death did not differ significantly between the device and control groups48.
In summary, the risk of ventricular tachyarrhytmias and subsequent SCD is markedly
increased in the early period following MI. However, current evidence only supports
primary-preventive ICD implantation at least 40 days after MI. Several non-invasive tests for
early risk stratification have been suggested but not been proven useful. Further studies are
needed to support the use of EPN in this setting. Current knowledge and guidelines are
mainly based on studies conducted in the late 1990s and early 2000s even though
demographics and treatment of MI-patients have changed.
1.5

POTASSIUM IMBALANCE AND IN-HOSPITAL OUTCOMES IN ACUTE
CORONARY SYNDROME

A number of older observational studies have reported an association between hypokalemia
and ventricular arrhythmias in patients with acute MI49-57 or suspected but not confirmed
MI51, 56. However, these studies were all conducted before beta-blockers and reperfusion
therapy were routinely used and results were mainly based on unadjusted analyses of small
case series. Hypokalemia was most often defined as serum potassium below 3.6 or 3.5
mEq/L49-57.
Data from the Gruppo Italiano per lo Studio delia Sopravvivenza nell'Infarto Miocardico-2
(GISSI-2) trial, a multicenter, randomized, open trial comparing two thrombolytic agents,
where all patients without contraindications were treated with intravenous beta-blockers, was
used to investigate incidence, prognosis and predictors of in-hospital VF. This study
comprised 9720 patients with STEMI. Multivariate logistic regression analyses, including
serum potassium level, systolic blood pressure, smoking status, number of ECG leads with
ST elevation, age, infarct site, admission heart rate, sex, and a history of previous angina,
showed that serum potassium <3.6 mEq/L was independently associated with early (within
the first 4 hours) VF (odds ratio [OR] 1.97, confidence interval [CI] 95% 1.51-2.56)58.
Based on the above mentioned knowledge, guidelines and expert recommendations from the
early 2000s suggested maintaining serum potassium at a level greater than or equal to 4.0
mEq/L59, 60 or even above 4.5 mEq/L61 in the setting of MI. These recommendations
remained unquestioned for several years but were challenged by Goyal and colleagues in
201262.
Goyal et al. investigated the association between serum potassium levels, in-hospital
mortality, and the composite of in-hospital VF or cardiac arrest. The cohort comprised 38,689
patients with MI from 67 US hospitals between 2000 and 2008. A U-shaped relationship
between mean post-admission serum potassium level and mortality was observed. Potassium
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levels <3.5 and ≥4.5 mEq/L were associated with increased mortality. This association
remained after multivariable adjustment including demographics, comorbidities, first
measurement during hospitalization of several laboratory values including estimated
glomerular filtration rate (eGFR) and potassium, presence of cardiogenic shock and acute
respiratory failure on admission, interventional procedures during hospitalization, and
medication during hospitalization. When considering serum potassium level at admission
only, the association was attenuated. After multivariable adjustment, admission potassium
levels <3.0 and ≥5.0 mEq/L were significantly associated with increased in-hospital
mortality. For the composite of VF and cardiac arrest, the relationship with mean postadmission serum potassium level was flatter. Increased rates of VF or cardiac arrest were
only observed at post-admission serum potassium levels <3.0 and ≥5.0 mEq/L. For serum
potassium at admission, increased rates of VF or cardiac arrest were only observed at
potassium levels <3.5 mEq/L62.
Another study based on the same cohort of MI-patients specifically addressed hyperkalemia
during hospitalization. Hyperkalemic events (any serum potassium ≥5.0 mEq/L during
hospitalization) were common and affected 22.6% of patients on dialysis and 66.8% of
patients not on dialysis. In-hospital mortality surpassed 15% when maximum potassium was
≥5.5 mEq/L. The association between higher maximum potassium level and increased inhospital mortality remained after multivariable adjustment. In-hospital mortality also
increased with the number of hyperkalemic events63.
A number of studies after Goyal et al. have demonstrated that both hypo- and hyperkalemia
are associated with adverse outcomes, primarily increased mortality, in the setting of ACS.
Choi et al. reported an association between mean serum potassium levels >4.5 and <3.5
mEq/L during hospitalization and increased long-term mortality (up to three years) in patients
with MI64. Another study also demonstrated that serum potassium >4.5 and <3.5 mEq/L at
admission was associated with increased long-term mortality in patients with ACS65.
Additionally, several studies have showed that potassium imbalance during hospitalization is
associated with worse outcome in cohorts of patients with NSTE-ACS and STEMI
exclusively66, 67.
A recent meta-analysis included twelve studies to assess associations between serum
potassium concentrations and short and long-term mortality as well as ventricular
arrhythmias. Short and long-term mortality were defined as all-cause mortality within or
beyond 6 months. Using serum potassium 3.5-<4.0 mEq/L as the reference category, pooled
results demonstrated a significantly increased risk for both short and long-term mortality in
patients with serum potassium concentrations of <3.5 mEq/L and ≥4.5 mEq/L. Moreover,
serum potassium <3.5 mEq/L was significantly associated with the risk of ventricular
arrhythmias. Additional analyses were conducted separating studies using admission and
mean serum potassium concentrations. Both groups of studies showed a significant
association between serum potassium <3.5 mEq/L and ventricular arrhythmias. However, for
serum potassium ≥5.0 mEq/L, a significantly increased pooled OR was only seen in studies
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with a mean serum potassium measurement. In contrast, studies with admission serum
potassium measurement showed a significantly decreased pooled OR.Since several studies
used different effect sizes or reference categories, unadjusted, instead of confounder-adjusted,
estimates were used from some of the studies in the meta-analyses. Hence, and as also
stressed by the authors, the pooled effects may have been overestimated68.
In summary, potassium imbalance has been associated with in-hospital ventricular
arrhythmias and mortality in the setting of ACS. Although this has been shown for ACS in
general as well as for NSTE-ACS and STEMI separately, no direct comparison between
different subtypes of ACS has been performed. Furthermore, prior studies have not
considered important baseline characteristics such as blood pressure, heart rate, or Killip
class.
1.6

POTASSIUM IMBALANCE AND OUTCOMES AFTER MYOCARDIAL
INFARCTION DISCHARGE

Potassium imbalance is a common clinical problem and is associated with the risk of adverse
events. Hyperkalemia is more prevalent among patients with chronic kidney disease (CKD),
diabetes, cardiovascular disease, heart failure, and users of medication such as renin
angiotensin aldosterone system (RAAS) inhibitors and non-steroidal inflammatory drugs69.
Hypokalemia is most frequently caused by drugs, primarily diuretic therapy70. A US study
comprising over 15,000 individuals from the general population aged 44 to 66 years with
eGFR of at least 60 mL/min/1.73 m2, reported that nearly 5% had serum potassium values of
<3.5 or ≥5.5 mmol/L in blood samples drawn at baseline between 1987 and 1989. Compared
to those with normokalemia, a majority of individuals with hypokalemia were taking
potassium-wasting diuretics (17.7% vs. 9.9%). The use of angiontensin-converting enzyme
inhibitors (ACEi) did not differ between individuals with normokalemia and potassium
imbalance71. A retrospective analysis with data from laboratory visits of nearly 16,000
patients with cardiovascular disease defined as heart failure and hypertension treated with
antihypertensive drugs showed that 24.5% had hyperkalemia (serum potassium ≥5.0 mEq/L).
There were no differences in the use of ACEi, angiotensin II receptor blockers (ARBs), or
potassium-sparing diuretics between normokalemic and hyperkalemic patients. Diabetes,
CKD stage, coronary artery disease, and peripheral vascular diseased were predictors of
hyperkalemia. Hyperkalemia was associated with increased all-cause mortality and
hospitalization72.
Patients with MI have multiple risk factors for potassium imbalance given a high burden of
comorbidities such as diabetes, hypertension, heart failure, and CKD. In addition,
recommended treatment after MI includes medication that may alter potassium levels,
primarily RAAS inhibitors and diuretics.
Data on post-discharge potassium levels and associated outcomes following MI are scarce.
Major randomized clinical trials on treatment with RAAS inhibitors after MI have provided
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little information about potassium disorders. Furthermore, patients with renal failure, not
uniformly defined, were often excluded.
GISSI-3 and the International Study of Infarct Survival-4 (ISIS-4) investigated the effects of
short-term ACEi therapy (4-6 weeks) after MI but did not report data on potassium
levels73, 74. Neither did the Survival and Ventricular Enlargement (SAVE) trial nor the Acute
Infarction Ramipril Efficacy (AIRE) trial, two large RCTs on long-term ACEi treatment
following MI with heart failure, present information about potassium disturbances75, 76. The
Trandolapril Cardiac Evaluation (TRACE) trial, another study where patients with heart
failure after MI were assigned long-term ACEi therapy, reported that hyperkalemia (not
defined in terms of specific biochemical values) occurred in 4.9% compared to 2.6% in the
placebo group77. The Optimal Trial in Myocardial Infarction with the Angiotensin II
Antagonist Losartan (OPTIMAAL) compared ACEi to ARB treatment in patients after MI
associated with heart failure. Data on potassium disorders were not reported but serum
potassium differed significantly between baseline and study end (mean follow-up 2.7 years)
in the two treatment arms with an increase by approximately 0.2 mmol/L78. In the VALIANT
trial, patients with heart failure after MI were assigned to ACEi, ARB, or both. Hyperkalemia
was not specified but was reported to result in dose reduction in 0.9-1.3% in the three
treatment arms whereas hyperkalemia resulting in permanent discontinuation occurred in 0.10.2%79. The EPHESUS trial investigated the effects of eplerenone, a mineralocorticoid
receptor antagonist (MRA) vs. placebo when added to optical medical therapy including
ACEi/ARB (87%), beta-blockers (75%), and diuretics (60%) in patients with heart failure
following MI. Mean follow-up was 16 months. Serious hypokalemia defined as serum
potassium <3.5 mmol/L was observed in 8.4% in the eplerenone group and 13.1% in the
placebo group. Serious hyperkalemia defined as serum potassium ≥6.0 mmol/L was observed
in 5.5% in the eplerenone group and in 3.9% in the placebo group80.
A Danish registry-based study of 2596 patients receiving diuretics following hospitalization
for MI reported increased all-cause mortality at 90 days for those with serum potassium <3.5
mmol/L and >5.0 mmol/L post-discharge. Increased mortality was also observed for serum
potassium levels within the lower and upper normal ranges (3.5-3.8 and 4.6-5.0 mmol/L).
These associations remained after multivariable adjustment including comorbidities and
medication (RAAS inhibitors included). However, the models were not adjusted for renal
function and patients with CKD before index MI were excluded from the study81.
Table 2 summarizes the abovementioned trials.
In summary, comorbidities and medication are contributing risk factors to potassium
disorders after MI discharge. Potassium levels and associated outcomes have rarely been
reported in the major RCTs on RAAS inhibitors post-MI and real-world data on this matter
are also lacking.
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Table 2. Major randomized controlled trials on renin-angiotensin-aldosterone system
inhibitors following myocardial infarction.
Exclusion for
renal
impairment
Serum
creatinine > 220
µmol/L (2.5
mg/dL)

Method of K
measurement

Hypokalemia

Hyperkalemia

Serum
potassium

Severe
hypokalemia
(<3.5 mmol/L):
Eplerenone
(8.4%),
Placebo
(13.1%)

Serious
hyperkalemia
(≥6.0 mmol/L):
Eplerenone
(5.5%),
Placebo (3.9%)

Valsartan or
valsartan +
captopril vs.
captopril alone.
Beta-blockers
(70%),
potassiumsparing
diuretics (9%),
other diuretics
(50%).

Serum
creatinine > 221
µmol/L (2.5
mg/dL)

Hyperkalemia,
increased blood
potassium level,
was
investigatorreported and not
defined in terms
of specific
biochemical
values.

Not specified

Resulting in
dose reduction:
valsartan
(1.3%),
valsartan+
captopril
(1.2%),
captopril (0.9%)
Resulting in
permanent
discontinuation:
Valsartan
(0.1%),
valsartan+
captopril
(0.2%),
captopril (0.1%)

OPTIMAAL78
N=5477. AMI
during the acute
phase (new
anterior Q-wave
AMI, any AMI
with previous
anterior Qwaves, or any
AMI with heart
failure). Mean
follow-up 2.7
years.

Captopril vs.
losartan. Betablockers
(78.6%),
diuretics
(63.8%),
digitalis
(11.2%).

Not specified

Serum
potassium

Not specified

Not specified. A
significant
difference
between
baseline and
study end was
observed
(increase of
0.19-0.22
mmol/L).

ISIS-474
N=58,050.
Suspected AMI
(92%
confirmed) with
symptom onset
within 24 h. 5week follow-up.

Captopril vs.
placebo

Not specified

Not specified

Not specified

Not specified

Trial

Intervention
drug

EPHESUS80
N=6642. AMI
within 3-14
days. LVEF
<40% after
index MI.
Symptoms of
HF or nonsymptomatic if
concomitant
diabetes. Mean
follow-up 16
months.

Eplerenone vs.
placebo added
to optical
medical
therapy:
ACEi/ARBs
(87%), betablockers (75%),
diuretics (60%).

VALIANT79
N=14,703. AMI
within 0.5-10
days. Clinical or
radiological
signs of HF,
LVEF <35%
(TTE) or <40%
(nuclear
imaging). Mean
follow-up 24.7
months.
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Table 2. Major randomized controlled trials on renin-angiotensin-aldosterone system
inhibitors following myocardial infarction (continued).
Trial

Intervention
drug

Exclusion for
renal
impairment
Serum
creatinine > 177
µmol/L,
proteinuria
>500 mg per 24
h, or both.
Bilateral
stenosis of the
renal arteries.

Method of K
measurement

Hypokalemia

Hyperkalemia

GISSI-373
N=18,895. AMI
with symptom
onset within 24
h. 6-week
follow-up.

Lisinopril vs.
controls.

Not specified

Not specified

Not specified

TRACE77
N=1749. AMI
within 3-7 days.
LVEF ≤35%.
24-50 months of
follow-up.

Trandolapril vs.
placebo. Betablockers (16%),
diuretics (66%),
digoxin/
digitalis (27%).

Serum
creatinine ≥ 200
µmol/L (2.3
mg/dL)

Not specified

Not specified

Trandolapril
(4.9%), placebo
(2.6%)

AIRE76
N=2006. AMI
within 3-10
days. Clinical
evidence of
heart failure.
Mean follow-up
15 months.

Ramipril vs.
placebo. Betablockers (22%),
diuretics (60%),
digoxin (12%).

Not specified

Not specified

Not specified

Not specified

SAVE75
N=2231. AMI
within 3-16
days. LVEF
≤40% without
overt heart
failure or
symptoms of
myocardial
ischemia. Mean
follow-up 42
months.

Captopril vs.
placebo. Betablockers (36%),
diuretics (35%),
digitalis (26%).

Serum
creatinine > 221
µmol/L (2.5
mg/dL)

Not specified

Not specified

Not specified

EPHESUS: Eplerenone Post–Acute Myocardial Infarction Heart Failure Efficacy and Survival Study; AMI:
acute myocardial infarction; LVEF: left ventricular ejection fraction; HF: heart failure; VALIANT: Valsartan in
Acute Myocardial Infarction; TTE: transthoracic echocardiography; OPTIMAAL: Optimal Therapy in
Myocardial Infarction with the Angiotensin II Antagonist Losartan; ISIS-4: The Fourth International Study of
Infarct Survival; GISSI-3: The Third Gruppo Italiano per lo Studio della Sopravvivenza nell'Infarto Miocardico
(GISSI-2) trial; TRACE: Trandolapril Cardiac Evaluation; AIRE: Acute Infarction Ramipril Efficacy; SAVE:
Survival and Ventricular Enlargement; ACEi: angiontensin-converting enzyme inhibitor; ARB: angiotensin II
receptor blocker.
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2 AIMS
The overall aim of the thesis was to assess patient characteristics and predictors of adverse
events in ACS including arrhythmias, cardiac arrest, and mortality. Furthermore, we sought
to investigate the impact of potassium disorders in this setting.
2.1

SPECIFIC AIMS

Study I: To find possible predictors of in-hospital cardiac arrest in patients admitted with
suspected NSTE-ACS and further to develop and validate a user-friendly risk-score for this
purpose.
Study II: To find possible predictors of out-of-hospital cardiac arrest early after MI within
the time window where primary preventive ICD is not routinely recommended.
Study III: To study the impact of potassium disorders at admission and associations to
adverse in-hospital outcomes in patients admitted with suspected ACS.
Study IV: To study the impact of potassium disorders at and after discharge and associations
to adverse outcomes following MI
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3 THESIS AT A GLANCE
Study

I

II

III

IV

Design

Cohort study

Cohort study

Cohort study

Cohort study

Data source

SWEDEHEART,
MINAP

SWEDEHEART,
the Swedish CPR
Registry, the
Swedish Pacemaker
and ICD Registry

SWEDEHEART,
SCREAM

SWEDEHEART,
SCREAM

Time of data
collection

2008-2014
(derivation cohort),
2005-2007
(temporal validation
cohort), 2008-2013
(external validation
cohort)

2009-2017

2006-2011

2006-2011

Study
population

Cases admitted with
suspected NSTEACS

Cases, which had
undergone coronary
angiography and
were discharged
alive after MI
without previous
ICD

Patients admitted
with suspected ACS

Patients with MI
discharged alive

Numbers
included in
analyses

N=242,303
(derivation cohort);
N=126,073
(temporal validation
cohort) N=276,109
(external validation
cohort)

N=121,379

N=32,955

N=4861

Follow-up time

During
hospitalization

90 days postdischarge or
December 31, 2017

During
hospitalization

1 year postdischarge

Outcomes

In-hospital cardiac
arrest

Out-of-hospital
cardiac arrest

In-hospital
mortality, cardiac
arrest, new-onset
AF, and 2nd- or 3rddegree AV-block

Hyperkalemia,
hypokalemia,
mortality,
reinfarction, heart
failure, new-onset
AF within 1 year

Main statistical
analyses

Logistic regression

Cox regression,
Fine-Gray regression

Logistic regression

Logistic regression,
Cox regression,
Fine-Gray
regression

Conclusion

A simple risk-score
model including five
easily accessible
variables predicts
the risk of inhospital cardiac
arrest for patients
admitted with
suspected NSTEACS.

The incidence of
OHCA at 90 days
was low. Six clinical
variables including
LVEF more
accurately predicted
OHCA as well as
non-OHCA death
than an LVEF cutoff of <40% alone.

Hyperkalemia at
admission is
associated with inhospital mortality
and hypokalemia is
associated with
cardiac arrest and
new-onset atrial
fibrillation in
patients admitted
with suspected ACS.

Hyperkalemia and
hypokalemia are
common within the
first year after MI
discharge.
Potassium level and
eGFR at discharge
strongly predict their
occurrence, as well
as mortality at one
year.
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4 METHODS
4.1

DATA SOURCES

All studies (Studies I-IV) were conducted using data from the Swedish Web-system for
Enhancement and Development of Evidence-based care in Heart disease Evaluated
According to Recommended Therapies (SWEDEHEART). In Study I, additional data from
the Myocardial Ischaemia National Audit Project (MINAP) was used. Study II was made
possible by merging data from SWEDEHEART, the Swedish Cardiopulmonary
Resuscitation Registry, and the Swedish Pacemaker and ICD Registry. To carry out Studies
III-IV, SWEDEHEART was enriched with data from the Stockholm CREAtinine
Measurements (SCREAM) project.
4.1.1 SWEDEHEART
SWEDEHEART was developed in December 2009 after consolidation of the Register of
Information and Knowledge About Swedish Heart Intensive Care Admissions (RIKS–HIA),
the Swedish Coronary Angiography and Angioplasty Registry (SCAAR), the Swedish Heart
Surgery Registry, and the Secondary Prevention after Heart Intensive Care Admission
(SEPHIA)82. RIKS-HIA was launched as a regional registry in the early 1990s and developed
into a national quality register in 1995 with the addition of SEPHIA in 2005. Swedish
hospitals performing coronary angiography started a national angioplasty registry and a
coronary angiography registry in the beginning of the 1990s and these were merged to form
SCAAR in 1998. The Swedish Heart Surgery Registry was launched in 199282.
SWEDEHEART includes patients hospitalized because of symptoms suggestive of ACS and
patients undergoing coronary angiography/ PCI or cardiac surgery for any reason. All
Swedish hospitals providing coronary care participate and except for secondary prevention
(SEPHIA), the coverage is 100%. For patients admitted with suspected ACS, some 100
variables are collected prospectively. Variables include demographics, prior medical history,
admission logistics, medication before admission, presentation characteristics including
clinical and electrocardiographic features, laboratory data, treatments and interventions
during hospitalization, hospital outcomes, discharge diagnoses, and medication at discharge.
In addition, SWEDEHEART is regularly merged with the National Cause of Death Register,
which provides information about vital status of all Swedish citizens, the National Patient
Registry, providing diagnoses at discharge for all hospital stays in Sweden, and with the
Swedish Prescribed Drug Register, where all drug prescriptions in Sweden are recorded82.
All patients are informed about their entry and follow-up in the registry and have the right to
opt-out. A majority of variables are mandatory in order to ensure a high degree of
completeness. To ensure data correctness, randomly assigned monitor visits to approximately
25% of participating hospitals take place yearly, where registry-recorded data and
information in patients’ records are compared. An agreement of over 95% has been
reported82.
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According to the National Board of Health and Welfare, 86.6% of acute MIs in Sweden 2015
were captured by SWEDEHEART and there has been a slight improvement of coverage
since 2011. According to the same report, almost 100% of PCIs and about 96% of cardiac
surgery procedures performed in 2015 were captured by SWEDEHEART83.
The RIKS-HIA registry forms of 2018 are shown in Figures 3-5. The present thesis is based
on SWEDEHEART data collected from 2006 and onwards. The variables used in the
analyses have not changed up to 2018.
4.1.2 MINAP
MINAP was founded in 1998. Since 2002 all acute hospitals in England and Wales are part
of the registry84. The National Institute for Cardiovascular Outcomes Research (NICOR)
which includes the MINAP database (Ref: NIGB: ECC 1-06 (d)/2011) has support under
section 251 of the National Health Service Act 2006 to use patient information for medical
research without consent. Hospitals are requested to register all patients admitted with ACS.
However, under-reporting has been observed, in particular for NSTEMI, with over 40% of
cases estimated to be missing. Over 100 variables are collected including demographics, prior
medical history, prior drug treatment, admission method, clinical features and investigations,
drug treatment in hospital, interventional treatments, hospital outcome, complications,
discharge diagnosis, and discharge treatment. Additionally, MINAP is regularly linked to the
Office for National Statistic’s registry to assess patients’ vital status. Participating hospitals
are recurrently monitored regarding validation and completeness of entered data84.
4.1.3 The Swedish Cardiopulmonary Resuscitation Registry
The Swedish Cardiopulmonary Resuscitation Registry was started in 1990. Registration
coverage has increased considerably over time and is now almost 100% as all Swedish
emergency medical service (EMS) stations participate. All patients with out-of-hospital
cardiac arrest (OHCA) where attempted resuscitation by EMS personnel and/or a bystander
has been performed are eligible for inclusion except for cases where cardiopulmonary
resuscitation (CPR) was initiated by a bystander but not continued by EMS personnel
because of definite signs of death. Registry reporting is made in two steps. First, EMS
personnel register baseline data including time and date of OHCA, treatment, initial rhythm,
and outcome. If applicable, a local CPR coordinator with access to in-hospital medical
records, registers in-hospital treatments, outcomes, and diagnoses. Cardiac arrest survivors
are informed about their entry in the registry and may choose to opt out. Non-survivors are
included without consent85.
4.1.4 The Swedish Pacemaker and ICD Registry
The Swedish Pacemaker Registry was started in 1989. Since 2004 data on ICD implants are
also reported. The registry covers almost 100% of the total pacemaker and ICD implanting
activity in Sweden with 44 centers reporting data. Informed consent is required for data entry
by the ethics committee of individual participating hospitals. Reported variables include
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patient demographics, clinical indication for implantation, etiology, surgical procedural data,
perioperative and postoperative complications, number of implants or replacements per
center, and technical information on generators and leads86.
4.1.5 SCREAM
SCREAM is a repository of laboratory data of residents of the Stockholm County, who had a
valid personal identifying number, were at least 18 years old, and underwent creatinine
testing between 2006 and 201187. The cohort comprises data from 1,118,507 individuals.
Laboratory data was provided from Aleris, Unilabs, and Karolinska University Hospital
Laboratory, the three laboratories performing nearly all laboratory tests within the Stockholm
region. Inter- and intra-laboratory variation was considered to be negligible as laboratory
quality and harmonization is regularly monitored by Equalis, a national provider of external
quality assessment for clinical laboratory investigations in Sweden. All creatinine tests
analyzed within the time period were included in addition to other routine laboratory
measurements, such as electrolytes, glucose, and hemoglobin. Each provided test included
date, method used, and units of measurement. The SCREAM dataset was further enriched
with data from the regional administrative health data register (Vårdanalysdatabasen, VAL;
Stockholm Regional Healthcare Data Warehouse) including demographics and information
(date, center and medical department, clinical diagnoses, and therapeutic procedures) on all
healthcare visits in primary and secondary care, as well as hospitalizations. Additionally, the
SCREAM dataset was linked to the Swedish Population Registry, the Swedish Prescribed
Drug Registry, the Longitudinal Integration Database for Health Insurance and Labour
Market Studies (LISA by Swedish acronym), and the Swedish Renal Registry. The SCREAM
project is approved by the Ethical Committee of Stockholm87.
4.2

DEFINITIONS

All variables were defined according to each respective registry. In SWEDEHEART, inhospital cardiac arrest is defined as cardiac arrest requiring defibrillation and/or CPR. This
variable is categorized as “VT/VF”, “other causes of cardiac arrest”, or “no cardiac arrest”. In
order to overcome possible misclassification of type of cardiac arrest, we used a
dichotomized variable defined as in-hospital cardiac arrest “yes” or “no” in Studies I and III.
In Studies III-IV, hypokalemia was defined as plasma potassium <3.5 mmol/L.
Hyperkalemia was defined as plasma potassium ≥5.0 mmol/L in Study III and as plasma
potassium >5.0 mmol/L in Study IV.
4.3

STUDY POPULATION

4.3.1 Study I
A derivation cohort was developed using data from SWEDEHEART between January 1,
2008 and December 31, 2014. All registered patients admitted with symptoms suggestive of
NSTE-ACS were eligible for entry. Patients were eligible for entry more than once if they
were admitted multiple times during the study period. Exclusion criteria included cardiac
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arrest before admission or missing data on cardiac arrest before admission or during
hospitalization. The same inclusion and exclusion criteria were applied for selection of a
temporal and an external validation cohort. The temporal validation cohort comprised
patients registered in SWEDEHEART between January 1, 2005 and December 31, 2007. The
external validation cohort included patients registered in MINAP between January 1, 2008
and December 31, 2013.
4.3.2 Study II
All patients registered in SWEDEHEART, who were discharged alive after an acute MI
between January 1, 2009 and December 31, 2017, and had undergone in-hospital coronary
angiography were eligible for entry. Patients, who had an ICD implanted prior to admission,
during the hospital course, or during follow-up, as registered in the Swedish Pacemaker and
ICD Registry, were excluded. Patients could enter the study multiple times if a new MI
admission was more than 90 days apart from the last preceding MI discharge date.
4.3.3 Study III
All consecutive patients admitted with symptoms suggestive of ACS and registered in
SWEDEHEART and SCREAM between January 1, 2006 and July 1, 2011 were eligible for
entry. Patients who did not have a potassium test available at admission or had cardiac arrest
before admission were excluded.
4.3.4 Study IV
All consecutive patients discharged alive after an acute MI and registered in SWEDEHEART
and SCREAM between January 1, 2006 and December 31, 2010 were eligible for entry.
Patients who did not have a potassium test and/or a creatinine test available at discharge date
(± one day) were excluded as were patients undergoing hemodialysis or peritoneal dialysis
during index hospitalization.
4.4

STATISTICS

Categorical data are expressed as number (n) and proportion (%) of patients. Continuous data
are presented as median with interquartile range (IQR) or mean with standard deviations
(SD). In all analyses, a p-value of <0.05 was considered statistically significant. Statistical
analyses were performed with Stata version 13.1 (Study I), Stata version 15.1 (Study II), and
Stata version 14.0 (Studies III-IV) (Stata Corporation, College station, Texas, USA). In
Study I, additional statistics were performed using R version 3.1.0 (R Foundation for
Statistical Computing, Vienna, Austria).
4.4.1 Study I
Multivariable regression models were used to assess associations between 26 candidate
baseline variables and in-hospital cardiac arrest. Using backward selection, variables were
selected for inclusion in a risk-score model, which was developed according to the points
system described by Sullivan et al.88 Internal, temporal, and external validations including an
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additional model adjusting for underlying risk were assessed by graphically determining the
calibration curves and calculating the area under the receiver operating characteristic (ROC)
curves. Missing data was imputed using multiple imputation by chained equations (MICE)89.
For the purpose of sensitivity analyses, risk-score model performance was assessed using
complete-case data only as well as using first-time admissions only, i.e. unique patients.
4.4.2 Study II
Cox proportional hazard models were used to assess the association between 24 candidate
variables and the occurrence of OHCA within 90 days after discharge. Patients who died
during follow-up without having OHCA registered were censored. A prediction model was
developed using backward selection. In the final model, interaction terms were tested for all
variables. Furthermore, we constructed a simple risk-score model, where the included
variables were assigned points approximately corresponding to the hazard ratios. As a
sensitivity analysis, all candidate variables were tested and a predictive model was developed
using Fine-Gray models with mortality in the non-OHCA group as the competing event. Only
complete-case analyses were used for this study.
4.4.3 Study III
We assessed the associations between admission plasma potassium categories (reference 3.5<4.0 mmol/L) and in-hospital outcomes: mortality, cardiac arrest, new-onset atrial
fibrillation/ flutter, and second- or third-degree AV block. Multivariable adjustment with
logistic regression was applied using three models, adjusting for an increasing number of
covariates (24 in total). Associations between exposure (plasma potassium per mmol/L) and
outcomes were also graphically modeled using cubic spline logistic regression, adjusting for
all covariates. Interaction terms were tested for a subset of covariates. Missing data was
imputed using MICE.
4.4.4 Study IV
The odds of hyperkalemia or hypokalemia at discharge were assessed using multivariable
logistics regression and adjusting for 21 covariates. Multivariable Cox proportional hazard
models were used to assess associations between discharge plasma potassium categories
(reference 4.0-<4.5 mmol/L) and hyperkalemia or hypokalemia within one year (with a
blanking period of two weeks post-discharge) as well as mortality within one year. Fine-Gray
regression models were used to assess associations between discharge plasma potassium
categories and hospitalization due to reinfarction, hospitalization due to heart failure, or newonset atrial fibrillation/ flutter within one year, where death was the competing event. In the
above mentioned time-dependent regression analyses, 19 covariates were included.
Associations between discharge plasma potassium and outcomes were also assessed using
restricted cubic splines. There were no missing data on variables used in the regression
models.
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4.5

ETHICAL CONSIDERATIONS

All studies were approved by the regional ethical review board in Stockholm and conducted
in accordance with the declaration of Helsinki90. Data were only analyzed on a group level
and the results cannot be linked back to an individual patient

SWEDEHEART – 2018

PatientID:

START – RIKSHIA (1/2)

( * = obligatorisk)

Överflyttad patient*
Överflyttad från

0 Nej

1 Omdirigerad
ambulans

2 Annat
sjukhus

3 Annan vårdenhet
inom sjukhuset

4 Ej
registrerande
enhet

Ange sjukhus
/enhet (om 1-4)

Beslutsgrundande EKG och ankomststatus*
EKG rytm

1 Sinus

2 Förmaksflimmer/-fladder

EKG QRS

1 Normalt

2 Pacemaker

Vänstergrenblock

0 Tidigare
känt

1 Ej tidigare känt

EKG STT

1 Normalt

2 ST-höjning

Hjärtfrekvens

/min

Blodtryck
Syst/diast

/

Lungrassel

0 Nej

1 Basala
rassel

Cardiogen chock
vid ankomst

0 Nej

1 Ja

8 Övrigt

3 Vänstergrenblock

4 Patol Qvåg

5 Högergrenblock

3 ST-sänkning

4 Patologisk T-våg

2 Mer än halva lungorna

8 Övrigt

8 Övrigt

3 Lungödem

Prehospitala uppgifter*
Intagningsorsak

1 Bröstsmärta

Symtomdebut

Datum

2 Dyspné

Ambulans
Prehospitalt EKG
Tidpunkt

0 Nej

HLR före sjukhus
Prehospital
trombolys
Preh trombolys
läkemedel
Preh trombolys
tidpunkt

0 Nej

1 Ja

0 Nej

1 Ja

3 Cirkulationsstillestånd

8 Övrigt

Kl
1 Ja, till Akuten

Datum

2 Ja, till HIA/PCI-lab
Kl

3 Rapilysin
Datum

4 Metalyse

Kl

Ankomstuppgifter*
Ankomst till akuten

Datum

Avresa till PCI-sjukhus

0 Nej

HIA/AVD/PCI-lab

Datum

Kl
1 Ja
Kl

Klinisk bakgrund*
Längd

_____ cm

Vikt

_____ kg

Sysselsättning

1 Arbete

2 Sjukskrivning
/sjukersättning

3 Arbetslöshet

4 Ålderspensionär

5 Studerar/Övrigt

Riskfaktorer
Rökning*

0 Aldrig rökare

1 Ex rökare > 1 mån

2 Rökare

Snusning*

0 Aldrig varit snusare

1 Ex snusare > 1 mån

2 Snusare

Skörhet

1 Mycket vital

2 Vital

6 Måttligt skör

7 Allvarligt skör

3 Klarar sig bra

4 Sårbar

8 Mycket allvarligt skör

5 Lindrigt skör
9 Terminalt sjuk

Figure 3A. RIKS-HIA registry form. Data collected on admission.
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SWEDEHEART – 2018

PatientID:

START – RIKSHIA (2/2)
Tidigare hjärtsjukdom*
Tidigare hjärtinfarkt
Känd nedsatt
vänsterkammarfunktion

0 Nej

Tidigare PCI

0 Nej

1 Ja

Tidigare hjärtkirurgi (avser ej
pacemaker)

0 Nej

1 CABG

1 Ja

0 Nej

2 Ja, lätt nedsatt
(40-49%)

3 Ja, måttligt
nedsatt (3039%)

4 Ja, kraftigt
nedsatt
(<30%)

5 Ja, men
okänd grad

2 Annan hjärtkirurgi

Tidigare sjukdomar*
Diabetes

0 Nej

1 Ja

Hypertoni

0 Nej

1 Ja

Tidigare stroke (ej
TIA)

0 Nej

1 Ja

Medicin vid ankomsten*
ACE-hämmare

0 Nej

1 Ja

A2-blockerare

0 Nej

1 Ja

Antikoagulantia

0 Nej

1 Waran

ASA

0 Nej

1 Ja

Övriga trombocythämmare

0 Nej

1 Clopidogrel
(Plavix)

Betablockerare

0 Nej

1 Ja

Ca-hämmare

0 Nej

1 Ja

Diabetesbehandling insulin
Diabetesbehandling per oral

0 Nej

1 Insulin

0 Nej

1 Tablettbehandlad

Digitalis

0 Nej

1 Ja

Diuretika

0 Nej

1 Ja

Aldosteronblockad

0 Nej

1 Spironolakton
(Aldactone)

Statiner

0 Nej

1 Ja

Ezetimibe
(Ezetrol)
Övriga lipidsänkare

0 Nej

1 Ja

0 Nej

1 Ja

Nitroglycerin
långverkande

0 Nej

2 ARB +
Neprilysin
3 Dabigatran 4 Rivaraoxaban 5 Apixaban
(Pradaxa)
(Xarelto)
(Eliquis)
2 Tiklopidin
(Ticlid)

3 Prasugrel
(Efient)

2 Eplerenon
(Inspra)

4 Ticagrelor
(Brilique)

8 Övrigt

8 Övrigt

Om Ja:
2 Fibrater

3 PCSK9antikroppar

4 Lipoproteinaferes

1 Ja

Kommentarer

Figure 3B. RIKS-HIA registry form. Data collected on admission (continued).
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SWEDEHEART – 2018

PatientID:

VÅRD – RIKSHIA

( * = obligatorisk)

Ankomst HIA/Avd/PCI-lab*

Datum

Kl

Revaskularisering*
Reperfusionsbehandling

0 Nej

1 Trombolys

2 Primär PCI

3 Akut CABG

4 Akut cor.ai utan åtgärd

Trombolys

0 Nej

1 Streptokinas

2 Actilyse

3 Rapilysin

4 Metalyse

Trombolys kontraindikation

0 Nej

1 Ja

Trombolys tidpunkt

Datum

Reperfusionsgrundande EKG
= Prehospitalta EKG
Reperfusiongrundande EKG
Tid

0 Nej

Kl
1 Ja

Datum

Kl

Medicinering*
iv/sc Antikoagulantia

0 Nej

1 iv Heparin

iv Betablockerare

0 Nej

1 Ja

iv Diuretika

0 Nej

1 Ja

iv Inotropa

0 Nej

1 Ja

iv Nitroglycering

0 Nej

1 Ja

2 sc Fragmin/Klexane

3 Arixtra

Utredningar och behandlingar*
Typ av stresstest

1 Myocardscint

2 Stress EKO

3 Arbetsprov

Resultat av stresstest

0 Ej utfört

1 Normalt

2 Patologiskt

3 Ej bedömbart

Vänsterkammar-funktion
mätt
Vänsterkammarfunktion
(LVEF)

1 Ekokardiografi

2 LV-angio

3 Annan metod

1 Normalt (≥50%)

2 Lätt nedsatt
(40-49%)

3 Måttligt
nedsatt (3039%)

CABG

0 Nej

1 Ja, akut CABG

2 Ja, under vårdtillfället

PM/ICD

0 Nej

1 PM permanent

2 ICD

CPAP

0 Nej

1 Ja

Laboratorieuppgifter
Infarktmarkör

4 Kraftigt nedsatt
(<30%)

3 Planerad efter utskrivning

4 CRT

5 ICD+CRT

OBS! Ankomstprover: Hb, CRP, Krea och P-Glucos

0 Ej utfört

1 Trop T (µg)

2 Trop I

3 CKMB

5 HS Trop T (ng)

6 HS Trop I (ng)

Maxvärde infarktmarkör
Kolesterol

Triglycerider

HDL

ApoB

ApoA1

LDL direktmätt:
P-Glucos

HbA1c

Kreatinin*

Dat

Kl

Prov 2
Dat

Kl

Prov 3
Dat

Kl

CRP

Dat

Kl

Dat

Kl

Dat

Kl

Hb

Dat

Kl

Dat

Kl

Dat

Kl

Komplikationer
Reinfarkt under vårdtillfället*

0 Nej

1 Ja

Blödning under vårdtillfället*

0 Nej

1 Dödlig

HLR/Defibrillering under vtf*

0 Nej

1 VT/VF

Cardiogen chock*

0 Nej

1 Ja

AV-block*

0 Nej/AV-I

1 AV-II-III

Nytt förmaksflimmer*

0 Nej

1 Ja

Mekanisk komplikation

0 Nej

1 Fri väggruptur

2 Cerebral

3 Krävande op/transfusion
8 Övrigt

2 VSD

3 MI (Akut allvarlig MI)

Överföring utskrivning*
Överförs till vårdenhet/sjukhus

Figure 4. RIKS-HIA registry form. Data collected from the hospital course.
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PatientID:

SLUT – RIKSHIA
Ankomst HIA/Avd/PCI*

( * = obligatorisk)
Datum

Avliden*
Avliden

0 Nej

1 Ja

Medicinering*
ACE-hämmare

0 Nej

1 Ja

A2-blockerare

0 Nej

1 Ja

2 ARB + Neprilysin

Antikoagulantia

0 Nej

1 Waran

3 Dabigatran
(Pradaxa)

4 Rivaroxaban
(Xarelto)

5 Apixaban
(Eliquis)

ASA

0 Nej

1 Ja
1 1 mån

2 3 mån

3 6 mån

6 >=12 mån

1 Clopidogrel
(Plavix)

2 Tiklopidin
(Ticlid)

3 Prasugrel
(Efient)

4 Ticagrelor
(Brilique)

8 Övrigt

1 1 mån

2 3 mån

3 6 mån

6 >=12 mån

5 tillsvidare

Planerad behandlingstid
Övriga trombocythämmare

0 Nej

Planerad behandlingstid
Betablockerare

0 Nej

1 Ja

Ca-hämmare

0 Nej

1 Ja

Diabetesbeh insulin

0 Nej

1 Insulin

Diabetsbeh per oral

0 Nej

1 Tablettbeh

Digitalis

0 Nej

1 Ja

Diuretika

0 Nej

1 Ja

Aldosteronblockad

0 Nej

1 Spironolakton
(Aldacton)

Statiner

0 Nej

1 Ja

Ezetimibre (Ezetrol)

0 Nej

1 Ja

Övriga lipidsänkare

0 Nej

1 Ja

Nitroglycering långv

0 Nej

1 Ja

Om Ja:

8 Annat

2 Eplerenon
(Inspra)

2 Fibrater

8 Övrigt

3 PCSK9antikroppar

4 Lipoproteinaferes

8 Övrigt

EKG*
EKG-rytm

1 Sinus

2 Förmaksflimmer/-fladder

8 Övrigt

Diagnos*
Infarkttyp
Subklass. av hjärtinfarkt

0 Ej infarkt

1 STEMI

2 NSTEMI

1 Typ-1

2 Typ-2

3 Typ-3

4 Typ-4a

Diagnos 1

Diagnos 3

Diagnos 5

Diagnos 2

Diagnos 4

Diagnos 6

5 Typ-4b

Utskrivning*
Utskrivningsdatum
Planerad koronarangio efter utskrivning

0 Nej

1 Ja

Planerad PCI efter utskrivning
Planerad CABG efter utskrivning

0 Nej

1 Ja

0 Nej

1 Ja

Uppföljning

0 Nej

1 Kardiologi/Medicin

Uppföljande sjukhus/enhet

Figure 5. RIKS-HIA registry form. Data collected at discharge.
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5 RESULTS
5.1

STUDY I

In the derivation cohort (n=242,303), 2077 (0.9%) cases of in-hospital cardiac arrest were
registered. Restricted to patients with a final diagnosis of NSTE-ACS (42%), in-hospital
cardiac arrest accounted for 1365 (1.3%) cases. The corresponding number among patients
with a non-ACS diagnosis was 712 (0.5%). Figure 6 depicts the incidence of in-hospital
cardiac arrest by year and final diagnosis (NSTE-ACS and non-ACS) for the derivation
cohort, as well as for the temporal validation and external validation cohorts.
Overall in the derivation cohort, patients with in-hospital cardiac arrest tended to be older and
have a higher burden of comorbidities. They were also more prone to have
electrocardiographic ST-T-abnormalities, lower systolic blood pressure and eGFR, higher
heart rate, Killip class and blood glucose level.
A points-based risk score with a maximal sum of seven points was developed. The included
variables were: age ≥60 years (1 point), ST-T abnormalities (2 points), Killip Class >1 (1
point), heart rate <50 or ≥100 bpm (1 point), and systolic blood pressure <100 mmHg (2
points). Estimated risk of in-hospital cardiac arrest by sum of points in the risk score ranged
from 0.18% to 11.94%.

In-hospital Cardiac Arrest, %

3,50

No ACS - SWEDEHEART temporal
validaCon cohort

3,00

NSTE-ACS - SWEDEHEART temporal
validaCon cohort

2,50
2,00

No ACS - SWEDEHEART derivaCon
cohort

1,50

NSTE-ACS- SWEDEHEART derivaCon
cohort

1,00
0,50

No ACS - MINAP validaCon cohort

0,00
2005

2006

2007

2008

2009

2010

Years

2011

2012

2013

2014

NSTE-ACS - MINAP validaCon cohort

Figure 6. Incidence of in-hospital cardiac arrest by year and final diagnosis in
SWEDEHEART and MINAP.
Internal validation showed good discrimination with a c-statistic of 0.72 (95% CI, 0.71–0.73).
The calibration plot demonstrated reasonable agreement but there was a tendency towards
overestimation of risk with a higher sum of score points (Figure 7A). The risk score
performed similarly in the temporal validation cohort (n=126,073) with respect to
discrimination (c-statistic 0.74 [95% CI, 0.73–0.76]) and calibration but instead there was a
tendency towards overestimation of risk with a higher sum of score points (Figure 7B).
In the external validation cohort (n=276,109) from MINAP there were 6388 (2.3%) cases of
in-hospital cardiac arrest. The incidence was equal in patients with NSTE-ACS (87%) and
patients with a non-ACS diagnosis. Baseline characteristic differences between cardiac arrest
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Observed In-Hospital CA, %

and non-cardiac arrest cases were comparable to the derivation cohort. The external
validation demonstrated moderate discrimination (c-statistic 0.65 [95% CI, 0.65–0.66]). The
calibration plot showed a general underestimation of risk (Figure 7C). A separate model
adjusting for underlying risk demonstrated good discrimination in the lower range of sum of
points but a general overestimation of risk with an increasing sum of points.
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Sum of Risk Score Points

A

Perfect Predic8on

10
8
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4

c-sta8s8c = 0.72
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10
8
6
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12
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Figure 7. Calibration plot for the SWEDEHEART derivation cohort 2008-2014 (A), the
SWEDEHEART temporal validation cohort 2005-2007 (B), and the MINAP validation
cohort 2008-2013 (C).
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5.2

STUDY II

Among the 121,379 include cases in the cohort, there were 349 (0.29%) OHCA recorded in
the Swedish Cardiopulmonary Resuscitation Registry within 90 days after discharge. Among
non-OHCA cases, 2194 (1.8%) died during the follow-up period (Figure 8).
Non-OHCA death

60
40
0

20

Number of patients

80

OHCA

0

10 20 30 40 50 60 70 80 90

0

10 20 30 40 50 60 70 80 90

Days after discharge

Figure 8. Frequencies of OHCA and non-OHCA death within 90 days after discharge.
Compared to non-OHCA cases, patients with OHCA were older, more likely to be male, have
a history of diabetes and heart failure, and a lower eGFR on admission. Patients with OHCA
were also more likely to have STEMI (as opposed no NSTEMI), multivessel and/or left main
coronary artery disease, a more complicated hospital course, and a lower LVEF assessed
during hospitalization.
Compared to patients with OHCA, those with non-OHCA death were more likely to be
female, have three-vessel and/or left main coronary artery disease, and a lower eGFR and
hemoglobin on admission.
Eight variables were independently associated with OHCA in multivariate Cox analyses. The
two variables diabetes and STEMI had the weakest associations and were excluded from the
final prediction model, which comprised six variables: male sex, age ≥60 years, eGFR <30
mL/min per 1.73 m2, Killip class ≥II, new-onset atrial fibrillation/flutter, and LVEF
categorized as ≥50% (reference), 40-49%, 30-39%, and <30% (Table 3). In the sensitivity
analysis, using Fine-Gray models with death in the non-OHCA groups as competing risk, the
same variables were independently associated with OHCA.

35

Jonas Faxén

Table 3. Variables associated with OHCA within 90 days after MI discharge in multivariate
Cox models and points assigned for stratification.
Variable

HR (95% CI)

P-value

Points

Male sex
Age ≥60 years
eGFR <30 mL/min per 1.73 m2
Killip class ≥II
New-onset atrial fibrillation/flutter
LVEF 40-49% (ref ≥50%)
LVEF 30-39% (ref ≥50%)
LVEF <30% (ref ≥50%)

1.75 (1.31-2.33)
1.56 (1.09-2.25)
2.42 (1.57-3.72)
2.20 (1.64-2.95)
1.67 (1.13-2.47)
2.74 (2.00-3.76)
4.21 (3.04-5.83)
6.24 (4.25-9.17)

<0.001
0.016
<0.001
<0.001
0.01
<0.001
<0.001
<0.001

1
1
2
2
1
2
3
4

HR: hazard ratio; CI: confidence interval; eGFR: estimated glomerular filtration rate; LVEF: left ventricular ejection fraction.
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The six variables were assigned points approximately corresponding to their hazard ratios
(HRs) (Table 3). For further simplicity, sum of points were grouped into four categories,
where the incidence of OHCA ranged from 0.11% to 2.2% and non-OHCA death from
0.65% to 11.5% Stratified by LVEF <40% alone, the incidence of OHCA was 0.20% and
0.76% and for non-OHCA death 1.1% and 4.9% (Figure 9A-D).

0
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20

30

40
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LVEF≥40%

70

LVEF<40%

Figure 9. Kaplan-Meier estimates of the rate of OHCA (A, B) and non-OHCA death (C, D)
stratified by sum of points and an LVEF cut-off of <40% respectively,

36

Predictors of Arrhythmias, Cardiac Arrest, and Mortality in Acute Coronary Syndrome

5.3

STUDY III

The cohort comprised 32,955 patients, of whom 44.6% had confirmed ACS and NSTE-ACS
accounted for 70.3%. Mean admission plasma potassium was 4.0±0.5 mmol/L. The
proportion of patients within each potassium stratum were: <3.0 mmol/L (1%), 3.0-<3.5
mmol/L (9%), 3.5-<4.0 mmol/L (39%), 4.0-<4.5 mmol/L (38%), 4.5-<5.0 mmol/L (10%),
5.0-<5.5 mmol/L (2%), and ≥5.5 mmol/L (1%). Overall, patients with higher potassium
levels tended to be older, have more comorbidities, and a lower eGFR.
Figure 10 illustrates crude proportions of outcomes according to potassium strata stratified
by final diagnosis (STEMI, NSTE-ACS, and non-ACS). During hospitalization, 886 (2.7%)
patients died. A U-shaped association between admission plasma potassium and in-hospital
mortality was observed. This association remained after adjusting for age, sex, and
additionally eGFR strata, comorbidities, main diagnosis, and medication on admission.
However, after further adjustment for presentation characteristics, only plasma potassium
≥5.0 mmol/L was significantly associated with in-hospital mortality (Table 4).

Figure 10. Proportions of outcomes by plasma potassium categories and final diagnosis.
There were 494 (1.5%) cases of in-hospital cardiac arrest registered. Also here, a U-shaped
association to admission plasma potassium was observed. This association remained after
adjusting for sex, age, eGFR strata, comorbidities, main diagnosis, and medication on
admission. After adjusting for all covariates including presentation characteristics, only
plasma potassium <3.5 mmol/L was significantly associated with in-hospital cardiac arrest
(Table 4).
New-onset atrial fibrillation/flutter was observed in 804 (2.4%) patients during
hospitalization. Only plasma potassium <3.0 mmol/L was significantly associated with new37
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onset atrial fibrillation/flutter after adjusting for all covariates (Table 4). A total of 361
(1.1%) patients experienced in-hospital second- or third-degree AV-block. After adjusting for
age, sex, gender, eGFR strata, comorbidities, main diagnosis, and medication on admission,
plasma potassium ≥5.5 mmol/L was significantly associated with second- or third-degree
AV-block. This association did not remain after additional adjustment for presentation
characteristics (Table 4).
No significant interactions were found between admission plasma potassium strata and final
diagnosis (STEMI, NSTE-ACS or non-ACS), eGFR strata, sex, presentation characteristics,
or medication.
Table 4. Odds ratios (OR) and 95% confidence intervals (CI) for in-hospital outcomes by
plasma potassium level on admission.

Plasma potassium level on
admission, mmol/L

No. Of
patients

In-hospital mortality
<3.0
335
3.0-<3.5
2,908
3.5-<4.0
12,711
4.0-<4.5
12,630
4.5-<5.0
3,276
5.0-<5.5
759
>=5.5
336
In-hospital cardiac arrest
<3.0
335
3.0-<3.5
2,908
3.5-<4.0
12,711
4.0-<4.5
12,630
4.5-<5.0
3,276
5.0-<5.5
759
>=5.5
336
New-onset atrial fibrillation (n=29,307)
<3.0
286
3.0-<3.5
2,576
3.5-<4.0
11,592
4.0-<4.5
11,237
4.5-<5.0
2,738
5.0-<5.5
601
>=5.5
277
2nd /3rd degree atrioventricular block
<3.0
335
3.0-<3.5
2,908
3.5-<4.0
12,711
4.0-<4.5
12,630
4.5-<5.0
3,276
5.0-<5.5
759
≥5.5
336

Model 1
Adjusted for age,
sex
OR
(95 % CI)

Model 2*

Model 3**

OR

(95 % CI)

OR

(95 % CI)

No. Of
events

Event
rate,
%

14
75
225
263
165
80
64

4.18
2.58
1.77
2.08
5.04
10.54
19.05

2.25**
1.41*
1.00
0.95
1.74***
***
3.49
6.29***

[1.28,3.96]
[1.07,1.84]
[1.00,1.00]
[0.79,1.14]
[1.41,2.15]
[2.65,4.60]
[4.58,8.64]

1.98*
1.29
1.00
0.89
1.30*
***
1.98
3.05***

[1.11,3.52]
[0.98,1.69]
[1.00,1.00]
[0.74,1.07]
[1.04,1.63]
[1.47,2.67]
[2.16,4.32]

1.60
1.15
1.00
0.91
1.22
***
1.83
2.27***

[0.89,2.88]
[0.86,1.52]
[1.00,1.00]
[0.75,1.10]
[0.97,1.54]
[1.34,2.49]
[1.57,3.27]

16
71
152
142
73
24
16

4.78
2.44
1.2
1.12
2.23
3.16
4.76

4.27***
***
2.10
1.00
0.84
1.48**
2.03**
2.93***

[2.52,7.25]
[1.58,2.80]
[1.00,1.00]
[0.67,1.06]
[1.11,1.98]
[1.30,3.16]
[1.72,5.00]

3.21***
***
1.83
1.00
0.83
1.20
1.27
1.87*

[1.86,5.54]
[1.37,2.44]
[1.00,1.00]
[0.66,1.05]
[0.89,1.61]
[0.80,2.03]
[1.05,3.33]

2.72***
**
1.63
1.00
0.85
1.11
1.20
1.41

[1.56,4.74]
[1.21,2.19]
[1.00,1.00]
[0.67,1.08]
[0.82,1.50]
[0.75,1.92]
[0.78,2.55]

10
41
156
172
74
19
9

3.50
1.59
1.35
1.53
2.70
3.16
3.25

2.66**
1.18
1.00
0.98
*
1.43
1.54
1.47

[1.38,5.11]
[0.83,1.67]
[1.00,1.00]
[0.79,1.22]
[1.07,1.90]
[0.95,2.52]
[0.74,2.93]

2.22*
1.07
1.00
0.96
1.23
1.15
1.14

[1.14,4.32]
[0.75,1.52]
[1.00,1.00]
[0.76,1.19]
[0.91,1.65]
[0.69,1.91]
[0.56,2.36]

1.93*
0.98
1.00
0.96
1.18
1.05
0.88

[1.00,3.76]
[0.69,1.40]
[1.00,1.00]
[0.77,1.21]
[0.87,1.58]
[0.63,1.75]
[0.42,1.83]

3
26
108
131
60
18
15

0.9
0.89
0.85
1.04
1.83
2.37
4.46

1.09
1.07
1.00
1.05
1.55**
1.88*
3.35***

[0.34,3.45]
[0.70,1.65]
[1.00,1.00]
[0.81,1.36]
[1.12,2.14]
[1.13,3.14]
[1.91,5.86]

0.89
0.96
1.00
1.05
1.37
1.37
2.44**

[0.28,2.84]
[0.62,1.48]
[1.00,1.00]
[0.81,1.36]
[0.98,1.92]
[0.80,2.32]
[1.344.48]

0.70
0.85
1.00
1.03
1.20
1.18
1.54

[0.22,2.29]
[0.55,1.31]
[1.00,1.00]
[0.80,1.35]
[0.86,1.69]
[0.70,2.04]
[0.82,2.90]

*Model 2 adjusted for age, sex, eGFR strata (≥60, 30-59, <30), comorbidities (hypertension, diabetes, prior myocardial infarction, history of
heart failure, prior stroke, peripheral vascular disease), main diagnosis (non-ACS, NSTE-ACS, STEMI), and medication on admission
(ACEI/ARB, DAPT, beta-blocker, calcium channel blocker, statins, diuretics, aldosterone antagonist and nitrates).
**Model 3 further adjusted for systolic blood pressure, heart rate category (<50 or >100 bpm), presenting chest pain, Killip≥2, ECG rhythm
(sinus rhythm, atrial flutter/ fibrillation, other), ECG ST-T changes (no, ST elevation, ST depression, T-wave changes, or other).
Abbreviations: OR, Odds ratio; CI, confidence interval; eGFR, estimated glomerular filtration rate; ACS, acute coronary syndrome; NSTE,
non-ST elevation; STEMI, ST-elevation myocardial infarction; ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor
blocker; DAPT, dual antiplatelet therapy; bpm, beats per minute; ECG, electrocardiography; * p<0.05 ** p<0.01 ***p<0.001
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5.4

STUDY IV

There were 4861 patients with confirmed acute MI included in the cohort. NSTEMI
accounted for 70% of all MI cases. Mean plasma potassium at discharge was 4.0±0.4
mmol/L. While most patients were discharged with plasma potassium within normal range,
8.1% had potassium <3.5 mmol/L and 1.5% had potassium >5.0 mmol/L. A higher burden of
comorbidities and a lower eGFR were more common among patients with elevated potassium
at discharge. After multivariable adjustment, a strong association between lower eGFR strata
and hyperkalemia (>5.0 mmol/L) at discharge was observed. Hyperkalemia was also
associated with a prior diagnosis of diabetes and prior use of ACEi. Hypokalemia (<3.5
mmol/L) at discharge was significantly associated with older age, female sex, a prior
diagnosis of hypertension, treatment with intravenous diuretics during hospitalization, and
non-invasive treatment of MI during the hospital course (Table 5).
Table 5. Cross-sectional logistic regression analyses identifying factors associated with
hypokalemia and hyperkalemia at discharge.

eGFR strata, ml/min/1.73m2
90+
60-89
45-59
30-44
<30
Demographics
Age, per 10 years
Male sex
Comorbid history
Diabetes mellitus
Hypertension
Myocardial infarction
Heart failure
Peripheral vascular disease
Stroke
Chronic obstructive pulmonary
disease
Cancer (3 years)
Known Atrial fibrillation
Hospital course characteristics
Killip≥2
STEMI (vs. NSTEMI)
PCI
CABG
In-hospital new-onset atrial
fibrillation
Intravenous diuretic use
Medication on admission
ACEi
ARB
β-blocker
Diuretics

Discharge Hypokalemia
K<3.5 mmol/L
OR
95%CI

Discharge Hyperkalemia
K>5.0 mmol/L
OR
95%CI

1.00
0.96
0.82
0.62
0.44**

[1.00,1.00]
[0.68,1.36]
[0.54,1.26]
[0.39,1.01]
[0.25,0.77]

1.00
2.13
4.68*
9.95***
17.08***

[1.00,1.00]
[0.59,7.72]
[1.21,18.06]
[2.58,38.34]
[4.39,66.55]

1.18**
0.78*

[1.04,1.33]
[0.63,0.98]

0.94
0.89

[0.72,1.22]
[0.55,1.45]

0.95
1.43**
0.84
0.75
1.01
0.99
0.95

[0.74,1.21]
[1.12,1.83]
[0.62,1.13]
[0.55,1.03]
[0.68,1.49]
[0.72,1.36]
[0.67,1.36]

1.74*
1.20
0.73
1.48
0.63
0.73
1.63

[1.06,2.86]
[0.71,2.03]
[0.40,1.32]
[0.82,2.67]
[0.26,1.52]
[0.37,1.46]
[0.84,3.15]

0.78
1.34

[0.43,1.40]
[0.99,1.83]

1.09
0.89

[0.38,3.14]
[0.46,1.74]

1.06
1.09
0.75*
1.01
1.03

[0.83,1.37]
[0.84,1.41]
[0.58,0.98]
[0.63,1.63]
[0.66,1.59]

1.49
1.31
0.79
2.10
1.20

[0.86,2.56]
[0.73,2.36]
[0.42,1.48]
[0.83,5.30]
[0.46,3.10]

2.07***

[1.63,2.63]

0.68

[0.40,1.17]

1.01
0.92
1.02
1.49**

[0.77,1.33]
[0.67,1.27]
[0.81,1.30]
[1.16,1.92]

1.93*
1.26
1.18
1.36

[1.15,3.26]
[0.67,2.35]
[0.71,1.98]
[0.79,2.34]

* p < 0.05, ** p < 0.01, *** p < 0.001

Within one year following the index hospitalization, hyperkalemia was observed in 784
(16.1%) patients. After multivariable adjustment, lower eGFR and higher discharge
potassium were the two factors most strongly associated with a hyperkalemic event.
Hypokalemia within one year was observed in 991 (20.4%) patients. Lower discharge
potassium was the factor most strongly associated with a hypokalemic event (Table 6).
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Table 6. Multivariable hazard ratios (HR) for first hyperkalemic or hypokalemic event within
1 year post discharge.

HR
Potassium at discharge, mmol/L
<3.5
3.13***
3.5-<4.0
1.43***
4.0-<4.5
1.00
4.5-5.0
0.97
>5.0
0.95
eGFR strata, ml/min/1.73m2
90+
1.00
60-89
0.88
45-59
0.76*
30-44
0.98
<30
1.24
Demographics
Age, per 10 years
1.07
Male sex
0.81**
Medical history
Diabetes mellitus
0.97
Hypertension
1.46***
Myocardial infarction I
1.03
Heart failure a
1.20*
Peripheral vascular disease
1.20
Stroke
1.03
Chronic obstructive
1.20
pulmonary disease
Cancer (3 years)
1.43*
Atrial fibrillation b
1.31***
STEMI
0.94
PCI
0.59***
CABG
1.51**
Medication at discharge
ACEi
0.89
ARB
0.91
β-blocker
0.85
Diuretics
1.35***

Hypokalemia
K<3.5 mmol/L
95%CI

HR

Hyperkalemia
K>5.0 mmol/L
95%CI

[2.59,3.77]
[1.23,1.67]
[1.00,1.00]
[0.77,1.23]
[0.57,1.58]

0.83
0.63***
1.00
1.73***
2.40***

[0.63,1.10]
[0.53,0.76]
[1.00,1.00]
[1.43,2.09]
[1.71,3.37]

[1.00,1.00]
[0.72,1.09]
[0.58,0.99]
[0.74,1.29]
[0.92,1.67]

1.00
1.72***
2.79***
4.35***
7.20***

[1.00,1.00]
[1.26,2.35]
[1.97,3.94]
[3.04,6.22]
[4.99,10.38]

[1.00,1.16]
[0.71,0.93]

0.99
1.04

[0.91,1.07]
[0.89,1.21]

[0.84,1.12]
[1.26,1.68]
[0.88,1.21]
[1.03,1.40]
[0.97,1.47]
[0.86,1.23]
[0.99,1.45]

1.54***
0.89
1.04
1.47***
1.29*
0.99
1.41**

[1.32,1.79]
[0.75,1.04]
[0.88,1.23]
[1.23,1.75]
[1.03,1.61]
[0.80,1.22]
[1.15,1.74]

[1.09,1.89]
[1.12,1.52]
[0.80,1.12]
[0.50,0.70]
[1.17,1.94]

2.11***
1.08
1.10
0.70***
1.28

[1.60,2.79]
[0.91,1.29]
[0.92,1.31]
[0.59,0.84]
[0.94,1.75]

[0.77,1.02]
[0.75,1.11]
[0.70,1.03]
[1.15,1.57]

1.00
1.00
1.08
1.27**

[0.85,1.18]
[0.80,1.25]
[0.85,1.37]
[1.07,1.51]

* p < 0.05, ** p < 0.01, *** p < 0.001
a History of heart failure defined as previous heart failure history, or Killip≥2 or intravenous diuretic use during the index hospitalization.
b History of atrial fibrillation defined as the previous atrial fibrillation history or development of atrial fibrillation during the index
hospitalization.

Mortality within one year of discharge was 14.8% (n=718). A U-shaped association between
potassium at discharge and 1-year mortality was observed. This association remained after
multivariable adjustment and was significant for plasma potassium strata <3.5 mmol/L and
≥4.5 mmol/L. Within one year of discharge, 633 (13.0%) patients were hospitalized due to
reinfarction, 1045 (21.5%) were hospitalized due to heart failure, and 247 (6.0%) had a new
diagnosis of atrial fibrillation/flutter. After multivariable adjustment, no significant
associations between discharge potassium and the latter three outcomes were observed with
one exception; patients with discharge potassium between 3.5-<4.0 mmol/L had lower odds
(OR 0.80, 95% CI 0.69-0.92) of becoming hospitalized because of heart failure (Table 7).
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Table 7. Multivariable hazard ratios (HR) for potassium categories at discharge and the risk
of death and cardiovascular outcomes within 1 year.
Death

Potassium at discharge, mmol/L
<3.5
3.5-<4.0
4.0-<4.5
4.5-5.0
>5.0

Myocardial
re-infarction

Heart failure

HR

95%CI

HR

95%CI

HR

95%CI

De novo Atrial
fibrillation
(n=4109)
HR
95%CI

1.50***
0.88
1.00
1.25*
1.51*

[1.18,1.89]
[0.74,1.06]
[1.00,1.00]
[1.00,1.56]
[1.00,2.27]

1.07
0.98
1.00
0.98
1.21

[0.80,1.43]
[0.81,1.18]
[1.00,1.00]
[0.75,1.27]
[0.71,2.06]

0.98
0.80**
1.00
1.01
1.11

[0.79,1.21]
[0.69,0.92]
[1.00,1.00]
[0.83,1.22]
[0.76,1.64]

1.11
0.77
1.00
0.66
0.80

[0.72,1.70]
[0.58,1.04]
[1.00,1.00]
[0.42,1.05]
[0.32,1.99]

* p < 0.05, ** p < 0.01, *** p < 0.001
a Adjusted for age, sex, history of diabetes mellitus, hypertension, myocardial infarction, heart failure, peripheral vascular disease, stroke,
chronic obstructive pulmonary disease, cancer, atrial fibrillation, STEMI, non-STEMI, PCI, CABG and medication at discharge (ACEi, ARB,
β-blocker and diuretics); History of heart failure defined as previous heart failure history, or Killip≥2 or intravenous diuretic use during the
index hospitalization; History of atrial fibrillation defined as the previous atrial fibrillation history or development of atrial fibrillation during
the index hospitalization.
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6 DISCUSSION
6.1

MAJOR FINDINGS

In Study I, we found that incidence of in-hospital cardiac arrest in NSTE-ACS ranges from
1.3% to 2.3%. For the purpose of risk stratification, we developed a user-friendly risk score
that may be used to estimate the risk of in-hospital cardiac arrest for patients admitted with
suspected NSTE-ACS. The risk score comprises five dichotomous variables easily accessible
at admission: systolic blood pressure <100 mm Hg, age ≥60 years, hear rate <50 or ≥100
bpm, ST-T abnormalities on the admission ECG, and Killip class ≥II.
In Study II, comprising a contemporary cohort of MI cases, the incidence of OHCA within
90 days after discharge was low (0.29%). Six variables (male sex, age ≥60 years, eGFR <30
mL/min per 1.73 m2, Killip class ≥II, new-onset atrial fibrillation/ flutter, and LVEF
categorized as ≥50%, 40-49%, 30-39%, and <30%) predicted OHCA as well as non-OHCA
death better than an LVEF cut-off of 40% alone.
For patients admitted with suspected ACS, results from Study III showed that, potassium
disorders at admission are associated with adverse in-hospital outcomes regardless of
presentation characteristics or final diagnosis. After multivariable adjustment, plasma
potassium ≥5.0 mmol/L was associated with in-hospital death, plasma potassium <3.5
mmol/L was associated with in-hospital cardiac arrest, and plasma potassium <3.0 mmol/L
was associated with new-onset atrial fibrillation/flutter during hospitalization.
In Study IV, we found that potassium disorders within the first year of discharge after MI are
frequent. In our study cohort, hyperkalemia within one year was observed in 16.1% and was
strongly associated with a lower eGFR and higher potassium level at discharge. Hypokalemia
affected 20.4% of patients within one year and was strongly associated with lower potassium
at discharge. Additionally, a U-shaped association between discharge potassium level and
mortality within one year was observed and remained after multivariable adjustment.
6.2

WHO AND WHERE TO MONITOR IN SUSPECTED NSTE-ACS?

The coronary care unit (CCU) was introduced in the beginning of the 1960s and enabled
continuous heart rhythm monitoring with rapid detection and treatment of life-threating
arrhythmias by trained personnel. In the treatment of acute MI, the CCU has been considered
the single most important advance of the 20th century91. However, given the development and
improvement of care and outcome in ACS, the need and cost effectiveness for low-risk
patients to be admitted to the CCU have been disputed92. Current European guidelines
recommend that according to clinical presentation after established NSTE-ACS diagnosis,
UA patients do not require rhythm monitoring and NSTEMI patients at low risk for
arrhythmias may be monitored in a CCU or an intermediate care unit likewise. Low risk is
defined as the absence of the following criteria: hemodynamically unstable arrhythmias, left
ventricular ejection fraction below 40%, failed reperfusion, additional critical coronary
stenoses of major vessels, or complications related to percutaneous revascularization2. Still,
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patients with uncomplicated NSTE-ACS are commonly observed in the CCU. A Canadian
study reported that among nearly 8000 patients with stable NSTE-ACS, almost two-thirds
were admitted to a CCU. Compared to those admitted to a cardiology telemetry ward, clinical
outcome did not differ93.
At admission, the diagnosis of NSTE-ACS may not necessarily have been established.
Additionally, several of the abovementioned criteria to define patients at low risk for
arrhythmias may not be known. Hence, for patients admitted with suspected NSTE-ACS, the
risk score proposed in Study I may aid in targeting those suitable for monitoring in a
telemetry ward or a CCU. For patients at lowest risk according to the risk score, the estimated
risk of in-hospital cardiac arrest was 0.18%. The corresponding observed incidence was
0.17% in the derivation cohort, 0.19% in the temporal validation cohort, and 0.38% in the
external validation cohort. Hence, using the risk score, it was not possible to find a group of
patients at truly low risk for in-hospital cardiac arrest without need for rhythm monitoring.
6.3

SCD EARLY AFTER MI, HOW AND WHICH PATIENTS TO CAPTURE?

In Study II, the incidence of OHCA early after MI was substantially lower than reported in
previous studies32,32. Importantly, we only included patients, who had undergone coronary
angiography during the hospital course. Patients, for whom a non-invasive approach is
chosen, are likely to be more fragile and at higher risk for adverse events. We hypothesized
that this group of patients may not be of primary interest when risk stratification for
arrhythmic death and possible ICD implantation is warranted because of competing causes of
death. Still, considering that a majority of trials and registry studies were conducted in the
1990s and early 2000s, our data may indicate that the incidence of SCD early after MI has
declined in recent years, at least for patients for whom SCD preventive strategies may be
most beneficial.
Over 90% of SCD cases occur out-of-hospital94. However, SCD does not equal arrhythmic
death. Based on autopsy findings, it has been reported that only slightly over 50% of SCDs
are caused by arrhythmias94, 95. The problem of capturing arrhythmic death is also illustrated
by the recent VEST trial. Five out of nine patients with a wearable cardioverter–defibrillator
worn at time of death and adjudicated arrhythmic death (as determined by an expert panel
blinded to the group assignments) did in fact not have ventricular arrhythmias48.
Two landmark studies did not demonstrate a benefit of ICD therapy early after MI in patients
with LVEF ≤35% or ≤30% because of competing causes of death34, 35. These studies were
partly conducted in an earlier therapeutic era with lower rates of revascularization and less
aggressive antithrombotic treatment. Furthermore, ICD implantation was performed within
31 to 40 days after MI, whereas the risk of SCD has been shown to be highest within the first
30 days.
Neither did the VEST trial show an advantage of a wearable cardioverter-defibrillator over
medical therapy alone in patients with LVEF ≤35% early after MI48. The authors have raised
questions whether the trial was sufficiently powered and whether possible misclassification
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may have further reduced the power. Nevertheless, based on the aforementioned trials, using
LVEF as a standalone risk predictor of arrhythmic death is not sufficient in the early phase
after MI.
6.4

ADMISSION POTASSIUM LEVELS AND IN-HOSPITAL ADVERSE EVENT
IN ACS

Results from Study III are consistent with prior observations that normokalemia on
admission is associated with the lowest risk of in-hospital adverse events in ACS62, 66, 67. In
contrast to previous studies, we included a broader population comprising patients admitted
with not only confirmed but also suspected ACS. Additionally, we adjusted for subtype of
ACS and presentation characteristics as well as renal function. Relative risks were not
modified by final diagnosis. However, it is worth noting that for patients with STEMI and
admission potassium 5.0-<5.5 mmol/L, in-hospital mortality reached almost 25%. In-hospital
cardiac arrest affected 10% of patients with STEMI accompanied by admission potassium
<3.0 or 5.0-<5.5 mmol/L.
Compared to the U.S. registry-based study by Goyal et al., which included only patients with
confirmed MI, event rates in Study III were lower (6.9% vs. 2.7% for in-hospital mortality
and 4.4% vs. 1.5% for in-hospital cardiac arrest)62. Goyal and colleagues reported that after
multivariable adjustment, admission serum potassium <3.0 and ≥5.0 mEq/L were associated
with in-hospital mortality and admission serum potassium <3.5 mEq/L was associated with
the composite of in-hospital ventricular arrhythmias and cardiac arrest62. Our results are
largely in agreement with these results but suggest that hyperkalemia at admission may be an
even stronger predictor of in-hospital mortality than hypokalemia as this association remained
after adjusting for important presentation characteristics. SWEDEHEART reports cardiac
arrest only when CPR and/or defibrillation have been attempted. Patients with hyperkalemia
were generally older and more diseased, which may have influenced CPR decisions.
Furthermore, patients with hypokalemia and associated cardiac arrest may have had a more
favorable outcome.
Our finding that plasma potassium <3.0 mmol/L was associated with new-onset atrial
fibrillation, gives further support to a possible linkage between hypokalemia and the
occurrence of atrial fibrillation.
6.5

THE IMPACT OF DYSKALEMIA FOLLOWING MI

The incidence of dyskalemia following hospitalization for MI has not been frequently
reported. Neither have RCTs on RAAS inhibitor treatment after MI provided much data on
potassium levels during the course of follow-up. Findings from Study IV suggest that
potassium imbalance within 1 year following MI is common, affecting almost 37% of
patients, with potassium level and renal function at discharge being the strongest predictors.
Since all laboratory data were extracted from actual healthcare visits, the reported incidence
is, if anything, an underestimation. Over 90% of the patients were normokalemic at
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discharge. Given the commonness of dyskalemia during follow up, concerns may be raised
whether a subgroup of patients would attain benefit from closer monitoring after discharge.
We found a U-shaped relationship between discharge potassium level and mortality within
one year, which is in line with previous observational studies64, 67, 96. Mortality risk was
already increased for potassium within the upper normal range (4.5-5.0 mmol/L), which has
also been demonstrated before62, 64.
Although associations between dyskalemia and adverse events have been repeatedly
demonstrated in observational studies, no causal relationships have been established. Whether
hypokalemia and hyperkalemia are in fact risk factors or merely risk markers remain
unknown. In heart failure, Lund and Pitt argue that hyperkalemia may primarily be a risk
marker resulting in the underuse of RAAS inhibitors, which in turn is causative of worse
outcome97. Whether this may hold true for the MI population, which in many ways overlaps
the heart failure population, is not clear.
6.6

LIMITATIONS

All studies were derived from large-sized cohorts, which reduces but does not eliminate the
possibility of random errors. As for systematic errors, both selection and information biases
are likely to be present in registry studies. The nation-wide SWEDEHEART registry includes
the majority, but not all, of patients admitted with symptoms suggestive of ACS. Crosslinkage with the National Cause of Death Register minimizes loss to follow-up. For other
predefined outcomes, validity relies solely on collected data. In order to enable imputation of
missing values, data was assumed to missing at random, which may not hold true. Finally,
confounding possesses a major source of bias in non-randomized cohort studies. Although,
multivariable adjustment and stratification were assessed, residual confounding may still be
present.
Specific limitations of the individual studies are discussed in brief below.
6.6.1 Study I
Our reported incidence of in-hospital cardiac arrest in NSTE-ACS is in agreement with
previous studies. However, it is uncertain how well the true incidence of in-hospital cardiac
arrest was captured considering the definition of the outcome variable and possible
underreporting as well as missing data for in-hospital cardiac arrest and cardiac arrest prior to
admission. The reported incidence may therefore be underestimated or overestimated. No
data on timing of cardiac arrest or temporal relationships to revascularization were available.
Neither were cardiac troponin measurements nor LVEF on admission available.
The risk score did not perform optimally in the MINAP cohort. Adjusting for underlying risk
or including complete cases only did not improve the performance. Compared to
SWEDEHEART, the overall incidence of in-hospital cardiac arrest was higher in MINAP
and notably patients with a non-ACS diagnosis as compared to NSTE-ACS were at equal or
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higher risk for in-hospital cardiac arrest. In addition, one of the five variables in the risk
score, Killip class, was missing in 70% of patients in MINAP. Although multiple imputation
was performed, its validity may be questioned.
6.6.2 Study II
Comparing our results to studies using SCD, most often ascertained by reviewing medical
records and death certificates, as an endpoint may be problematic. Moreover, not all cases of
SCD occur out-of hospital and OHCA does not necessarily equal SCD. We chose to include
only patients who had undergone coronary angiography during the hospital course. Hence,
our reported results do not represent the true OHCA incidence. Furthermore, the Swedish
Cardiopulmonary Resuscitation Registry only captures cases of OHCA, which were treated
by EMS.
Data was missing for several variables, most notably for the key variable LVEF. Only
complete-case analyses were performed, and hence selection biases may have been
introduced. Although coronary angiographic findings were evaluated in multivariable
analyses, detailed data regarding specific PCI procedures were not available and hence not
adjusted for. We did not have information on hospital readmissions within the follow-up
period other than cases of reinfarction registered in SWEDEHEART, which were excluded.
6.6.3 Studies III-IV
In Studies III-IV, potassium concentration was measured in plasma, whereas most prior
studies in the field were based on measurement of serum potassium. Serum potassium is
generally slightly higher than plasma potassium98. A mean difference of 0.18 mmol/L has
been reported99. Hence, our results are not directly comparable to prior studies reporting
serum potassium measurement. Furthermore, Studies III-IV were restricted to patients
residing in the Stockholm County, which could be a source of bias.
In Study III, no temporal relationships between admission potassium measurement and
outcomes were available. In addition, data did not allow a distinction between different types
of diuretics at admission, e.g. loop diuretics and MRA.
In Study IV, follow-up was based on potassium tests available within one year. Hence,
selection bias, particularly detection bias, is likely to be present. Although we adjusted for
medication at discharge, data on continuation or discontinuation of medical therapy during
follow-up were not taking into account except for MRA.
6.7

FUTURE PERSPECTIVES

The risk score presented in Study I may help the clinician to assess risk of in-hospital cardiac
arrest and level of surveillance needed for patients admitted with suspected NSTE-ACS. Still,
further validation in different populations is needed. Additionally, temporal distribution of inhospital cardiac arrest warrants further investigation. Future research is called for to develop a
risk-score model identifying patients at truly low risk for in-hospital cardiac arrest.
46

Predictors of Arrhythmias, Cardiac Arrest, and Mortality in Acute Coronary Syndrome

Reliable risk stratification tools for SCD early after MI are lacking and further studies are
indeed warranted. LVEF has not been proven a useful stand-alone predictor. As shown in
Study II, five clinical variables in addition to LVEF predict OHCA but also non-OHCA
death better than LVEF alone. An ideal risk stratification test would identify patients at high
risk for arrhythmic death and low risk for non-arrhythmic death so that preventive strategies
(e.g. ICD or wearable cardioverter–defibrillator) may safely and cost-effectively be
implemented.
Results from Studies III-IV confirm that potassium imbalance is associated with adverse
outcomes. Our findings suggest that patients admitted with suspected ACS or discharged
after MI and who have concomitant potassium imbalance should be closely monitored.
However, whether dyskalemia represents a risk factor or merely a risk marker remains
unclear. Large interventional trials taking the full range of potassium disturbances into
account and randomizing patients to different potassium targets will never be conducted.
Still, several studies, including our own, have demonstrated an association between mild
hyperkalemia or even potassium in the upper normal range and adverse events. Randomized
trials in this setting might be feasible. Furthermore, novel potassium binders have recently
been introduced and warrant further investigation100, 101.
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7 CONCLUSIONS
A simple points score comprising five variables readily available on admission (systolic
blood pressure, age, heart rate, ST-T changes on ECG, and Killip class) may be used to
predict in-hospital cardiac arrest in patients admitted with suspected ACS.
In our cohort of MI patients, six variables (sex, age, eGFR, Killip class, new-onset atrial
fibrillation/ flutter, and LVEF) predicted OHCA as well as non-OHCA death within 90 days
after discharge better than an LVEF cut-off alone.
Hyperkalemia at admission is associated with in-hospital mortality and hypokalemia is
associated with in-hospital cardiac arrest and new-onset atrial fibrillation/flutter in patients
admitted with suspected ACS irrespective of baseline characteristics or final diagnosis.
Within the first year following MI, hyperkalemia and hypokalemia are frequently
encountered. Potassium level and eGFR at discharge strongly predict their occurrence as well
as one-year mortality.

48

Predictors of Arrhythmias, Cardiac Arrest, and Mortality in Acute Coronary Syndrome

8 TACK
Jag vill framföra mitt varma tack till alla som direkt eller indirekt bidragit till denna
avhandlings tillblivande. Följande personer vill jag särskilt omnämna:
Karolina Szummer, min huvudhandledare och livlina under doktorandåren. Med en aldrig
sinande entusiasm och vetenskaplig nyfikenhet har du alltid tagit dig tid och haft ett enormt
tålamod med mina frågor i stort och smått.
Tomas Jernberg, min bihandledare, den kloke och pragmatiske problemlösaren, som mycket
starkt bidragit till att ro alla forskningsprojekt i hamn och är den person som fick mig att
börja forska.
Mina medförfattare, som kommit med kloka idéer och synpunkter, särskilt: Chris Gale,
Marlous Hall, Bertil Lindahl, Johan Sundström, Hong Xu, Juan-Jesus Carrero, Fredrik
Gadler, Jacob Hollenberg och Johan Herlitz.
Institutionen för medicin, KI Huddinge och prefekt Jan Bolinder samt enheten för hjärt- och
lungsjukdomar med Mats Jensen-Urstad i spetsen, som möjliggjort min doktorandtid.
Alla mina chefer under åren som gjort det möjligt för mig att både verka kliniskt och få tid
för forskning: Fredrik Gadler, Michael Melin, Frieder Braunschweig och Jonas Schwieler.
Hans Gyllenhammar och Karin Sendek för mycket trevligt samarbete under min tid som
amanuens för medicinkursen på KI, Huddinge.
Johan Reutfors, under vars eminenta ledning jag har haft förmånen att gå på KI:s forskarskola
tillsammans med många trevliga kollegor, i synnerhet: Lina Schollin Ask, Lina Davies
Forsman och Johanna Rundgren.
Kerstin Johansson för ovärderlig hjälp med all form av administration oavsett om det gällt
forskning, klinik eller privata ärenden.
Alla kollegor på hjärtkliniken, KS och särskilt mina meddoktorander under åren: Robert
Edfors, Moa Simonsson, Emil Najjar och Ida Löfman.
Mina kära vänner Aron Kristiansson, Philip Brenner, Markus Kalén, Andreas Kvarnström
och Valtteri Häyry, som alltid finns där. Alla fina vänner från tiden i Uppsala och Nyköping.
Ulrika Ljung Faxén för hjälp och stöd i allt och ett strålande moderskap. Maria och Lars
Ljung för all hjälpsamhet och omtanke.
Sara Luthman, min fantastiska käresta och bonusfamiljen med Harry och Bobo, Birgitta och
Mats Högström samt Joakim Högström och Johanna Hesselman Larsson.
Mina föräldrar och min bror, som gett mig en kärleksfull och trygg uppväxt och möjliggjort
mitt liv på alla sätt.
Min över allt älskade son Bertil, som ger livet en större mening.
49

Predictors of Arrhythmias, Cardiac Arrest, and Mortality in Acute Coronary Syndrome

9 REFERENCES
1.
Thygesen K, Alpert JS, Jaffe AS, Simoons ML, Chaitman BR, White HD,
Thygesen K, Alpert JS, White HD, Jaffe AS, Katus HA, Apple FS, Lindahl B, Morrow DA,
Chaitman BA, Clemmensen PM, Johanson P, Hod H, Underwood R, Bax JJ, Bonow RO,
Pinto F, Gibbons RJ, Fox KA, Atar D, Newby LK, Galvani M, Hamm CW, Uretsky BF, Steg
PG, Wijns W, Bassand JP, Menasche P, Ravkilde J, Ohman EM, Antman EM, Wallentin LC,
Armstrong PW, Simoons ML, Januzzi JL, Nieminen MS, Gheorghiade M, Filippatos G,
Luepker RV, Fortmann SP, Rosamond WD, Levy D, Wood D, Smith SC, Hu D, LopezSendon JL, Robertson RM, Weaver D, Tendera M, Bove AA, Parkhomenko AN, Vasilieva
EJ, Mendis S. Third universal definition of myocardial infarction. European heart journal.
2012;33(20):2551-67.
2.
Roffi M, Patrono C, Collet JP, Mueller C, Valgimigli M, Andreotti F, Bax JJ,
Borger MA, Brotons C, Chew DP, Gencer B, Hasenfuss G, Kjeldsen K, Lancellotti P,
Landmesser U, Mehilli J, Mukherjee D, Storey RF, Windecker S, Baumgartner H, Gaemperli
O, Achenbach S, Agewall S, Badimon L, Baigent C, Bueno H, Bugiardini R, Carerj S,
Casselman F, Cuisset T, Erol C, Fitzsimons D, Halle M, Hamm C, Hildick-Smith D, Huber
K, Iliodromitis E, James S, Lewis BS, Lip GY, Piepoli MF, Richter D, Rosemann T, Sechtem
U, Steg PG, Vrints C, Luis Zamorano J. 2015 ESC Guidelines for the management of acute
coronary syndromes in patients presenting without persistent ST-segment elevation: Task
Force for the Management of Acute Coronary Syndromes in Patients Presenting without
Persistent ST-Segment Elevation of the European Society of Cardiology (ESC). European
heart journal. 2016;37(3):267-315.
3.
Roth GA, Huffman MD, Moran AE, Feigin V, Mensah GA, Naghavi M,
Murray CJ. Global and regional patterns in cardiovascular mortality from 1990 to 2013.
Circulation. 2015;132(17):1667-78.
4.
Puymirat E, Simon T, Cayla G, Cottin Y, Elbaz M, Coste P, Lemesle G,
Motreff P, Popovic B, Khalife K, Labeque JN, Perret T, Le Ray C, Orion L, Jouve B,
Blanchard D, Peycher P, Silvain J, Steg PG, Goldstein P, Gueret P, Belle L, Aissaoui N,
Ferrieres J, Schiele F, Danchin N. Acute Myocardial Infarction: Changes in Patient
Characteristics, Management, and 6-Month Outcomes Over a Period of 20 Years in the
FAST-MI Program (French Registry of Acute ST-Elevation or Non-ST-Elevation
Myocardial Infarction) 1995 to 2015. Circulation. 2017;136(20):1908-19.
5.
Szummer K, Wallentin L, Lindhagen L, Alfredsson J, Erlinge D, Held C, James
S, Kellerth T, Lindahl B, Ravn-Fischer A, Rydberg E, Yndigegn T, Jernberg T. Improved
outcomes in patients with ST-elevation myocardial infarction during the last 20 years are
related to implementation of evidence-based treatments: experiences from the
SWEDEHEART registry 1995-2014. European heart journal. 2017;38(41):3056-65.

51

Jonas Faxén

6.
Szummer K, Wallentin L, Lindhagen L, Alfredsson J, Erlinge D, Held C, James
S, Kellerth T, Lindahl B, Ravn-Fischer A, Rydberg E, Yndigegn T, Jernberg T. Relations
between implementation of new treatments and improved outcomes in patients with non-STelevation myocardial infarction during the last 20 years: experiences from SWEDEHEART
registry 1995 to 2014. European heart journal. 2018;39(42):3766-76.
7.
Libby P, Pasterkamp G. Requiem for the 'vulnerable plaque'. European heart
journal. 2015;36(43):2984-7.
8.
Eisen A, Giugliano RP, Braunwald E. Updates on Acute Coronary Syndrome:
A Review. JAMA cardiology. 2016;1(6):718-30.
9.
Janse MJ, Wit AL. Electrophysiological mechanisms of ventricular arrhythmias
resulting from myocardial ischemia and infarction. Physiological reviews. 1989;69(4):1049169.
10.
Di Diego JM, Antzelevitch C. Ischemic ventricular arrhythmias: experimental
models and their clinical relevance. Heart rhythm. 2011;8(12):1963-8.
11.
Liang JJ, Prasad A, Cha YM. Temporal evolution and implications of
ventricular arrhythmias associated with acute myocardial infarction. Cardiology in review.
2013;21(6):289-94.
12.
Wolfe CL, Nibley C, Bhandari A, Chatterjee K, Scheinman M. Polymorphous
ventricular tachycardia associated with acute myocardial infarction. Circulation.
1991;84(4):1543-51.
13.
Gumz ML, Rabinowitz L, Wingo CS. An Integrated View of Potassium
Homeostasis. The New England journal of medicine. 2015;373(1):60-72.
14.
Weiss JN, Qu Z, Shivkumar K. Electrophysiology of Hypokalemia and
Hyperkalemia. Circulation Arrhythmia and electrophysiology. 2017;10(3).
15.
Wahr JA, Parks R, Boisvert D, Comunale M, Fabian J, Ramsay J, Mangano
DT. Preoperative serum potassium levels and perioperative outcomes in cardiac surgery
patients. Multicenter Study of Perioperative Ischemia Research Group. JAMA : the journal of
the American Medical Association. 1999;281(23):2203-10.
16.
Krijthe BP, Heeringa J, Kors JA, Hofman A, Franco OH, Witteman JC,
Stricker BH. Serum potassium levels and the risk of atrial fibrillation: the Rotterdam Study.
International journal of cardiology. 2013;168(6):5411-5.
17.
Lu YY, Cheng CC, Chen YC, Lin YK, Chen SA, Chen YJ. Electrolyte
disturbances differentially regulate sinoatrial node and pulmonary vein electrical activity: A
contribution to hypokalemia- or hyponatremia-induced atrial fibrillation. Heart rhythm.
2016;13(3):781-8.

52

Predictors of Arrhythmias, Cardiac Arrest, and Mortality in Acute Coronary Syndrome

18.
Antzelevitch C, Burashnikov A. Overview of Basic Mechanisms of Cardiac
Arrhythmia. Cardiac electrophysiology clinics. 2011;3(1):23-45.
19.
Al-Khatib SM, Stebbins AL, Califf RM, Lee KL, Granger CB, White HD,
Armstrong PW, Topol EJ, Ohman EM, trial G-I. Sustained ventricular arrhythmias and
mortality among patients with acute myocardial infarction: results from the GUSTO-III trial.
American heart journal. 2003;145(3):515-21.
20.
Mehta RH, Harjai KJ, Grines L, Stone GW, Boura J, Cox D, O'Neill W, Grines
CL, Primary Angioplasty in Myocardial Infarction I. Sustained ventricular tachycardia or
fibrillation in the cardiac catheterization laboratory among patients receiving primary
percutaneous coronary intervention: incidence, predictors, and outcomes. Journal of the
American College of Cardiology. 2004;43(10):1765-72.
21.
Mehta RH, Starr AZ, Lopes RD, Hochman JS, Widimsky P, Pieper KS,
Armstrong PW, Granger CB, Investigators AA. Incidence of and outcomes associated with
ventricular tachycardia or fibrillation in patients undergoing primary percutaneous coronary
intervention. JAMA : the journal of the American Medical Association. 2009;301(17):177989.
22.
Al-Khatib SM, Granger CB, Huang Y, Lee KL, Califf RM, Simoons ML,
Armstrong PW, Van de Werf F, White HD, Simes RJ, Moliterno DJ, Topol EJ, Harrington
RA. Sustained ventricular arrhythmias among patients with acute coronary syndromes with
no ST-segment elevation: incidence, predictors, and outcomes. Circulation. 2002;106(3):30912.
23.
Piccini JP, White JA, Mehta RH, Lokhnygina Y, Al-Khatib SM, Tricoci P,
Pollack CV, Jr., Montalescot G, Van de Werf F, Gibson CM, Giugliano RP, Califf RM,
Harrington RA, Newby LK. Sustained ventricular tachycardia and ventricular fibrillation
complicating non-ST-segment-elevation acute coronary syndromes. Circulation.
2012;126(1):41-9.
24.
Rahimi K, Watzlawek S, Thiele H, Secknus MA, Hayerizadeh BF, Niebauer J,
Schuler G. Incidence, time course, and predictors of early malignant ventricular arrhythmias
after non-ST-segment elevation myocardial infarction in patients with early invasive
treatment. European heart journal. 2006;27(14):1706-11.
25.
Zorzi A, Turri R, Zilio F, Spadotto V, Baritussio A, Peruzza F, Gasparetto N,
Marra MP, Cacciavillani L, Marzari A, Tarantini G, Iliceto S, Corrado D. At-admission risk
stratification for in-hospital life-threatening ventricular arrhythmias and death in non-ST
elevation myocardial infarction patients. European heart journal Acute cardiovascular care.
2014.
26.
Eagle KA, Lim MJ, Dabbous OH, Pieper KS, Goldberg RJ, Van de Werf F,
Goodman SG, Granger CB, Steg PG, Gore JM, Budaj A, Avezum A, Flather MD, Fox KA.

53

Jonas Faxén

A validated prediction model for all forms of acute coronary syndrome: estimating the risk of
6-month postdischarge death in an international registry. JAMA : the journal of the American
Medical Association. 2004;291(22):2727-33.
27.
Fox KA, Dabbous OH, Goldberg RJ, Pieper KS, Eagle KA, Van de Werf F,
Avezum A, Goodman SG, Flather MD, Anderson FA, Jr., Granger CB. Prediction of risk of
death and myocardial infarction in the six months after presentation with acute coronary
syndrome: prospective multinational observational study (GRACE). Bmj.
2006;333(7578):1091.
28.
Pokorney SD, Radder C, Schulte PJ, Al-Khatib SM, Tricocci P, Van de Werf F,
James SK, Cannon CP, Armstrong PW, White HD, Califf RM, Gibson CM, Giugliano RP,
Wallentin L, Mahaffey KW, Harrington RA, Newby LK, Piccini JP. High-degree
atrioventricular block, asystole, and electro-mechanical dissociation complicating non-STsegment elevation myocardial infarction. American heart journal. 2016;171(1):25-32.
29.
Amsterdam EA, Wenger NK, Brindis RG, Casey DE, Jr., Ganiats TG, Holmes
DR, Jr., Jaffe AS, Jneid H, Kelly RF, Kontos MC, Levine GN, Liebson PR, Mukherjee D,
Peterson ED, Sabatine MS, Smalling RW, Zieman SJ. 2014 AHA/ACC Guideline for the
Management of Patients with Non-ST-Elevation Acute Coronary Syndromes: a report of the
American College of Cardiology/American Heart Association Task Force on Practice
Guidelines. Journal of the American College of Cardiology. 2014;64(24):e139-228.
30.
Drew BJ, Califf RM, Funk M, Kaufman ES, Krucoff MW, Laks MM,
Macfarlane PW, Sommargren C, Swiryn S, Van Hare GF. Practice standards for
electrocardiographic monitoring in hospital settings: an American Heart Association
scientific statement from the Councils on Cardiovascular Nursing, Clinical Cardiology, and
Cardiovascular Disease in the Young: endorsed by the International Society of Computerized
Electrocardiology and the American Association of Critical-Care Nurses. Circulation.
2004;110(17):2721-46.
31.
Waks JW, Buxton AE. Risk Stratification for Sudden Cardiac Death After
Myocardial Infarction. Annual review of medicine. 2018;69:147-64.
32.
Adabag AS, Therneau TM, Gersh BJ, Weston SA, Roger VL. Sudden death
after myocardial infarction. JAMA : the journal of the American Medical Association.
2008;300(17):2022-9.
33.
Solomon SD, Zelenkofske S, McMurray JJ, Finn PV, Velazquez E, Ertl G,
Harsanyi A, Rouleau JL, Maggioni A, Kober L, White H, Van de Werf F, Pieper K, Califf
RM, Pfeffer MA. Sudden death in patients with myocardial infarction and left ventricular
dysfunction, heart failure, or both. The New England journal of medicine.
2005;352(25):2581-8.

54

Predictors of Arrhythmias, Cardiac Arrest, and Mortality in Acute Coronary Syndrome

34.
Hohnloser SH, Kuck KH, Dorian P, Roberts RS, Hampton JR, Hatala R, Fain
E, Gent M, Connolly SJ. Prophylactic use of an implantable cardioverter-defibrillator after
acute myocardial infarction. The New England journal of medicine. 2004;351(24):2481-8.
35.
Steinbeck G, Andresen D, Seidl K, Brachmann J, Hoffmann E, Wojciechowski
D, Kornacewicz-Jach Z, Sredniawa B, Lupkovics G, Hofgartner F, Lubinski A, Rosenqvist
M, Habets A, Wegscheider K, Senges J. Defibrillator implantation early after myocardial
infarction. The New England journal of medicine. 2009;361(15):1427-36.
36.
Priori SG, Blomstrom-Lundqvist C, Mazzanti A, Blom N, Borggrefe M, Camm
J, Elliott PM, Fitzsimons D, Hatala R, Hindricks G, Kirchhof P, Kjeldsen K, Kuck KH,
Hernandez-Madrid A, Nikolaou N, Norekval TM, Spaulding C, Van Veldhuisen DJ. 2015
ESC Guidelines for the management of patients with ventricular arrhythmias and the
prevention of sudden cardiac death: The Task Force for the Management of Patients with
Ventricular Arrhythmias and the Prevention of Sudden Cardiac Death of the European
Society of Cardiology (ESC). Endorsed by: Association for European Paediatric and
Congenital Cardiology (AEPC). European heart journal. 2015;36(41):2793-867.
37.
Al-Khatib SM, Stevenson WG, Ackerman MJ, Bryant WJ, Callans DJ, Curtis
AB, Deal BJ, Dickfeld T, Field ME, Fonarow GC, Gillis AM, Granger CB, Hammill SC,
Hlatky MA, Joglar JA, Kay GN, Matlock DD, Myerburg RJ, Page RL. 2017
AHA/ACC/HRS Guideline for Management of Patients With Ventricular Arrhythmias and
the Prevention of Sudden Cardiac Death: A Report of the American College of
Cardiology/American Heart Association Task Force on Clinical Practice Guidelines and the
Heart Rhythm Society. Journal of the American College of Cardiology. 2018;72(14):e91e220.
38.
Moss AJ, Zareba W, Hall WJ, Klein H, Wilber DJ, Cannom DS, Daubert JP,
Higgins SL, Brown MW, Andrews ML. Prophylactic implantation of a defibrillator in
patients with myocardial infarction and reduced ejection fraction. The New England journal
of medicine. 2002;346(12):877-83.
39.
Bardy GH, Lee KL, Mark DB, Poole JE, Packer DL, Boineau R, Domanski M,
Troutman C, Anderson J, Johnson G, McNulty SE, Clapp-Channing N, Davidson-Ray LD,
Fraulo ES, Fishbein DP, Luceri RM, Ip JH. Amiodarone or an implantable cardioverterdefibrillator for congestive heart failure. The New England journal of medicine.
2005;352(3):225-37.
40.
Malik M, Camm AJ, Janse MJ, Julian DG, Frangin GA, Schwartz PJ.
Depressed heart rate variability identifies postinfarction patients who might benefit from
prophylactic treatment with amiodarone: a substudy of EMIAT (The European Myocardial
Infarct Amiodarone Trial). Journal of the American College of Cardiology. 2000;35(5):126375.

55

Jonas Faxén

41.
Exner DV, Kavanagh KM, Slawnych MP, Mitchell LB, Ramadan D, Aggarwal
SG, Noullett C, Van Schaik A, Mitchell RT, Shibata MA, Gulamhussein S, McMeekin J,
Tymchak W, Schnell G, Gillis AM, Sheldon RS, Fick GH, Duff HJ. Noninvasive risk
assessment early after a myocardial infarction the REFINE study. Journal of the American
College of Cardiology. 2007;50(24):2275-84.
42.
Zaman S, Kovoor P. Sudden cardiac death early after myocardial infarction:
pathogenesis, risk stratification, and primary prevention. Circulation. 2014;129(23):2426-35.
43.
Buxton AE, Lee KL, DiCarlo L, Gold MR, Greer GS, Prystowsky EN, O'Toole
MF, Tang A, Fisher JD, Coromilas J, Talajic M, Hafley G. Electrophysiologic testing to
identify patients with coronary artery disease who are at risk for sudden death. Multicenter
Unsustained Tachycardia Trial Investigators. The New England journal of medicine.
2000;342(26):1937-45.
44.
Buxton AE, Lee KL, Hafley GE, Pires LA, Fisher JD, Gold MR, Josephson
ME, Lehmann MH, Prystowsky EN. Limitations of ejection fraction for prediction of sudden
death risk in patients with coronary artery disease: lessons from the MUSTT study. Journal of
the American College of Cardiology. 2007;50(12):1150-7.
45.
Zaman S, Narayan A, Thiagalingam A, Sivagangabalan G, Thomas S, Ross
DL, Kovoor P. Long-term arrhythmia-free survival in patients with severe left ventricular
dysfunction and no inducible ventricular tachycardia after myocardial infarction. Circulation.
2014;129(8):848-54.
46.
Zaman S, Sivagangabalan G, Narayan A, Thiagalingam A, Ross DL, Kovoor P.
Outcomes of early risk stratification and targeted implantable cardioverter-defibrillator
implantation after ST-elevation myocardial infarction treated with primary percutaneous
coronary intervention. Circulation. 2009;120(3):194-200.
47.
Kumar S, Sivagangabalan G, Zaman S, West EB, Narayan A, Thiagalingam A,
Kovoor P. Electrophysiology-guided defibrillator implantation early after ST-elevation
myocardial infarction. Heart rhythm. 2010;7(11):1589-97.
48.
Olgin JE, Pletcher MJ, Vittinghoff E, Wranicz J, Malik R, Morin DP, Zweibel
S, Buxton AE, Elayi CS, Chung EH, Rashba E, Borggrefe M, Hue TF, Maguire C, Lin F,
Simon JA, Hulley S, Lee BK. Wearable Cardioverter-Defibrillator after Myocardial
Infarction. The New England journal of medicine. 2018;379(13):1205-15.
49.
Dyckner T, Helmers C, Lundman T, Wester PO. Initial serum potassium level
in relation to early complications and prognosis in patients with acute myocardial infarction.
Acta medica Scandinavica. 1975;197(3):207-10.
50.
Solomon RJ, Cole AG. Importance of potassium in patients with acute
myocardial infarction. Acta medica Scandinavica Supplementum. 1981;647:87-93.

56

Predictors of Arrhythmias, Cardiac Arrest, and Mortality in Acute Coronary Syndrome

51.
Hulting J. In-hospital ventricular fibrillation and its relation to serum potassium.
Acta medica Scandinavica Supplementum. 1981;647:109-16.
52.
Nordrehaug JE, von der Lippe G. Hypokalaemia and ventricular fibrillation in
acute myocardial infarction. British heart journal. 1983;50(6):525-9.
53.
Cooper WD, Kuan P, Reuben SR, VandenBurg MJ. Cardiac arrhythmias
following acute myocardial infarction: associations with the serum potassium level and prior
diuretic therapy. European heart journal. 1984;5(6):464-9.
54.
Nordrehaug JE, Johannessen KA, von der Lippe G. Serum potassium
concentration as a risk factor of ventricular arrhythmias early in acute myocardial infarction.
Circulation. 1985;71(4):645-9.
55.
Kafka H, Langevin L, Armstrong PW. Serum magnesium and potassium in
acute myocardial infarction. Influence on ventricular arrhythmias. Archives of internal
medicine. 1987;147(3):465-9.
56.
Herlitz J, Hjalmarson A, Bengtson A. Occurrence of hypokalemia in suspected
acute myocardial infarction and its relation to clinical history and clinical course. Clinical
cardiology. 1988;11(10):678-82.
57.
Friedensohn A, Faibel HE, Bairey O, Goldbourt U, Schlesinger Z. Malignant
arrhythmias in relation to values of serum potassium in patients with acute myocardial
infarction. International journal of cardiology. 1991;32(3):331-8.
58.
Volpi A, Cavalli A, Santoro L, Negri E. Incidence and prognosis of early
primary ventricular fibrillation in acute myocardial infarction--results of the Gruppo Italiano
per lo Studio della Sopravvivenza nell'Infarto Miocardico (GISSI-2) database. The American
journal of cardiology. 1998;82(3):265-71.
59.
Cohn JN, Kowey PR, Whelton PK, Prisant LM. New guidelines for potassium
replacement in clinical practice: a contemporary review by the National Council on
Potassium in Clinical Practice. Archives of internal medicine. 2000;160(16):2429-36.
60.
Antman EM, Anbe DT, Armstrong PW, Bates ER, Green LA, Hand M,
Hochman JS, Krumholz HM, Kushner FG, Lamas GA, Mullany CJ, Ornato JP, Pearle DL,
Sloan MA, Smith SC, Jr., Alpert JS, Anderson JL, Faxon DP, Fuster V, Gibbons RJ,
Gregoratos G, Halperin JL, Hiratzka LF, Hunt SA, Jacobs AK, Ornato JP. ACC/AHA
guidelines for the management of patients with ST-elevation myocardial infarction; A report
of the American College of Cardiology/American Heart Association Task Force on Practice
Guidelines (Committee to Revise the 1999 Guidelines for the Management of patients with
acute myocardial infarction). Journal of the American College of Cardiology. 2004;44(3):E1e211.

57

Jonas Faxén

61.
Macdonald JE, Struthers AD. What is the optimal serum potassium level in
cardiovascular patients? Journal of the American College of Cardiology. 2004;43(2):155-61.
62.
Goyal A, Spertus JA, Gosch K, Venkitachalam L, Jones PG, Van den Berghe
G, Kosiborod M. Serum potassium levels and mortality in acute myocardial infarction.
JAMA : the journal of the American Medical Association. 2012;307(2):157-64.
63.
Grodzinsky A, Goyal A, Gosch K, McCullough PA, Fonarow GC, Mebazaa A,
Masoudi FA, Spertus JA, Palmer BF, Kosiborod M. Prevalence and Prognosis of
Hyperkalemia in Patients with Acute Myocardial Infarction. The American journal of
medicine. 2016;129(8):858-65.
64.
Choi JS, Kim YA, Kim HY, Oak CY, Kang YU, Kim CS, Bae EH, Ma SK,
Ahn YK, Jeong MH, Kim SW. Relation of serum potassium level to long-term outcomes in
patients with acute myocardial infarction. The American journal of cardiology.
2014;113(8):1285-90.
65.
Peng Y, Huang FY, Liu W, Zhang C, Zhao ZG, Huang BT, Liao YB, Li Q,
Chai H, Luo XL, Ren X, Chen C, Meng QT, Huang DJ, Wang H, Chen M. Relation between
admission serum potassium levels and long-term mortality in acute coronary syndrome.
Intern Emerg Med. 2015;10(8):927-35.
66.
Patel RB, Tannenbaum S, Viana-Tejedor A, Guo J, Im K, Morrow DA, Scirica
BM. Serum potassium levels, cardiac arrhythmias, and mortality following non-ST-elevation
myocardial infarction or unstable angina: insights from MERLIN-TIMI 36. European heart
journal Acute cardiovascular care. 2015.
67.
Keskin M, Kaya A, Tatlisu MA, Hayiroglu MI, Uzman O, Borklu EB, Cinier
G, Cakilli Y, Yaylak B, Eren M. The effect of serum potassium level on in-hospital and longterm mortality in ST elevation myocardial infarction. International journal of cardiology.
2016;221:505-10.
68.
Colombo MG, Kirchberger I, Amann U, Dinser L, Meisinger C. Association of
serum potassium concentration with mortality and ventricular arrhythmias in patients with
acute myocardial infarction: A systematic review and meta-analysis. European journal of
preventive cardiology. 2018:2047487318759694.
69.
Montford JR, Linas S. How Dangerous Is Hyperkalemia? Journal of the
American Society of Nephrology : JASN. 2017;28(11):3155-65.
70.
Gennari FJ. Hypokalemia. The New England journal of medicine.
1998;339(7):451-8.
71.
Chen Y, Chang AR, McAdams DeMarco MA, Inker LA, Matsushita K, Ballew
SH, Coresh J, Grams ME. Serum Potassium, Mortality, and Kidney Outcomes in the
Atherosclerosis Risk in Communities Study. Mayo Clinic proceedings. 2016;91(10):1403-12.
58

Predictors of Arrhythmias, Cardiac Arrest, and Mortality in Acute Coronary Syndrome

72.
Jain N, Kotla S, Little BB, Weideman RA, Brilakis ES, Reilly RF, Banerjee S.
Predictors of hyperkalemia and death in patients with cardiac and renal disease. The
American journal of cardiology. 2012;109(10):1510-3.
73.
GISSI-3: effects of lisinopril and transdermal glyceryl trinitrate singly and
together on 6-week mortality and ventricular function after acute myocardial infarction.
Gruppo Italiano per lo Studio della Sopravvivenza nell'infarto Miocardico. Lancet.
1994;343(8906):1115-22.
74.
ISIS-4: a randomised factorial trial assessing early oral captopril, oral
mononitrate, and intravenous magnesium sulphate in 58,050 patients with suspected acute
myocardial infarction. ISIS-4 (Fourth International Study of Infarct Survival) Collaborative
Group. Lancet. 1995;345(8951):669-85.
75.
Pfeffer MA, Braunwald E, Moye LA, Basta L, Brown EJ, Jr., Cuddy TE, Davis
BR, Geltman EM, Goldman S, Flaker GC, et al. Effect of captopril on mortality and
morbidity in patients with left ventricular dysfunction after myocardial infarction. Results of
the survival and ventricular enlargement trial. The SAVE Investigators. The New England
journal of medicine. 1992;327(10):669-77.
76.
Effect of ramipril on mortality and morbidity of survivors of acute myocardial
infarction with clinical evidence of heart failure. The Acute Infarction Ramipril Efficacy
(AIRE) Study Investigators. Lancet. 1993;342(8875):821-8.
77.
Kober L, Torp-Pedersen C, Carlsen JE, Bagger H, Eliasen P, Lyngborg K,
Videbaek J, Cole DS, Auclert L, Pauly NC. A clinical trial of the angiotensin-convertingenzyme inhibitor trandolapril in patients with left ventricular dysfunction after myocardial
infarction. Trandolapril Cardiac Evaluation (TRACE) Study Group. The New England
journal of medicine. 1995;333(25):1670-6.
78.
Dickstein K, Kjekshus J. Effects of losartan and captopril on mortality and
morbidity in high-risk patients after acute myocardial infarction: the OPTIMAAL randomised
trial. Optimal Trial in Myocardial Infarction with Angiotensin II Antagonist Losartan. Lancet.
2002;360(9335):752-60.
79.
Pfeffer MA, McMurray JJ, Velazquez EJ, Rouleau JL, Kober L, Maggioni AP,
Solomon SD, Swedberg K, Van de Werf F, White H, Leimberger JD, Henis M, Edwards S,
Zelenkofske S, Sellers MA, Califf RM. Valsartan, captopril, or both in myocardial infarction
complicated by heart failure, left ventricular dysfunction, or both. The New England journal
of medicine. 2003;349(20):1893-906.
80.
Pitt B, Remme W, Zannad F, Neaton J, Martinez F, Roniker B, Bittman R,
Hurley S, Kleiman J, Gatlin M. Eplerenone, a selective aldosterone blocker, in patients with
left ventricular dysfunction after myocardial infarction. The New England journal of
medicine. 2003;348(14):1309-21.

59

Jonas Faxén

81.
Krogager ML, Eggers-Kaas L, Aasbjerg K, Mortensen RN, Kober L, Gislason
G, Torp-Pedersen C, Sogaard P. Short-term mortality risk of serum potassium levels in acute
heart failure following myocardial infarction. European heart journal Cardiovascular
pharmacotherapy. 2015;1(4):245-51.
82.
Jernberg T, Attebring MF, Hambraeus K, Ivert T, James S, Jeppsson A,
Lagerqvist B, Lindahl B, Stenestrand U, Wallentin L. The Swedish Web-system for
enhancement and development of evidence-based care in heart disease evaluated according to
recommended therapies (SWEDEHEART). Heart (British Cardiac Society).
2010;96(20):1617-21.
83.
Socialstyrelsen. Täckningsgrader 2016 [Internet] Stockholm: Socialstyrelsen;
2017 [updated 23-01-17. Available from:
https://www.socialstyrelsen.se/Lists/Artikelkatalog/Attachments/20473/2017-1-23.pdf.
84.
Herrett E, Smeeth L, Walker L, Weston C. The Myocardial Ischaemia National
Audit Project (MINAP). Heart (British Cardiac Society). 2010;96(16):1264-7.
85.
Hjärt-lungräddning SRf. Svenska hjärt- lungräddningsregistret Årsrapport
2017: Svenska Rådet för Hjärt-lungräddning; 2017 [Available from: http://www.hlr.nu/wpcontent/uploads/svenska-hlr-registret-arsrapport-2017.pdf.
86.
Gadler F, Valzania C, Linde C. Current use of implantable electrical devices in
Sweden: data from the Swedish pacemaker and implantable cardioverter-defibrillator
registry. Europace : European pacing, arrhythmias, and cardiac electrophysiology : journal of
the working groups on cardiac pacing, arrhythmias, and cardiac cellular electrophysiology of
the European Society of Cardiology. 2015;17(1):69-77.
87.
Runesson B, Gasparini A, Qureshi AR, Norin O, Evans M, Barany P,
Wettermark B, Elinder CG, Carrero JJ. The Stockholm CREAtinine Measurements
(SCREAM) project: protocol overview and regional representativeness. Clinical kidney
journal. 2016;9(1):119-27.
88.
Sullivan LM, Massaro JM, D'Agostino RB, Sr. Presentation of multivariate
data for clinical use: The Framingham Study risk score functions. Statistics in medicine.
2004;23(10):1631-60.
89.
White IR, Royston P, Wood AM. Multiple imputation using chained equations:
Issues and guidance for practice. Statistics in medicine. 2011;30(4):377-99.
90.
World Medical Association Declaration of Helsinki: ethical principles for
medical research involving human subjects. JAMA : the journal of the American Medical
Association. 2013;310(20):2191-4.
91.
Braunwald E. Evolution of the management of acute myocardial infarction: a
20th century saga. Lancet. 1998;352(9142):1771-4.
60

Predictors of Arrhythmias, Cardiac Arrest, and Mortality in Acute Coronary Syndrome

92.
Silverman MG, Morrow DA. Hospital triage of acute myocardial infarction: Is
admission to the coronary care unit still necessary? American heart journal. 2016;175:172-4.
93.
van Diepen S, Lin M, Bakal JA, McAlister FA, Kaul P, Katz JN, Fordyce CB,
Southern DA, Graham MM, Wilton SB, Newby LK, Granger CB, Ezekowitz JA. Do stable
non-ST-segment elevation acute coronary syndromes require admission to coronary care
units? American heart journal. 2016;175:184-92.
94.
Tseng ZH, Olgin JE, Vittinghoff E, Ursell PC, Kim AS, Sporer K, Yeh C,
Colburn B, Clark NM, Khan R, Hart AP, Moffatt E. Prospective Countywide Surveillance
and Autopsy Characterization of Sudden Cardiac Death: POST SCD Study. Circulation.
2018;137(25):2689-700.
95.
Pouleur AC, Barkoudah E, Uno H, Skali H, Finn PV, Zelenkofske SL,
Belenkov YN, Mareev V, Velazquez EJ, Rouleau JL, Maggioni AP, Kober L, Califf RM,
McMurray JJ, Pfeffer MA, Solomon SD. Pathogenesis of sudden unexpected death in a
clinical trial of patients with myocardial infarction and left ventricular dysfunction, heart
failure, or both. Circulation. 2010;122(6):597-602.
96.
Shiyovich A, Gilutz H, Plakht Y. Serum potassium levels and long-term postdischarge mortality in acute myocardial infarction. International journal of cardiology.
2014;172(2):e368-70.
97.
Lund LH, Pitt B. Is hyperkalaemia in heart failure a risk factor or a risk marker?
Implications for renin-angiotensin-aldosterone system inhibitor use. European journal of
heart failure. 2018.
98.
Cooper LB, Savarese G, Carrero JJ, Szabo B, Jernberg T, Jonsson A, Dahlbom
C, Dahlstrom U, Larson A, Lund LH. Clinical and research implications of serum versus
plasma potassium measurements. European journal of heart failure. 2018.
99.
Hyman D, Kaplan NM. The difference between serum and plasma potassium.
The New England journal of medicine. 1985;313(10):642.
100.
Kosiborod M, Rasmussen HS, Lavin P, Qunibi WY, Spinowitz B, Packham D,
Roger SD, Yang A, Lerma E, Singh B. Effect of sodium zirconium cyclosilicate on
potassium lowering for 28 days among outpatients with hyperkalemia: the HARMONIZE
randomized clinical trial. JAMA : the journal of the American Medical Association.
2014;312(21):2223-33.
101.
Weir MR, Bakris GL, Bushinsky DA, Mayo MR, Garza D, Stasiv Y, Wittes J,
Christ-Schmidt H, Berman L, Pitt B. Patiromer in patients with kidney disease and
hyperkalemia receiving RAAS inhibitors. The New England journal of medicine.
2015;372(3):211-21.
“Prediction can be very difficult, especially about the future.”
Danish saying
61

