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Aims: Potassium disturbances are common and associated with increased morbidity and mortality, even in pa-
tients without prior cardiovascular disease. We examined six electrocardiographic (ECG) measures and their as-
ECG sociation to serum potassium levels.
Qlcinterval Methods and results: From the Copenhagen General Practitioners' Laboratory, we identified 163,547 individuals
;g;‘;;?;glgﬁzmmon score aged >16 years with a first available ECG and a concomitant serum potassium measurement during
PR interval 2001-2011. Restricted cubic splines curves showed a non-linear relationship between potassium and the
P-wave duration Fridericia corrected QT (QTcF) interval, T-wave amplitude, morphology combination score (MCS), PR interval,
P-wave amplitude P-wave amplitude and duration. Therefore, potassium was stratified in two intervals K: 2.0-4.1 mmol/L and
4.2-6.0 mmol/L for further analyses. Within the low potassium range, we observed: QTcF was 12.8 ms longer
for each mmol/L decrease in potassium (p < 0.0001); T-wave amplitude was 43.1 LV lower for each mmol/L de-
crease in potassium (p < 0.0001); and MCS was 0.13 higher per mmol/L decrease in potassium (p < 0.001). More-
over, P-wave duration and PR interval were prolonged by 2.7 and 4.6 ms for each mmol/L decrease in potassium
(p <0.0001), respectively. Within the lowest potassium range (2.0-4.1 mmol/L) P-wave amplitude was 3.5 pV
higher for each mmol/L decrease in potassium (p < 0.0001). Within the high potassium range associations
with the above-mentioned ECG parameters were much weaker.
© 2018 Elsevier Inc. All rights reserved.

Introduction

The incidence of hypokalaemia is up to 21% in hospitalized patients
and 2-3% in outpatient contacts [1-5], while hyperkalaemia is seen in
approximately 10% of hospitalized patients and 1% of outpatient visits
[5]. Both hypo- and hyperkalaemia are associated with increased mor-
bidity and mortality [6-8], even in patients with no prior cardiovascular
disease [1].
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Potassium is very important for the myocardial action potential, and
disruption of the potassium gradient across the cell membrane can lead
to electrophysiological changes and occurrence of fatal arrhythmias
[9-11]. The Multiple Risk Factor Intervention Trial demonstrated that
a reduction in serum potassium of 1 mmol/L was associated with a
28% increase in ventricular arrhythmias in men [12]. The electrocardio-
gram (ECG) is commonly used as a diagnostic tool in both primary care
and in more specialized settings, and the ECG may reveal changes indi-
cating potassium disorders. Recognizing these changes is crucial to pre-
vent adverse events, especially in high-risk patients [13,14].

ECG abnormalities related to hyperkalemia include peaked T-waves,
P-wave widening and flattening, prolonged PR interval, prolonged QRS
duration, conduction block and bradycardia [13,15,16]. Conversely, the
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most common ECG changes seen in individuals with hypokalemia are
increased amplitude and width of the P-wave, prolonged PR interval,
decreased T-wave amplitude, prolonged QT-interval, ST-segment de-
pression and appearance of U-waves or bifid T-waves [15,17].

The great majority of previous studies have shown that these ECG
characteristics are most commonly seen in individuals with moderate
to severe potassium abnormalities, and that mild deviations are not
reflected on the ECG [9,15,18]. However, one study of 12 hemodialysis
patients showed that even small changes in potassium concentrations
within the normal range cause significant ECG changes [14]. Moreover,
Kanters et al. recently showed a linear relationship between serum po-
tassium and the Fridericia corrected QT interval (QTcF) and T-wave am-
plitude in 6314 presumed healthy individuals [19]. Based on these
studies, it is important to examine whether specific potassium concen-
trations, also within the normal range, can lead to significant ECG abnor-
malities. We investigated the relationship between different serum
potassium levels and six ECG parameters (QTcF, T-wave amplitude, T-
wave morphology (expressed as MCS), P-wave duration, P-wave ampli-
tude and PR interval) using a large primary care study population with
>160,000 patients who had an ECG recording and a concomitant potas-
sium measurement between 2001 and 2011.

Methods

Our study is based on individuals from the Copenhagen ECG study,
comprising a large cohort of primary care patients referred to a central
core facility (Copenhagen General Practitioners' Laboratory, CGPL) for
digital ECG recordings, from June 1st, 2001 to September 26th, 2011.
Detailed characterization of the population has been described previ-
ously [20].

ECG analysis and interpretation

All ECGs were digitally recorded and stored in the MUSE Cardiology
Information System (GE Healthcare, Wauwatosa, WI, USA) [21]. The
ECGs were processed by the Marquette 12SL algorithm, version 21. All
measurements were derived using median beats. This method has
been validated extensively in both QT and MCS studies and this method
is also frequently used in drug studies as a robust way of obtaining QT
and MCS measurements. The ECGs were filtered using 0.05 to 150 Hz
as suggested in the “Recommendations for the Standardization and In-
terpretation of the Electrocardiogram” [22].

We used the 12SL algorithm to identify atrial fibrillation, atrial flut-
ter, LBBB, RBBB, and 12SL measurements to code the following compos-
ite ECG criteria: pathological Q waves, ST-T deviations, Sokolow-Lyon
and Cornell voltage criteria for left ventricular hypertrophy and non-
specific intraventricular block [23]. ECGs with non-specific intraventric-
ular block were identified as ECGs with QRS duration >120 ms not ful-
filling criteria for RBBB or LBBB. Significant ST-T deviations and
pathologic Q waves (as a sign of prior myocardial infarction) were de-
fined according to the Fourth Universal Myocardial Infarction Definition
[24]. The definition of ST elevation was slightly modified as the mea-
surement of the ST segment was performed at QRS offset +1/16 of
the average RR interval known as the STM point measure in the 12SL al-
gorithm (equivalent to about 80 ms after QRS offset in most cases). This
measurement point was selected instead of the J-point because a
notched or slurred appearance of the terminal QRS complex (also de-
scribed as early repolarization) can make it difficult to define the J-
point [20]. LBBB and non-specific intraventricular block are known to
affect the repolarization of the heart causing ST-T deviations [25-27].
Consequently, when ST-T deviation was concomitantly present with
LBBB or non-specific intraventricular block, we disregarded the finding.
In patients with RBBB, ST-T deviations in V1-V3 are common [25]. When
ST-T deviations in V1-V3 were present together with RBBB, the ST-T de-
viations were disregarded. Sokolow-Lyon and Cornell sex-specific volt-
age criteria were used to identify left ventricular hypertrophy [28,29].

The criteria for left ventricular hypertrophy has low predictive value
when applied on an ECG with identified LBBB, RBBB [22]. According to
the Fourth Universal Myocardial Infarction Definition, pathological Q
waves, as a sign of prior myocardial infarction, were only defined
when hypertrophy criteria or LBBB were absent [25].

Databases

All residents in Denmark have a personal, unique, and permanent
civil registration number that enables individual linkage of administra-
tive registries. The Danish National Patient Registry contains informa-
tion about all hospital admissions since 1978. At discharge, each
hospitalization is registered with one primary and, if applicable, one or
more secondary diagnoses according to International Classification of
Disease (ICD). Since 1994, the 10th revision (ICD-10) has been used.
The National Register for Medicinal Statistics includes all dispensed pre-
scriptions from Danish pharmacies since 1995 based on the Anatomical
Therapeutic Chemical System (ATC). As the healthcare system is pub-
licly financed and partly reimburses drug costs, all Danish pharmacies
are legally required to register all dispensed drug prescriptions, provid-
ing a valid and accurate register [30]. Date of birth, date of death, and
vital status were obtained from the Danish Register of Causes of Death
and the Danish National Population Register.

Study population

During 2001-2011, we identified patients referred to CGPL who had
digital ECG recordings accompanied by a serum potassium measure-
ment within one day from the index ECG.

Before crosslinking of the ECGs with the blood samples, we excluded
ECGs with pacemaker rhythms [31-35], ECGs with 12SL statements that
can make analysis on continuous variables erroneous (e.g. 2nd or 3rd
degree AV-block [31,36-38]), ECGs with left anterior or left posterior
fascicular block, ECGs with RBBB or LBBB, ECGs with pathological Q
waves, ECGs with ST elevation or ST depression, ECGs with left ventric-
ular hypertrophy (according to Cornell and Sokolow-Lyon criteria),
ECGs with voltage duration product >244 mV x ms, ECGs with T-wave
peak amplitude in lead V5 < 0 pV, ECGs with P-wave peak amplitude
in lead II < 0 pV, ECGs with PR-interval in lead I < 0 ms, ECGs with
non-specific intraventricular block or non-specific intraventricular
delay, ECGs with pericarditis, ECGs not qualified for sufficient interpre-
tation (poor quality), ECGs from patients with missing information re-
garding sex and age and patients younger than 16 years. A population
flowchart with detailed information on the different exclusion criteria
can be found in Supplementary Data Fig. S1.

The current guidelines provide a normal lower potassium limit from
3.5 to 3.8 mmol/L, while the upper normal limit is between 5.0 and
5.5 mmol/L [11,39,40]. One of the most commonly used formulae to cal-
culate QTc is Fridericia's (QTcF). Current studies define QTcF prolonga-
tion as >480 ms in women and > 470 ms in men [41]. Individuals
with a PR interval > 220 ms are categorized as having first degree atrio-
ventricular block (AV-block) [42]. MCS was calculated based on T-wave
asymmetry, flatness and notching using the following formula: MCS =
Asymmetry + Notch +1.6 x Flatness [43]. An illustration of the asym-
metry, flatness and notching is shown in Fig. 1. Healthy subjects have
MCS values around 0.60 to 0.70 and patients with LQT2 syndrome
have MCS values around 1.80 [36,37,44].

After crosslinking the first-ever available ECG with a corresponding
potassium measurement, we further excluded: patients with pace-
maker or implantable cardioverter defibrillator device prior to ECG, pa-
tients with congenital heart disease prior to ECG, patients with missing
values on P-wave amplitude, P-wave duration, PR-interval, QRS-
duration, T-wave amplitude or QTcF, patients who redeemed antide-
pressants or antipsychotics up to 90 days before or 10 days after ECG,
patients who redeemed other drugs with QT-prolonging effect up to
30 days before or 5 days after ECG and patients with potassium
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Fig. 1. Components of the Morphology Combination Score (MCS) quantifying the degree of asymmetry, flatness and notching of the T-wave. (Upper lane) Grey dashed line represents a
normal T-wave. The full line represents a T-wave which from left to right is more asymmetric, notched or flat, respectively. (Lower lane) Three ECGs with a normal (left), moderately
increased (middle) and strongly increased (right) Morphology Combination Score. Healthy individuals have MCS values around 0.7 with symmetric T-wave that do not appear flat.
There is no notching of the T-wave. Borderline abnormal MCS values are close to 1.0. The T-waves in this range appear more asymmetric and flat but without notches. Notable
abnormal MCS values are close to 2.0. In this range there is pronounced flattening and asymmetry of the T-wave with evident notching. Reproduced with permission from Hong et al. [53]

measurements >6.0 mmol/L. The population flowchart in Supplemen-
tary data Fig. 1 provides information on the ICD and ATC codes used to
identify comorbidities and medication for exclusion.

Co-morbidities and medication

Besides age and gender, we identified if the following conditions
were present before the index ECG recording: chronic obstructive pul-
monary disease (ICD-10: J41-44), cerebrovascular disease (ICD-10:
160-69), malignancy (ICD-10: C00-97), arrhythmia (ICD-10: 144, 145,
148,1471,1495), valve disease (ICD-10: 134-37), acute myocardial infarc-
tion (ICD-10: 121-24), ischemic heart disease (ICD-10: 120, 125), cardio-
myopathy (ICD-10: 1119, 1517, 142, 143), heart failure (ICD-10: 1110,
150), thyroid disease (ICD-10: DEOO-DEOQ7), hypertension, and diabetes.
No patients were diagnosed with severe arrhythmia (ICD-10: 1472,
[1490) prior to ECG recording. Diabetes was defined as minimum two
successive dispensed prescriptions of glucose-lowering drugs (ATC
code A10A and A10B; insulin or oral hypoglycaemic agents) [45]. Hy-
pertension was defined by the use of at least two concomitant antihy-
pertensive drugs in two consecutive quarters. Patients were
considered hypertensive in the second quarter [46,47]. Serum sodium
and creatinine were obtained within one day from index ECG. Serum
creatinine levels were used to calculate the estimated glomerular filtra-
tion rate (eGFR) of the patients [48]. Thereafter, we categorized the pa-
tients into five grades of renal function according to their eGFR level:
normal and high (=90 mL/min/1.73 m?), mild reduction (60-89 mL/
min/1.73 m?), moderate reduction (30-59 mL/min/1.73 m2), severe re-
duction (15-29 mL/min/1.73 mz) and kidney failure (<15 mL/min/
1.73 m?).

Statistical analysis

Dichotomous variables were reported as frequencies with corre-
sponding percentages and continuous variables were reported as me-
dians and 1st to 3rd quartiles (Q1-Q3). Differences between variables
were compared using chi-square and Kruskal-Wallis tests, as appropri-
ate. Statistical analyses were performed on each patient's first ECG and
related potassium measurement.

Linear regression models were created to determine the relationship
between serum potassium levels and QTcF, T-wave amplitude in lead
V5, MCS, PR interval and P-wave amplitude, and P-wave duration in

lead II, respectively. The assumption of linearity between serum potas-
sium level and each of the six ECG parameters was not fulfilled. There-
fore, we further investigated the relationship between serum
potassium and each of the six ECG parameters using restricted cubic
splines. The L-shaped splines curves shown in Fig. 2 and Fig. 3 indicated
that the association of potassium on the six ECG parameters was not lin-
ear throughout all potassium levels. Based on these observations, serum
potassium was stratified according to two intervals: 2.0-4.1 mmol/L,
and 4.2-6.0 mmol/L. We tested also for interaction in the linear regres-
sion model and found interaction between QTcF and T-wave amplitude
inlead V5 and gender. Only interaction terms with p <0.01 were consid-
ered for inclusion in the multivariable model. For other analyses, p <
0.05 was considered significant. The multivariable model was adjusted
for age, gender, serum sodium, kidney function, heart rate and comor-
bidities including chronic heart failure, ischemic heart disease, cardio-
myopathy, hypertension and diabetes. Regression coefficients are
presented with 95% confidence intervals (95% CIs).

Data management and analyses were performed with SAS (version
9.4, SAS Institute Inc., Cary, NC, USA) and R statistical software (version
3.5.0, R development core team,2018 R: A language and environment
for statistical computing. R foundation for Statistical Computing, VIE,
Austria. https://www.R-project.org/).

Results
Demographics

We identified 163,547 patients from the CGPL population who had a
first recorded ECG and a serum potassium measurement within 1 day of
the index ECG during 2001 and 2011. Population characteristics strati-
fied by the two serum potassium groups are shown in Table 1. There
was a majority of females in both groups. Approximately 31% of the pa-
tients had a potassium measurement within 2.0 and 4.1 mmol/L. The co-
hort consisted of 1444 patients with hypokalemia (K < 3.5 mmol/L) and
3531 patients had hyperkalemia (K> 5.0 mmol/L). T-wave peak ampli-
tude in lead V5 was significantly lower among patients with lower com-
pared to higher potassium ranges (292 vs 322 uV). For QTcF, we
observed median values 4 ms higher among patients with lower com-
pared to higher potassium ranges. Patients with diabetes and patients
with hypertension tended to have potassium concentrations between
4.2 and 6.0 mmol/L (72.2% and 57.6% respectively). Of the patients
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Fig. 2. Restricted cubic splines on adjusted linear regression model showing the relationship between serum potassium and QTcF, T-wave amplitude in lead V5 and MCS (n = 163,547).
Adjusted for age, gender, serum sodium, kidney function, heart rate, past history chronic heart failure, ischemic heart disease, cardiomyopathy, hypertension and diabetes.

with severe reduction in renal function and kidney failure, 80.6% and
86.5% had potassium concentrations between 2.0 and 4.1 mmol/L,
respectively.

Relationship between serum potassium and ECG measurements

The results of the univariable and multivariable linear regression
analyses are shown in Table 2. Results are presented according to the
two potassium intervals.

[K+] : 2.0-4.1 mmol /L

Overall, the association between potassium and each of the six ECG
parameters was statistically significant (p < 0.0001) both in univariable
and multivariable analyses. The following ECG parameters were
strongly associated with potassium: QTcF was 17.4 ms longer per

mmol/L decrease in serum potassium (95% CI -18.2; —16.5), while T-
wave amplitude was 96.8 pV higher for each mmol/L increase in
serum potassium (95% CI 90.06; 103.62).

The multivariable analyses showed similar results to the univariable
analyses.

[K+] : 4.1-6.0 mmol /L

Within the high potassium range we noted only weak, albeit often
statistically significant, associations with the six ECG parameters.

Spline curves
The spline curves shown in Figs. 2 and 3 indicated a non-linear rela-

tionship between potassium concentrations and the six ECG
measurements.
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Fig. 3. Restricted cubic splines on adjusted linear regression model showing the relationship between serum potassium and P-wave duration, P-wave amplitude in lead Il and PR-interval in
lead Il (n = 163,547). Adjusted for age, gender, serum sodium, kidney function, heart rate past history chronic heart failure, ischemic heart disease, cardiomyopathy, hypertension and

diabetes.

Sensitivity analyses

To ensure that the results were not partly driven by specific morbid-
ity, we performed linear regression analyses on individuals not having
history with COPD, diabetes, hypertension, AMI, IHD, HF, malignancy,
arrhythmia, cerebrovascular disease, cardiomyopathy, severe reduction
of kidney function and kidney failure (n = 133,231). The results of these
analyses were similar to the main analysis (Supplementary data
Table S1).

Discussion

This study analyzed the association between serum potassium and
QTcF, T-wave amplitude, MCS, PR interval, P-wave duration and P-

wave amplitude. The major finding was that potassium values in the
low range between 2.0 and 4.1 mmol/L had stronger association with
each of the six ECG parameters compared to potassium values in the
high range between 4.2 and 6.0 mmol/L.

Recently, Kanters et al. [19], analyzed the magnitude of repolariza-
tion changes during physiological variations of serum potassium in a co-
hort of 9914 patients of both healthy and unhealthy individuals. It is
difficult to compare our study with the study by Kanters et al., as we
had different approaches to analyses. Kanters et al. did not have many
patients with low or higher potassium levels, only one patient had
<3.0 mmol/L and five patients had potassium above 4.8 mmol/L, thus
masking any non-linearity. In contrast, our data which was more com-
plete in the lower and higher levels of potassium revealed a non-
linear relationship between potassium and the six ECG parameters. An-
other important difference between the two studies is that we exclude
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Table 1
Demographics (n = 163,547).
K:2.0-4.1 mmol/L (n = 51,834) K:4.2-6.0 mmol/L (n = 111,713) Total (n = 163,547) p-value
Gender Female 32,007 (61.7) 60,387 (54.1) 92,394 (56.5)
Male 19,827 (38.3) 51,326 (45.9) 71,153 (43.5) <0.0001
Age Median [igr] 53.6 [40.7, 65.4] 55.1[43.9, 65.3] 54.7 [42.9, 65.4] <0.0001
Atrial rate Median [iqr] 70.0 [63.0, 79.0] 68.0 [61.0, 77.0] 69.0 [61.0, 78.0] <0.0001
Ventricular rate Median [iqr] 70.0 [63.0, 79.0] 68.0[61.0, 77.0] 69.0 [61.0, 78.0] <0.0001
P-wave peak amplitude in lead II (uV) Median [iqr] 117.0 [87.0, 146.0] 117.0 [87.0, 146.0] 117.0 [87.0, 146.0] <0.0001
P-wave duration in lead Il (ms) Median [iqr] 108.0[100.0, 116.0] 108.0[100.0, 116.0] 108.0 [100.0, 116.0] <0.0001
PR interval in lead II (ms) Median [iqr] 156.0 [142.0, 172.0] 156.0 [142.0, 172.0] 156.0 [142.0, 172.0] 0.15
QRS duration (ms) Median [igr] 92.086.0, 98.0] 92.0 [84.0, 98.0] 92.0 [84.0, 98.0] <0.0001
T-wave peak amplitude in lead V5 (uV) Median [iqr] 292.0 [205.0, 400.0] 322.0[229.0, 434.0] 312.0[219.0, 424.0] <0.0001
QTcF Median [iqr] 418.0 [406.0, 431.0] 414.0 [402.0, 426.0] 415.0 [403.0,428.0]  <0.0001
MCS Median [igr] 0.6 [0.5,0.7] 0.6 [0.5, 0.7] 0.6 [0.5,0.7] 0.57
Prolonged QTcF 266 (0.5) 229 (0.2) 495 (0.3) <0.0001
Type I AV-block 719 (1.4) 1520 (1.4) 2239 (14) 0.69
Serum sodium (mmol/L) Median [iqr] 141.0 [140.0, 143.0] 141.0 [139.0, 142.0] 141.0[140.0,143.0]  <0.0001
Kidney function Normal and high 21,523 (19.3) 12,036 (23.2) 33,559 (20.5)
Mild reduction 72,079 (65.5) 32,362 (62.4) 104,441 (63.9)
Moderate reduction 17,640 (15.8) 7326 (14.1) 24,966 (15.3)
Severe reduction 426 (0.4) 103 (0.2) 529 (0.3)
Kidney failure 45 (0.0) 7(0.0) 52 (0.0) <0.001
Chronic obstructive pulmonary disease 777 (1.5) 1932 (1.7) 2709 (1.7) 0.0007
Diabetes 5018 (9.7) 12,432 (11.1) 17,450 (10.7) <0.0001
Insulin 1074 (2.1) 2974 (2.7) 4048 (2.5) <0.0001
Non-insulin 4762 (9.2) 11,777 (10.5) 16,539 (10.1) <0.0001
Cancer 1703 (3.3) 3554 (3.2) 5257 (3.2) 0.27
Cerebrovascular disease 1046 (2.0) 2154 (1.9) 3200 (2.0) 0.23
Hypertension 4429 (8.5) 6008 (5.4) 10,437 (6.4) <0.0001
Arrhythmia 743 (1.4) 1400 (1.3) 2143 (1.3) 0.0031
Cardiomyopathy 81(0.2) 143 (0.1) 224 (0.1) 0.17
Heart failure 422 (0.8) 915 (0.8) 1337 (0.8) 0.94
Ischemic heart disease 1092 (2.1) 2653 (2.4) 3745 (2.3) 0.0008
Acute myocardial infarction 438 (0.8) 1139 (1.0) 1577 (1.0) 0.0008
Thyroid disease 890 (1.7) 1691 (1.5) 2581 (1.6) 0.0023
Table 2

Results of the linear regression model. The multivariable model was adjusted for: age, gender, sodium, creatinine, antidiabetic medication, history with hypertension, heart failure, ische-
mic heart disease and cardiomyopathy (n = 163,547). The results show differences in ECG parameters per 1 mmol/L increase/decrease in potassium.

Variable Univariable analysis CL95 p-Value Multivariable analysis CL95 p-Value
Coefficient Coefficient
QTcF (ms)
K: 2.0-4.1 mmol/L
Serum potassium —17.36 [—18.22; —16.49] <0.0001 —12.8 [—13.82; —11.72] <0.0001
K: 4.2-6.0 mmol/L
Serum potassium —4.07 [—4.50; —3.63] <0.0001 —5.11 [—5.69;-4.54] <0.0001
T-wave amplitude V5 (uV)
K: 2.0-4.1 mmol/L
Serum potassium 96.84 [90.06; 103.62] <0.0001 43.22 [35.35; 51.10] <0.0001
K: 4.2-6.0 mmol/L
Serum potassium 2225 [18.43; 26.07] <0.0001 38.15 [33.29; 43.01] <0.0001
MCS
K: 2.0-4.1 mmol/L
Serum potassium —0.09 [—0.10; —0.08] <0.0001 —-0.13 [—0.14; —0.12] <0.0001
K: 4.2-6.0 mmol/L
Serum potassium —0.02 [—0.03; —0.02] <0.0001 —0.02 [—0.02; —0.02] <0.0001
P-wave duration II (ms)
K: 2.0-4.1 mmol/L
Serum potassium —4.52 [—5.16; —3.87] <0.0001 —2.66 [—3.28;—2.04] <0.0001
K: 4.2-6.0 mmol/L
Serum potassium —0.42 [—0.74; —0.10] 0.0099 —1.76 [—2.07; —1.45] <0.0001
P-wave amplitude II (pV)
K: 2.0-4.1 mmol/L
Serum potassium —10.01 [—11.99; —8.03] <0.0001 —3.48 [—5.36; —1.60] <0.0001
K: 4.2-6.0 mmol/L
Serum potassium 0.56 [—0.46; 1.58] 0.2834 1.94 [0.96; 2.92] <0.0001
PR-interval (ms)
K: 2.0-4.1 mmol/L
Serum potassium —6.37 [—7.43; —5.30] <0.0001 —4.56 [—5.56; —3.55] <0.0001
K: 4.2-6.0 mmol/L
Serum potassium 0.81 [0.26;1.36] 0.0041 —2.39 [—2.92; —1.87] <0.0001
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patients administered drugs with known or possible QTcF prolongation
and/or TdP, whereas Kanters et al. excluded participants with self-
reported myocardial infarction/angina pectoris, history of cerebrovas-
cular incident, diabetes, Hbalc > 42, eGFR lower than age- and
gender-adjusted 5% percentile and/or intake of any cardiac medication.

Another study by Dillon et al. from 2015 investigated whether ECG
repolarization measures can be used to detect slight changes in serum
potassium levels in 12 hemodialysis patients [13]. They looked at
the slope of the terminal part of the T-wave, the amplitude of the T-
wave, the center of gravity of the T-wave, the ratio of the amplitude of
the T-wave to amplitude of the R-wave and the center of gravity of
the last 25% of the area under the T-wave curve. Using linear
mixed models, the authors found significant correlations with potas-
sium levels for five of the six ECG parameters, not with the center of
gravity of the last 25% of the area under the T-wave curve. Our study
confirms that there is an association between deviations in potassium
concentrations and changes in T-wave amplitude. Furthermore, our
study shows that MCS is also correlated with potassium, which is in
agreement with the findings by Dillon et al. [14], although the parame-
ters included in the MCS formula and the repolarization parameters are
not identical.

Numerous studies have analyzed ECG changes in patients with
hypo-or hyperkalemia [1,13,16,17,49]. Having a linear relationship be-
tween lower potassium concentrations (2.0-4.1 mmol/L) and each of
the six ECG parameters, our study showed that strong associations be-
tween the six ECG measurements not only can be observed in partici-
pants with hypokalemia (<3.5 mmol/L), but also in individuals with
low normal potassium concentrations (3.5-4.1 mmol/L).

Strengths and limitations

The main strength of this study is the ability to combine information
from recorded ECGs and blood test results with detailed information in
registries about concomitant pharmacotherapy, and comorbidity. It is a
strength that the vast majority of primary care patients who have blood
withdrawn and ECGs taken in the Copenhagen area are referred to one
core facility. Our population represents patients from primary care set-
tings, which is relatively generalizable in western countries where pa-
tient follow-up of patients is quite common.

The observational nature of the study is a limitation. As such, our re-
sults should be interpreted only as associative and not causal relations
to potassium. Additionally, the design precludes assurance that unmea-
sured potential confounders could have been present and biased the
results.

For patients who were prescribed drugs, we have no precise infor-
mation about the dose of the prescribed medication and we cannot be
sure that patients took their medicine despite the drug redemptions.
Furthermore, we did not have information about the quality of the
blood samples at the time of analysis, fact that can lead to inclusion of
samples with different degrees of hemolysis. This form of bias can re-
sults with misclassification of the patients. Thus, patients with hypoka-
lemia could be classified as having normal potassium concentrations or
patients with normal potassium levels could be classified as having
hyperkalemia. However, studies have shown that hemolysis was most
common in emergency departments [50,51] and that most laboratories
had a hemolysis rate <3% [52].

The registry does not contain information about ECG referral indica-
tion at CGPL, therefor we cannot exclude selection bias. The filter set-
tings used for pre-processing do not markedly affect the T-wave
because of their relatively low frequency content compared to the QRS
complex, nor do they distort the ST-segment. As such, the filtering
does not affect QT or MCS measurements.

Finally, blood potassium analysis has been performed in plasma and
not serum at the end of the study period, which represents a limitation
for the current paper.

Conclusion

The association of potassium with six commonly measured ECG pa-
rameters was non-linear. Strong associations between ECG abnormali-
ties and potassium were seen among individuals with lower
potassium levels (<4.1 mmol/L).
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