Cardiovascular Drugs and Therapy (2018) 32:197-212
https://doi.org/10.1007/510557-018-6783-0

REVIEW ARTICLE

@ CrossMark

Association of Abnormal Serum Potassium Levels with Arrhythmias
and Cardiovascular Mortality: a Systematic Review and Meta-Analysis
of Observational Studies

Liesa K. Hoppe " - Dana C. Muhlack ' - Wolfgang Koenig>* - Prudence R. Carr? - Hermann Brenner 2 .
Ben Schéttker '*°

Published online: 20 April 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Purpose To provide the first systematic review and meta-analysis of observational studies on the association of abnormal serum
potassium and cardiovascular outcomes.

Methods Medline and ISI Web of Knowledge were systematically searched from inception until November 24, 2017. Data
synthesis of relevant studies was performed using random effects model meta-analyses.

Results Meta-analyses included 310,825 participants from 24 studies. In the older general population, low serum potas-
sium was associated with a 1.6-fold increased risk of supraventricular arrhythmias (risk ratio [95% confidence interval]
1.62 [1.02-2.55]). Contrarily, high serum potassium was associated with increased cardiovascular mortality (CVM)
(1.38 [1.14-1.66]). In patients with acute myocardial infarction, the risk of ventricular arrhythmias was increased for
high serum potassium (2.33 [1.60-3.38]). A U-shaped association was observed with a composite cardiovascular out-
come in hypertensive patients (2.6-fold increased risk with hypokalemia and 1.7-fold increased risk with hyperkalemia),
with CVM in dialysis patients (1.1-fold increased risk with hypokalemia and 1.4-fold increased risk with hyperkalemia)
and with CVM in heart failure patients (albeit not statistically significant). Further, only hyperkalemia was associated
with an increased risk of a composite cardiovascular outcome in both dialysis (1.12 [1.03—1.23]) and chronic kidney
disease (1.34 [1.06—1.71]) patients.

Conclusions Controlled clinical trials are needed to determine which populations may profit from more frequent potassium-
monitoring and subsequent interventions, e.g., change or withdrawal of potassium-influencing drugs, in order to restore normal
values and prevent cardiovascular outcomes.

Registration Details Registration in PROSPERO (Centre for Reviews and Dissemination University of York, York, UK):
CRD42016048897 (https://www.crd.york.ac.uk/prospero/display record.php?RecordID=48897).
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Introduction

Cardiovascular disease (CVD) is the number one cause of
death worldwide [1]. In 2012, CVD was responsible for
31% of all global deaths, representing 17.5 million people.

Potassium plays a crucial role for sufficient functioning of
the heart [2]. Under physiological conditions, extracellular
serum potassium (serum K*) levels are within the range of
3.5 and 5.1 mmol/L [3], which is maintained by renal elimi-
nation and by the sodium-potassium ATPase pump activity
[2]. Nevertheless, if these mechanisms fail to compensate po-
tassium imbalances, this can result in either hypokalemia (se-
rum K" <3.5 mmol/L) or hyperkalemia (serum K* >
5.1 mmol/L) [3].

Sensitivity towards abnormal serum K* levels seems to be
important for the prognosis of CVD and may be different
according to the patient’s history of morbidity. In patients with
acute myocardial infarction (AMI), for instance, excessively
released catecholamines stimulate an intracellular shift of po-
tassium. This results in potassium depletion which in turn
increases the risk of ventricular fibrillation [4, 5]. Moreover,
subjects with chronic kidney disease (CKD) are prone to ex-
perience imbalances in serum K* concentration due to im-
paired renal clearance [6].

Many observational studies have assessed the association
between serum K* levels and cardiovascular (CV) outcomes.
However, to the best of our knowledge, no review of this
study type has been done so far. Therefore, we conducted a
systematic review of observational studies reporting on the
association of abnormal serum K™ levels with supraventricular
and ventricular arrhythmias, and cardiovascular mortality
(CVM). Meta-analyses were conducted separately for the
older general population, and populations with history of hy-
pertension, AMI, heart failure, CKD, or dialysis.

Methods

This systematic review and meta-analysis was performed in
accordance to the MOOSE (Meta-analysis Of Observational
Studies in Epidemiology) guidelines [7]. The MOOSE check-
list is provided in Online Resource 1.

Patient Involvement

Patients were not involved in the design of this system-
atic review.

Data Sources and Search Strategy
We conducted a systematic literature search using the data-

bases Medline (Ovid Technologies, New York) and IS7 Web
of Knowledge (Thomson Scientific Technical Support, New
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York) from inception until November 24, 2017. No language
or publication date restrictions were imposed. After consulting
a librarian, the search strategy was developed. It combined
synonymous and related terms which describe the exposure
(potassium), the outcomes (arrhythmias and CVM), and the
study type (observational study). A complete version of the
full electronic search strategy for Medline is shown in Online
Resource 2. The reference manager Endnote X7 (Thomson
Scientific Technical Support, New York) was used throughout
the literature search and screening process.

Literature Screening and Selection Criteria

The literature was screened in four steps. First, publication
types others than observational studies were deleted by key-
word search in Endnote (e.g., reviews, editorials, commentar-
ies). In steps 2 to 4, the title, abstract, and full text of studies
were screened for content relevant to this review topic. Two
reviewers (LKH and DCM) independently performed the full
text screening by using the following exclusion criteria: (a) no
observational study design, (b) study not conducted in
humans, (c) serum K* levels not measured, (d) no association
of serum K* levels with one of the defined outcomes (arrhyth-
mias, CVM, or composite CV outcomes) assessed, and (e)
intervention influencing serum K* levels or outcome.

Data Extraction and Risk of Bias Assessment

Two reviewers (LKH and DCM) independently extracted data
from the studies included in the review. Consensus was
reached through discussion or consultation of the third review-
er (BS). Risk of bias and quality of the included studies were
assessed by using a modified version of the Newcastle-
Ottawa-Scale [8].

Statistical Analysis

Studies were included in meta-analyses if (1) serum K*
[mmol/L] was investigated as a categorical variable with a
cutoff for low serum K* of < 4.0 mmol/L or lower and a cutoff
for high serum K* of > 4.5 mmol/L or higher, if (2) a reference
category for serum K* was used that did not include hypoka-
lemic (< 3.5 mmol/L) or hyperkalemic serum K* levels (>

5.5 mmol/L), if (3) effect estimates (risk ratio, hazard ratio,
or odds ratio) and confidence intervals were reported, could be
calculated or were provided by the authors when contacted,
and if (4) sufficient information about the study outcome was
provided. If a study reported effect estimates for several
categories in the hypokalemic range (< 3.5 mmol/L) or the
hyperkalemic range (> 5.5 mmol/L), these estimates were
pooled by fixed effect meta-analyses and the pooled re-
sults were used for the meta-analyses with other studies.
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Meta-analyses were conducted separately for study
outcome and study population, namely older general
population and populations with a history of hyperten-
sion, AMI, heart failure, CKD, or dialysis. Random ef-
fects meta-analyses with inverse variance weighting
were applied to allow for between-study heterogeneity.
We tested for statistically significant heterogeneity with
Cochrane’s Q test. Additionally, I* was calculated.
Publication bias was assessed with Kendall’s tau and
Egger’s test of the intercept (one-tailed). The software
Comprehensive Meta-Analysis 2.0 (Biostat, Englewood,
NJ, USA) was used for all analyses.

Results
Screening Results and Study Selection

A flow diagram of the literature screening and selection pro-
cess is given in Fig. 1. After removing duplicates, the literature
search revealed 1424 articles. Further exclusions during the
study type, title, and abstract screening resulted in 103 articles

for the full text selection. The references of the studies exclud-
ed during full text selection are shown in Online Resource 3.
Overall, this review included 54 studies [9-62], 5 of which
were identified by cross-referencing [11, 31, 32, 55, 61].
Finally, 24 studies [9-11, 14, 16, 18, 24, 27, 31, 32, 35-40,
43, 50, 55, 57-61] were suitable for meta-analyses.

Study Design of Included Studies

We detected 28, 24, and 4 studies reporting on the association
of abnormal serum K* levels with arrhythmias [12, 15, 17,
19-23, 25, 27-30, 33, 34, 36, 39, 44, 45, 4749, 51-54, 56,
57],CVM [9-11, 13, 14, 16, 24,26, 31, 32, 37, 38, 40-42, 44,
46, 50, 55, 58-62], and composite CV outcomes [18, 35, 37,
43], respectively. Two [37, 44] studies appear twice. Details of
included studies sorted by study outcome and study popula-
tion are shown in Tables S1 to S3 (Online Resource 4). A
comprehensive list of outcome definitions of the included
studies is provided in Online Resource 5.

Among the studies assessing the outcome arrhythmias
(Online Resource 4, Table S1), the study of Krijthe et al. is
the only study on arrhythmias with a prospective cohort
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design [39]. All other studies reporting on the outcome
“arrhythmias” were classified as cross-sectional studies be-
cause measurement of potassium was at the same hospital stay
as the arrhythmia diagnosis, in most cases less than 2 days
apart. Studies about “arrhythmias” mainly investigated pa-
tients with AMI [12, 15, 23, 25, 27, 29, 30, 34, 36, 44, 45,
47,49, 51, 53, 54, 57]. The study sizes ranged from 50 [22] to
38,689 participants [27] with an arrhythmia prevalence of
1.5% [48, 51]to 61.0% [17, 19]. With exception of the study
of Kirijthe et al. [39], which investigated supraventricular ar-
rhythmias, and the study of Madias et al. [44], which analyzed
both supra- and ventricular arrhythmias, all other studies in-
vestigated ventricular arrhythmias.

Among the studies assessing the outcome CVM (Online
Resource 4, Table S2), the study of Chow et al. was the only
one with a case-control design [16], while the others were
cohort studies. Regarding the study population, most of the
studies investigated dialysis [16, 26, 31, 38, 41, 50, 55, 61,
62], older general [14, 24, 32, 40, 59, 60], and heart failure
[9-11, 42, 46] subjects. Additionally, there was one study in
hypertensive patients [13], one study in AMI patients [44],
and another two studies in CKD patients [37, 58]. The largest
study [38] comprised 74,219 participants and the smallest
study [31, 41] 312 subjects. Subjects were followed up for at
least 0.3 years [11] and up to a maximum of 23.5 years [14].
During follow-up, the CVM rate ranged from 1.5% [59] to
28.7% [10].

The four studies with composite CV outcomes (Online
Resource 4, Table S3) were prospective cohort studies in pa-
tients with hypertension [18], CKD [37, 43], or dialysis [35]
and had study sizes of 7653 [18], 820 [37], 55,266 [43], and
45,511 [35] subjects, respectively.

Risk of Bias and Quality Assessment of Included
Studies

Results of the risk of bias and quality assessment are shown in
Tables S4 to S6 of Online Resource 6.

For the evaluation of cross-sectional studies, we used a
modified version of the Newcastle-Ottawa-Scale restricted to
five categories and a maximum of six accessible points
(Online Resource 6, Table S4). The 27 cross-sectional studies
on “arrhythmias” were on average rated with 3.3 points (range
1 to 5 points).

Cohort studies (Online Resource 6, Table S5) and the case-
control study (Online Resource 6, Table S6) were evaluated in
eight categories and could be awarded a maximum of nine
points. While the cohort study on supraventricular arrhyth-
mias [39] was awarded 9 points, the average number of points
per study was 6.9 (range 5 to 9 points) and 7.0 (range 6 to 8
points) for studies assessing the outcome CVM and studies
assessing composite CV outcomes, respectively.

@ Springer

Outcome Details of Included Studies

Results of 24 studies, which comprised 310,825 partici-
pants, were suitable for meta-analyses and are presented
in Table 1. The studies are sorted by study outcome and
study population. Risk ratios (RRs) and confidence inter-
vals (Cls) are shown separately for the low and high se-
rum K* category with preferably levels of <3.5 and >
5.5 mmol/L, but alternatively cutoffs up to <4.0 and >
4.5 mmol/L, respectively, were also accepted if no stricter
cutoffs were applied in the studies. If a study reported
effect estimates for several categories in the hypokalemic
(<3.5 mmol/L) or the hyperkalemic range (=5.5 mmol/
L), pooled estimates are shown in Table 1. The risk cate-
gories were compared to a reference category that was not
allowed to include abnormal serum K* values <3.5 or >
5.5 mmol/L. All studies are adjusted for age and sex.
However, only 2 [18, 39] out of 23 studies are adjusted
for all eight covariates that we judged to be important to
consider in a model for the association of serum K* levels
and CV outcomes: age, sex, body mass index (BMI) or
other weight measure, smoking, diabetes, history of CVD,
hypertension, and kidney disease. A comprehensive list of
covariates, which the studies are adjusted for, is provided
in Online Resource 7.

Results from 30 studies could not be included in the meta-
analyses and are summarized in Tables S7 to S12 of Online
Resource 8. The studies compared either frequencies of out-
comes in serum K* categories [12, 15, 20, 21, 23, 25, 28, 29,
33,34, 44, 45,49, 51, 54] (Table S7) or mean serum K* levels
in case and control groups [13, 22, 30] (Table S8) by statistical
tests. Other studies either assessed the correlation of serum K*
with an outcome [17, 19] (Table S9), or modeled serum K* as
a continuous variable in a regression analysis [34, 46, 47, 56]
(Table S10). Additionally, six studies [26, 41, 42, 52, 53, 62]
were excluded from meta-analyses, which included either
hypo- or hyperkalemic values in the reference group
(Table S11). One study [48] could not be included in meta-
analyses, as the outcome of “in-hospital arrhythmia” was not
further specified (Table S12). The results of these 30 studies
are not further regarded in this review.

Results of Meta-Analyses by Study Outcome
and Specific Population

Pooled effect estimates and 95% Cls of study results for low
and high serum K* are shown separately by study outcome
and study population in Table 2. Pooled estimates and corre-
sponding heterogeneity statistics are presented if there was
more than one study per analysis. Additionally, meta-
analyses are presented in forest plots in Fig. 2. No publication
bias was detected in any of the meta-analyses (all p > 0.05).
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Association of hypokalemia and ventricular arrhythmias in AMI population

Study name Rate ratio and 95% CI
Rate Lower Upper
ratio  limit limit

Goyal et al. (2012) 1,130 0,822 1,554

Keskin et al. (2016) 3,540 1,788 7,010

Uluganyan et al. (2016) 2,700 0,932 7,819
2,076 0,889 4,849
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Association of hypokalemia and CVM in the older general population

Association of hyperkalemia and ventricular arrhythmias in AMI population

Study name Rate ratio and 95% CI
Rate Lower Upper
ratio  limit limit
Goyal et al. (2012) 2,650 1,700 4,130 i
Keskin et al. (2016) 1,820 0,823 4,027
Uluganyan et al. (2016) 1,380 0,343 5,550
2327 1602 3380 ‘ <> ‘
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Association of hyperkalemia and CVM in the older general population

Study name Rate ratio and 95% CI
Rate Lower Upper
ratio limit  limit
Chen et al. (2016) 1,380 0,939 2,028
Fang et al. (2000) 0,960 0,612 1,505
Hughes-Austin et al. (2017) 0,840 0,630 1,120
Lai et al. (2015) 1,600 0,726 3,526
Walsh et al. (2002) 1,400 0,316 6,209
Wannamethee et al. (1997) 0,770 0,518 1,145 —-
0,998 0,793 1,256 L 2
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Association of hypokalemia and CVM in heart failure population

Study name Rate ratio and 95% CI
Rate Lower Upper
ratio  limit limit

Ahmed A.etal. 2007) 1270 1,064 1,516 | |

Aldahl et al. (2017) 2860 2,101 3,893 E o
1,886 0,852 4,179
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Association of hypokalemia and CVM in CKD population

Study name Rate ratio and 95% CI
Rate Lower Upper
ratio limit  limit

Korgaonkar et al. (2010) 0,970 0,615 1,529

‘Wagner et al. (2016) 1,010 0,522 1,956
0,983 0,676 1,429
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Association of hypokalemia and CVM in dialysis population

Study name

Rate Lower Upper

ratio limit  limit
Chen et al. (2016) 1,250 0,672 2,326
Fang et al. (2000) 1,540 1,028 2,306
Hughes-Austin et al. (2017) 1,500 0,998 2,255
Lai et al. (2015) 1,300 0,944 1,789
Walsh et al. (2002) 1,300 0,679 2,490
Wannamethee et al. (1997) 1,150 0,500 2,646

1,377 1,141 1,661

Rate ratio and 95% CI
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Association of hyperkalemia and CVM in heart failure population

Study name
Rate Lower Upper
ratio limit  limit
Ahmed, M.L etal. 2010) 1,080 0,894 1,305
Aldahl et al. (2017) 3240 2486 4,223
1,863 0,635 5467

Rate ratio and 95% CI

M
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Association of hyperkalemia and CVM in CKD population

Study name
Rate Lower Upper
ratio limit  limit
Korgaonkar et al. (2010) 1,490 0,908 2,445
Wagner et al. (2016) 1,470 0,668 3,233
1484 0976 2,257

Rate ratio and 95% CI
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Association of hyperkalemia and CVM in dialysis population

10

10

Study name Rate ratio and 95% CI
Rate Lower Upper
ratio limit  limit
Chowetal. (2009) 3360 0,591 19,087 ‘ i
Huang et al. (2015) 2,820 0,518 15,346
Kovesdy et al. (2007) 1,110 1,014 1215
Ribeiro et al. (2015) 1,490 1,007 2,204 r
Torlén etal. (2012) 1,050 0,881 1,251
Xu et al. (2014) 1,100 0,627 1,930
1,119 1,022 1,225
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Association of hypokalemia and composite CV outcomes in CKD population

Study name Rate ratio and 95% CI
Rate Lower Upper
ratio  limit  limit

Korgaonkar et al. (2010) 1,130 0,762 1,675

Luo et al. (2016) 1,890 1,715 2,083
1,516 0921 2497
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Study name Rate ratio and 95% CI
Rate Lower Upper
ratio limit  limit
Huang et al. (2015) 4,110 1,621 10,419
Kovesdy et al. (2007) 1,250 1,172 1,333 ]
Torlénetal. (2012) 1,270 1,056 1,528 3
Xuetal. (2014) 2,290 0,802 6,543
1361 1,102 1,682 <

01 02 05 1 2 5 10

Association of hyperkalemia and composite CV outcomes in CKD population

Study name Rate ratio and 95% CI
Rate Lower Upper
ratio limit  limit

Korgaonkar et al. (2010) 1,690 1,094 2,610

Luo et al. (2016) 1260 1,187 1,337 B
1,344 1,059 1,706 <&

01 02 05 1 2 5 10

Fig. 2 Forest plots of studies assessing the association of abnormal serum potassium and cardiovascular outcomes in specific populations. AMI acute
myocardial infarction, CKD chronic kidney disease, CV cardiovascular, CVM cardiovascular mortality, C/ Confidence interval
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Supraventricular and Ventricular Arrhythmias

In the older general population, the low serum K* group had
an increased risk of supraventricular arrhythmias by 62%
(1.62 [1.02; 2.55]). When an AMI was diagnosed, risk of
ventricular arrhythmias was increased by even 108% (2.08
[0.89; 4.85]). However, this result was not statistically signif-
icant. In addition, there was a 133% increased risk of ventric-
ular arrhythmias in AMI patients with high serum K* levels
(2.33 [1.60; 3.38]). However, no increased risk of supraven-
tricular arrhythmias was observed for hyperkalemia in the
older general population (0.96 [0.24; 3.91]).

Cardiovascular Mortality (CVM)

In contrast to the outcome of supraventricular arrhythmias,
high serum K* levels in the older general population were
associated with a 1.4-fold increased CVM, while no associa-
tion was detected for low serum K* levels and CVM.
Furthermore, CVM was significantly increased in dialysis pa-
tients for both low (1.11 [1.02; 1.21]) and high (1.36 [1.10;
1.68]) serum K™ levels. The same pattern of increased CVM in
subjects with low or high serum K" levels was observed in
heart failure patients but effect estimates were not statistically
significant.

Composite Cardiovascular (CV) Outcome

In hypertensive patients, the risk of CV outcomes was signif-
icantly increased by 157% (2.57 [1.51; 4.36]) and 65% (1.65
[1.02; 2.67]) for the low and the high serum K* category,
respectively. Moreover, both CKD patients (1.34 [1.06;
1.71]) and dialysis patients (1.12 [1.03; 1.23]) with high serum
K* had an increased risk of CV outcomes.

Shape of the Relationship of Serum K* Levels
and Cardiovascular (CV) Outcomes

For a visual assessment of the association of serum K*
levels and CV outcomes, the RRs and Cls reported in
Table 2 have been illustrated in Fig. 3. A U-shaped rela-
tionship was found for a composite CV outcome in a pop-
ulation with hypertension (Fig. 3c), for ventricular ar-
rhythmias in patients with AMI (Fig. 3d), for CVM in
heart failure patients (Fig. 3e), for a composite CV out-
come in a population with CKD (Fig. 3f), and for CVM in
patients on dialysis (Fig. 3h). However, it should be noted
that some RRs were not statistically significant as their
CIs included the value 1.

No U-shaped association was found for the risk of supra-
ventricular arrhythmias in the older general population.
Instead, there was an increased risk for subjects in the low
serum K* category only (Fig. 3a).

In contrast, only the high serum K* category was associat-
ed with increased CVM in both the older general population
(Fig. 3b) and in CKD patients (Fig. 3g). Likewise, high serum
K* was associated with a composite CV outcome in dialysis
patients (Fig. 31).

Discussion
Summary of the Findings

This systematic review and meta-analysis examined the
association of abnormal serum K™ levels with CV out-
comes in the older general population and populations
with hypertension, AMI, heart failure, CKD, and dialysis
treatment. Results showed partly strong associations of
abnormal serum potassium levels with supraventricular
and ventricular arrhythmias, CVM, and composite CV
outcomes.

Discussion of Results of the Meta-Analyses
Older General Population

While hypokalemia was associated with an increased risk
of supraventricular arrhythmias (defined as atrial flutter
and atrial fibrillation) [39] in the older general population,
it was not associated with CVM. Therefore, we presume
that hypokalemia-induced arrhythmias, especially atrial
arrhythmias, rarely have a fatal outcome in the older gen-
eral population.

In contrary, hyperkalemia was not associated with an
increased risk of supraventricular arrhythmias defined as
atrial flutter and atrial fibrillation in one small study [39].
As no other study assessed the association of hyperkalemia
and arrhythmias, we cannot rule out that hyperkalemia pos-
sibly is associated with ventricular arrhythmias in the older
general population. In fact, it is well known that
hyperkalemia can cause fatal cardiac arrhythmias
[63—65]. Moreover, ventricular fibrillation represents the
main cause of sudden cardiac death [66, 67]. Consistent
with this, is the observation that hyperkalemia was associ-
ated with increased CVM. Hence, the observed increased
CVM could result at least partly from fatal ventricular ar-
rhythmias in the course of hyperkalemia.

Subjects with Acute Myocardial Infarction (AMI)

A different systematic review identified low serum K* levels
as a risk factor for primary ventricular fibrillation during AMI
[68]. Even if only on the border to statistical significance, our
review similarly revealed an increased risk of ventricular ar-
rhythmias in hypokalemic patients with AMI [27, 36, 57].
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Fig. 3 Risk ratios of cardiovascular outcomes for low and high serum
potassium levels within specific populations. Cardiovascular outcomes
are shown for the older general population (a, b) and populations with
hypertension (c¢), acute myocardial infarction (d), heart failure (e), chronic
kidney disease (f, g), and dialysis treatment (h, i). A pooled estimate is

During AMI, hypokalemia-induced arrhythmias are known to
result from the effects of highly released catecholamines
which cause an intracellular shift of potassium [4].
Interestingly, the risk of ventricular arrthythmias during AMI
was also increased under hyperkalemic conditions. This result
supports our aforementioned hypothesis that the association
between hyperkalemia and the risk of arrhythmias might be
restricted to specific arrhythmias.

Subjects with Heart Failure

We identified two studies which evaluated the association be-
tween hypokalemia and CVM in heart failure patients [9, 11].
Both studies individually reported statistically significantly
increased associations of hypokalemia and CVM, while the
pooled result was not statistically significant. This was due to

@ Springer

shown if there is more than one study per population. AMI acute
myocardial infarction, CKD chronic kidney disease, CV cardiovascular,
CVM cardiovascular mortality, K™ potassium, SVA supraventricular
arrhythmias

high heterogeneity between the two studies (/=95.0%),
which could origin from different serum K* categories used.
The study of Ahmed A. et al. [9] reported a slightly increased
CVM (1.27 [1.06, 1.51]) in patients with chronic heart failure
who had serum K* levels below 4 mmol/L [9], whereas
the study of Aldahl et al. [11] reported a very strongly
increased CVM (2.86 [2.10; 3.89]) in heart failure pa-
tients with serum K* levels below 3.5 mmol/L.
Moreover, in the study of Ahmed A. et al., which was
published in 2007, the majority of the study population
received angiotensin-converting enzyme (ACE) inhibi-
tors and mainly non-potassium-sparing diuretics, such
as thiazides and loop diuretics. However, these diuretics,
especially if used in higher doses, are able to lower
serum K* levels, which then may induce fatal
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arrhythmias and ultimately increase CVM through this
mechanism.

Similarly, the meta-analysis of the two studies on the asso-
ciation of hyperkalemia and CVM [10, 11] also showed high
heterogeneity (/=97.7%) and the pooled result lacked statis-
tical significance (1.86 [0.64; 5.47]). While Ahmed M.L. et al.
did not observe an increased CVM in a group with serum K*
levels above 5 mmol/L (1.08 [0.89; 1.30]), the study of Aldahl
et al. showed statistically significant associations with CVM
for serum K* levels above 4.5 mmol/L, with the strongest
association in a group with levels above 5.5 mmol/L (3.24
[2.49; 4.23]. Therefore, further studies are needed for the end-
point CVM in heart failure patients because of the high het-
erogeneity of the limited number of studies.

According to current guidelines of the European Society of
Cardiology (ESC) [69], first-choice drugs in heart failure pa-
tients include ACE inhibitors, (3-blockers, angiotensin recep-
tor blockers, and aldosterone receptor blockers. Apart from f3-
blockers, these disease-modifying drugs all retain serum K*.
Low-dose (non-potassium-sparing) diuretics are addition-
ally used for symptomatic relief in patients with signs
and/or symptoms of congestion. Thus, theoretically in-
stead of hypokalemia rather hyperkalemia becomes the
more serious problem in heart failure patients.

Subjects with Chronic Kidney Disease (CKD)

As renal elimination is crucial to maintain physiological se-
rum K" levels, subjects with impaired kidney function are at
increased risk of hyperkalemia [6, 70]. Consequently,
hyperkalemia can be regarded as a symptom of progressive
CKD, which is known to be a risk factor for CVD [71].
Accordingly, non-significant increased CVM (1.48 [0.98,
2.26]) and a significantly increased risk for composite CV
outcomes (1.34 [1.06, 1.71]) were detected for hyperkalemic
subjects with CKD in this review. In contrast, while no signif-
icant association of hypokalemic conditions and CVM was
found, the association with an increased risk of composite
CV outcomes was on the border to statistical significance
(1.5210.92, 2.50)).

Subjects Receiving Dialysis

In subjects with end-stage renal disease, dialysis is used to
imitate kidney function. During dialytic procedures, waste
products and excessive substances from the blood are filtered
into an individually mixed dialysate solution. Due to a con-
centration gradient between the dialysate potassium and the
serum K*, excessive potassium is removed and the serum K*
level normalizes. Many studies have already assessed the as-
sociation between dialysate potassium and risk of CV out-
comes, such as sudden cardiac death [38, 72-78]. Although
low dialysate potassium is needed to normalize predialysis

hyperkalemia, excessive filtering of serum K* can result in
hypokalemia. Therefore, subjects on dialysis are at an in-
creased risk of both hypo- and hyperkalemia, which both
may cause arrhythmias leading even to sudden cardiac death.
Accordingly, our meta-analyses showed that both low and
high serum K* levels were statistically significantly associated
with increased CVM in patients on dialysis.

Subjects with Hypertension

Among other drugs, (non-potassium-sparing) diuretics
are used as a first-line treatment in subjects with hyper-
tension [79]. One study [18] specifically focused on
subjects with hypertension receiving diuretic treatment
and observed a highly increased risk of a composite
CV outcome for both hypo- and hyperkalemia.
Moreover, this study detected that diuretic use was more
prevalent in hypokalemic subjects and less prevalent in
hyperkalemic subjects when compared to subjects with
normokalemic levels. This finding supports the assump-
tion that hypertensive subjects who receive diuretic
treatment have a particularly high risk of hypokalemia.
However, it should be considered, that the aforemen-
tioned observational study covered more than 20 years
(1973 to 1996) with crucial changes concerning the us-
age and dosage of (non-potassium sparing) diuretics.
Nowadays, treatment of hypertension includes only
low-dose hydrochlorothiazides, which have minor poten-
tial effects on serum K.

In addition, the increased CV risk by hyperkalemia in
hypertension might be explained by renal comorbidity,
which is frequent in hypertensive patients because high
blood pressure can damage renal blood vessels [80].
Therefore, also in patients with hypertension, the asso-
ciation of hyperkalemia and CV endpoints may not be
causal because hyperkalemia could be a symptom of
progressive CKD, which is known to be a risk factor
for CVD [71].

Research Gaps and Implications for Future Studies

Due to various outcomes and populations, we had a max-
imum of six studies pooled per meta-analysis. Future re-
search should therefore continue to add studies on popu-
lations and outcomes where statistically significant results
are currently lacking in the meta-analyses or where no
study has been conducted so far. In addition, future stud-
ies on arrhythmias should have a prospective design by
performing regular follow-up investigations with ECG re-
cordings. New studies on abnormal serum K* levels and
CV outcomes are still needed to close these surprisingly
many gaps of evidence in the literature.
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Strengths and Limitations
Literature Search

As we only searched two medical databases, we could
have missed potentially relevant studies. However, as on-
ly five additional studies were identified through a thor-
ough cross-referencing, we do not think that an important
study was missed.

Reported Study Results

Many included studies were quite old and lacked adequate
statistical analyses and reporting of results. In particular, many
studies on arrhythmias originate from the 1980s and had low
scores in the risk of bias assessment. Moreover, in former
studies among patients receiving diuretics, higher doses of
non-potassium sparing diuretics were prescribed until the late
1980s, which may explain the high arrhythmia rate and pos-
sibly resulting CV deaths. Furthermore, cutoff values for low,
reference, and high serum K* levels differed between the in-
cluded studies. However, by including only studies with ap-
propriate reference categories of serum K* levels in the meta-
analyses, we managed that the studies were mostly compara-
ble and similar to the limits proposed by the American Heart
Association (3.5-5.1 mmol/L [3]). New studies should cate-
gorize serum K* levels according to recommended clinical
cut-off values and thoroughly report risk estimates and Cls.

Control of Confounding

The studies included in the meta-analyses were quite hetero-
geneous with regard to covariate adjustment. While all of the
studies are adjusted for at least age and sex, only few studies
had comparable additional adjustments and lacked adjustment
for important confounders. Therefore, we suggest a set of key
covariates, which future studies on this topic could use, i.c.,
age, sex, BMI or other weight measure, smoking, diabetes,
hypertension, history of CVD, and kidney disease.

Heterogeneity

Despite the described differences in study designs, heteroge-
neity was low in most of the meta-analyses. However, signif-
icant heterogeneity (p < 0.05) was detected among the three
studies assessing the association of low serum K* levels and
ventricular arrhythmias in AMI patients (I * = 80.4%), the two
studies on CVM in hypokalemic heart failure patients (/=
95.0%) and the two studies on CVM and hyperkalemic heart
failure patients (97.7%). Furthermore, there was significant
heterogeneity among the two studies investigating the as-
sociation of low serum K* levels and a composite CV
outcome in CKD patients (/ 2=83.8%). Of note is that
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all four meta-analyses revealed non-significant increased
associations of abnormal serum K* levels and the corre-
sponding outcome. One possible explanation of the het-
erogeneity in the latter meta-analysis is that definitions of
the composite CV outcomes were quite different in the
included studies (Online Resource 5).

Composite Outcomes

In addition, atherosclerotic events, namely myocardial infarc-
tion and not specified stroke, were part of the composite CV
outcomes. Although there is no plausible association for low
serum K™ levels and myocardial infarction, the latter was part
of the search strategy in order to identify CV deaths due to
myocardial infarction. However, we did not explicitly imple-
ment “cerebrovascular diseases” in our search strategy, as
except for embolic stroke, which may develop in the course
of hypokalemia-induced atrial fibrillation, abnormal serum K*
levels have not been reported to be risk factors for cerebrovas-
cular disease events. Therefore, we suspect that the included
studies with composite CV outcomes might have
underestimated the risk of hypo- and hyperkalemia. Thus,
we suggest that future studies with composite CV endpoints
should consider excluding atherosclerotic events, such as
myocardial infarction and ischemic stroke, from their end-
point definitions.

Similarly, the definitions of the outcome “ventricular
arrhythmias” were heterogeneous between included stud-
ies (Online Resource 5). While some studies investigated
ventricular tachycardia, ventricular flutter, or ventricular
fibrillation, others measured abnormal ectopic ventricular
activity or premature ventricular complexes. Consequently,
the percentages of subjects experiencing ventricular ar-
rhythmias ranged widely in the included studies. We
intended to do arrhythmia subtype-specific meta-analyses
but this was not completely possible because only three
studies had sufficient data for meta-analysis and used com-
posite arrhythmia outcomes [27, 36, 57]. These three stud-
ies had quite comparable arrhythmia rates (4.4, 6.1, and
10.6%, respectively) and were finally pooled in a meta-
analysis. Future studies should be large enough to address
clearly defined arrhythmia sub-types instead of composite
arrhythmia definitions.

Clinical Implications for Maintaining Serum Potassium
Levels in Specific Ranges

As recommended by experts with affiliation to the
American Heart association [3], serum K* levels should
be maintained between 3.5 and 5.1 mmol/L in the older
general population in order to prevent supraventricular
and ventricular arrhythmias, as well as CVM. For patients
with hypertension or heart failure a higher cutoff of
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4.0 mmol/L has been suggested for hypokalemia [81, 82].
This recommendation is supported by the observed in-
creased CV risk for low serum K* levels in these two
aforementioned patient groups sometimes treated with
non-potassium-sparing diuretics. As the corresponding
studies had been conducted before current guidelines for
the management of hypertension [79] and heart failure
[69] were published, the study results need to be
interpreted with caution. In patients with hypertension,
non-potassium-sparing diuretics are nowadays used in
low doses and often in combination with potassium-
sparing agents. In patients with heart failure, the afore-
mentioned CV risk for hypokalemia should no longer ex-
ist since they receive ACE inhibitors, angiotensin receptor
blockers, or aldosterone antagonists, all retaining serum
K*. However, we believe that it is important to cautiously
monitor serum K* levels when thiazide or even loop di-
uretics, especially in higher doses, are prescribed for pa-
tients with hypertension or heart failure.

For patients with AMI, an even higher threshold for
hypokalemia has been suggested, namely 4.5 mmol/L dur-
ing or shortly after AMI [83]. As we detected a borderline
significant 2-fold increased risk of arrhythmias in AMI
patients with low serum K* levels, we agree with this
recommendation to target serum K* levels in the high-
normal range in these patients. However, hyperkalemia
could also be a threat because AMI patients showed a
strongly increased arrhythmia risk with serum K™ levels
>5.5 mmol/L [27].

For subjects with CKD or end-stage renal disease re-
quiring dialysis, it is difficult to reach serum K* levels <
5.1 mmol/L. Therefore, some studies suggested a higher
cutoff of > 5.5 mmol/L for hyperkalemia in these patients
[76, 84]. However, this systematic review included large
cohort studies in patients with impaired kidney function
[43] and dialysis treatment [38], which assessed the shape
of the association of serum K* levels and CV outcomes
and did observe an increased risk for serum K* levels
above 5.0 mmol/L [38, 43]. In addition, it should be noted
that another large observational study with almost
100,000 CKD patients [85] showed in a spline analysis
that all-cause mortality of CKD patients already started to
increase at serum K* levels above 5.0 mmol/L.

Conclusions

This systematic review and meta-analysis observed associa-
tions of low serum K" levels with supraventricular arrhyth-
mias and associations of high serum K* levels with CVM in
the older general population. Associations of abnormal serum
K* levels and CV outcomes were even more pronounced in
populations with hypertension, AMI, heart failure, CKD, or

dialysis. Although the observational studies included in this
systematic review cannot ascertain causality of the aforemen-
tioned significant associations, their results highlight the clin-
ical relevance of maintaining serum K™ levels within the ref-
erence range. More frequent potassium-monitoring and sub-
sequent interventions, e.g., change or withdrawal of
potassium-influencing drugs, might help to restore normal
values and prevent cardiovascular events.
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