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Abstract
Background  This study aimed to comprehensively analyze the relationship between serum potassium (K+) levels and the 
risk of de novo cardiac arrhythmias in left ventricular assist device (LVAD) recipients.
Methods  We performed a retrospective study using the INTERMACS registry. Data was collected on adult patients with 
available K+ measurements taken 1-month post-LVAD implantation. K+ levels were the main exposure of interest and were 
analyzed as a continuous and categorical variable (quartiles of baseline K+ distribution). The main outcome of interest was 
the occurrence of de novo arrhythmia events, either sustained (ventricular [VA] or supraventricular arrhythmia [SVA]) or 
not sustained (atrial fibrillation/flutter [AF]). All-cause mortality was evaluated as the secondary outcome. Multivariable 
adjusted time-dependent Cox regression models and natural splines were used to describe the relationship between the 
exposure and outcomes of interest.
Results  10,570 patients met our inclusion criteria. A significant and consistent relationship was observed between the low-
est quartile of longitudinal K+ and the risk of arrhythmic events (HR 1.28, 95% CI 1.08, 1.53, p = 0.005) as well as in the 
highest K+ quartile (HR 1.24, 95% CI 1.02, 1.49, p = 0.027).
A similar relationship was confirmed in the stratified analysis of arrhythmia types for SVAs and AF. The data were reflected 
in a U shaped relationship. Similarly, the highest and lowest quartiles of longitudinal K+ were independently associated with 
a significant increase in the HR of death, which was reflected by a U shaped relationship.
Conclusions  Our study reveals a significant U shaped relationship between low and high K + levels and cardiac arrhythmias 
in LVAD patients, particularly SVAs and AF. Both high and low K + levels negatively impacted patient survival.
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Introduction

Left ventricular assist device (LVAD) implantation has 
become increasingly common in patients with end-stage 
heart failure due to the donor organ supply shortage 
and the improved survival associated with second- and 

third-generation mechanical circulatory support (MCS) 
devices [1]. LVADs are being used more frequently as a des-
tination therapy, and the life expectancy of patients remain-
ing on MCS devices is increasing [1].

Cardiac arrhythmias, both supraventricular arrhythmias 
(SVAs) and ventricular arrhythmias (VAs), are a frequent 
complication observed in LVAD recipients [2]. Recent 
estimates suggest an incidence rate of up to 4.7 events per 
patient-year, making arrhythmias the third most common 
complication in this population, after bleeding and infec-
tions [3]. Although systemic circulation is well supported 
in LVAD patients, these arrhythmias can lead to detrimen-
tal symptoms and potentially fatal outcomes. The impact 
of these arrhythmias on patient survival is debated [2]. 
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However, recent reports indicate that they may indepen-
dently contribute to increased patient mortality [4].

Various factors contribute to the development of arrhyth-
mias and electrolyte disorders, with serum potassium (K+) 
imbalances identified as a significant predictor [5]. Altera-
tions in K+ levels, such as hypokalemia, have been associ-
ated with poorer clinical outcomes [6] and increased risk of 
ventricular arrhythmias [7] and mortality [8] among heart 
failure patients.

To date, no studies have directly assessed the relationship 
between K+ imbalances and arrhythmias in LVAD recipi-
ents or their impact on patient survival. In addition, most 
previous research has focused on VAs. This study aimed to 
comprehensively analyze the relationship between K+ levels 
and the risk of cardiac arrhythmias in LVAD recipients. In 
addition, we aimed to evaluate the prognostic impact of K+ 
alterations on patient outcomes. Our findings may contribute 
to improving the current understanding of the pathophysiol-
ogy of arrhythmias in LVAD patients and could potentially 
guide the development of preventive and therapeutic strate-
gies to improve patient outcomes.

Materials and methods

Study population

The INTERMACS (Interagency Registry for Mechanically 
Assisted Circulatory Support) registry is a large prospec-
tive North American database that collects data on patients 
who undergo LVAD implantations [9]. A full description of 
the registry has been previously published [9]. After LVAD 
implantation, patients are monitored until death, explant, or 
heart transplantation.

We included adult patients (i.e., older than 17) who under-
went permanent continuous flow (CF) LVAD implantation 
and had at least one K+ measurement during their follow-
up. To ensure we only selected stable LVAD patients, we 
only collected data from 1-month post-LVAD implantations. 

Those with missing K+, serum creatinine (SCr), or blood 
pressure (BP) follow-up measurements were excluded from 
the analysis (Fig. 1).

The data, analytical methods, and study materials used 
are available via the Biological Specimen and Data Reposi-
tory Information Coordinating Center [10]. The Institutional 
Review Board of the University of Verona approved our 
research protocol (n 21/2022). Written informed consent 
was obtained from all patients by the participating INTER-
MACS centers.

Data collection

Demographic, examination, laboratory, medication, and 
comorbid conditions data were collected. The estimated 
glomerular filtration rate (eGFR) was calculated from SCr 
using the race-free equation recommended by the National 
Kidney Foundation and the American Society of Nephrol-
ogy Task Force [11]. Mean arterial pressure (MAP) was esti-
mated using a formula in which diastolic BP is doubled and 
added to the systolic BP, with the sum then being divided 
by 3. All collected data are presented in Tables 1 and S1.

Exposure and outcomes of interest

Time-updated K+ during follow-up was the exposure of 
interest. Second, K+ disorders (hypokalemia [HoK] or 
hyperkalemia [HerK]) and the coefficient of variation of 
potassium (K+ CV) were evaluated for their association 
with the outcomes of interest. HoK was defined as K+  < 3.5 
mmol/L, and HerK was defined as K+  > 5.0 mmol/L. The 
K+ CV, defined as the ratio between the standard deviation 
(SD) and the mean of all K+ values during follow-up, was 
used as measure of K+ variability. The main outcome of 
interest was the occurrence of new onset arrhythmia events. 
The INTERMACS registry defines adverse events as any 
documented sustained arrhythmia (either sustained VAs or 
sustained SVAs)that results in clinical compromise (e.g., 
abnormal ventricular assist device function, reduced urine 

Fig. 1   Study design
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Table 1   Descriptive characteristics of the study population

MAP mean arterial pressure, eGFR estimated glomerular filtration rate, BMI body mass index, NYHA New York Heart Association, N number of 
patients, n number of observation.
*Within 1 month of LVAD implantation; ** moderate-severe impairment

Overall N = 10,570
n = 26,502

Quartiles 
serum 
K + mmol/L

p value

1st quartile 
 ≤ 3.9 mmol/L 
N = 3350
n = 7429

2nd quartile 
4.0–4.2 mmol/L 
N = 2920
n = 7247

3rd quartile 
4.2–4.5 mmol/L 
N = 2237
n = 6153

4th quartile 
 > 4.5 mmol/L 
N = 2063
n = 5673

Demographic data
 Age, years 56.2 (13.1) 54.4 (13.5) 55.7 (13.3) 57.4 (12.6) 58.5 (12.1)  < 0.001
 Sex, male, N (%) 8228 (77.8) 2530 (75.5) 2277 (78.0) 1761 (78.7) 1660 (80.5)  < 0.001
 Race, black, N (%) 2794 (26.4) 1060 (31.6) 767 (26.3) 520 (23.2) 447 (21.7)  < 0.001

Examination data
 MAP, mmHg, mean (SD) 83.6 (12.2) 83.7 (12.2) 83.8 (12.0) 83.7 (12.1) 83.2 (12.5) 0.486
 BMI, Kg/m2, mean (SD) 28.5 (6.7) 29.3 (7.0) 28.5 (6.8) 28.0 (6.5) 27.7 (6.4)  < 0.001
 eGFR*,mL/min/1.73 m2, mean (SD) 73.0 (27.7) 74.6 (28.2) 75.2 (27.2) 73.4 (26.9) 66.7 (27.6)  < 0.001
 K + , mmol/L, mean (SD) 4.2 (0.5) 3.7 (0.3) 4.1 (0.1) 4.4 (0.1) 4.9 (0.3)  < 0.001

Comorbidities, N (%)
 Coronary artery disease 999 (9.5) 285 (8.5) 267 (9.1) 219 (9.8) 228 (11.1) 0.016
 NYHA class 0.311
  1 11 (0.1) 6 (0.2) 1 (0.0) 3 (0.1) 1 (0.0)
  2 79 (0.7) 21 (0.6) 19 (0.7) 19 (0.8) 20 (1.0)
  3 1591 (15.1) 514 (15.4) 435 (14.9) 320 (14.3) 322 (15.6)
  4 8177 (77.4) 2608 (77.9) 2,265 (77.6) 1,727 (77.2) 1,577 (76.4)
  Unknown 710 (6.7) 199 (5.9) 200 (6.8) 168 (7.5) 143 (6.9)

 History of arrhythmias 1508 (20.7) 493 (21.2) 415 (20.4) 314 (20.4) 286 (20.4) 0.879
 Atrial fibrillation/flutter 1027 (9.7) 320 (9.6) 256 (8.8) 220 (9.8) 231 (11.2) 0.040
 Major Stroke 297 (4.1) 93 (4.0) 89 (4.4) 63 (4.1) 52 (3.7) 0.803
 Cerebrovascular disease 185 (2.5) 53 (2.3) 48 (2.4) 52 (3.4) 32 (2.3) 0.134
 Peripheral vascular disease 358 (4.9) 99 (4.3) 97 (4.8) 75 (4.9) 87 (6.2) 0.065
 Chronic kidney disease 1695 (23.2) 546 (23.5) 432 (21.3) 372 (24.1) 345 (24.6) 0.082
 Severe diabetes 762 (10.4) 228 (9.8) 199 (9.8) 167 (10.8) 168 (12.0) 0.128
 Liver disease 327 (4.5) 109 (4.7) 89 (4.4) 66 (4.3) 63 (4.5) 0.932
 Respiratory disease 704 (9.6) 220 (9.5) 191 (9.4) 150 (9.7) 143 (10.2) 0.867

Early adverse event, N (%)*
 Major infection 2313 (21.9) 721 (21.5) 648 (22.2) 487 (21.8) 457 (22.2) 0.914
 Major bleeding 2036 (19.3) 669 (20.0) 531 (18.2) 432 (19.3) 404 (19.6) 0.334
 Myocardial infarction 12 (0.1) 3 (0.1) 4 (0.1) 3 (0.1) 2 (0.1) 0.931
 Renal dysfunction 760 (7.2) 252 (7.5) 205 (7.0) 139 (6.2) 164 (7.9) 0.129
 Respiratory failure 1567 (14.8) 510 (15.2) 407 (13.9) 325 (14.5) 325 (15.8) 0.283
 Arterial thromboembolism 83 (0.8) 27 (0.8) 17 (0.6) 18 (0.8) 21 (1.0) 0.390
 Venous thromboembolism 311 (2.9) 101 (3.0) 92 (3.2) 60 (2.7) 58 (2.8) 0.763
 Right ventricular impairment** 1462 (13.8) 473 (14.1) 410 (14.0) 298 (13.3) 281 (13.6) 0.824

Medications, N (%)
 Beta blockers 5,947 (56.3) 1,695 (50.6) 1,682 (57.6) 1,323 (59.1) 1,247 (60.4)  < 0.001
 RASi 4,527 (42.8) 1,215 (36.3) 1,294 (44.3) 1,054 (47.1) 964 (46.7)  < 0.001
 Diuretic 6,909 (65.4) 2,445 (73.0) 1,926 (66.0) 1,358 (60.7) 1,180 (57.2)  < 0.001
 MRA 3,283 (31.1) 961 (28.7) 941 (32.2) 729 (32.6) 652 (31.6) 0.004
 Calcium channel blockers 910 (11.1) 320 (12.4) 239 (10.6) 172 (9.8) 179 (11.2) 0.047
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output, pre-syncope or syncope, angina, and shortness of 
breath) or necessitates hospitalization or treatment, such as 
medication, defibrillation, cardioversion, implantable car-
dioverter defibrillator (ICD) therapy (e.g., shocks or anti-
tachycardia pacing), or arrhythmia ablation procedures.

Separately, we used ECG monitoring data collected 
during patients follow-ups to identify new instances of 
supraventricular arrhythmia (SVA) events [atrial fibrilla-
tion or atrial flutter (AF)], both with and without clinical 
symptoms, in patients who did not show AF in their baseline 
ECG. All arrhythmic events were analyzed both as a com-
posite event and separately. All-cause mortality was inves-
tigated as a secondary outcome.

Statistical analysis

Continuous variables were reported as means and standard 
deviations (SDs) or medians and interquartile ranges (IQRs). 
Categorical variables were reported as frequencies and per-
centages. Continuous variables were compared using the 
Student's t test or the Mann–Whitney U test, as appropriate. 
Categorical variables were compared using the Chi-squared 
test. The normality of variable distribution was evaluated via 
the visual inspection of histograms and Q–Q plots.

The baseline study population data were presented 
according to K+ quartiles. Time-dependent (TD) Cox 
regression models were used to estimate the hazard ratios 
(HRs) and 95% confidence intervals (CIs) of the associa-
tions between K+ quartiles, time-updated during follow-
up, and the outcomes of interest. Potential confounders 
were included in several hierarchical models: Model 1 was 
unadjusted; Model 2 included age, sex, and race; Model 3 
included all the covariates in Model 2 plus body mass index 
(BMI), eGFR, and MAP; Model 4 included all the covariates 
in Model 3 plus comorbidities and early adverse events post-
LVAD implantation; Model 5 included all the covariates 
in Model 5 plus medications. Given that K+ levels, MAP, 
eGFR, and medication used can change over time, we treated 
these variables as time-varying in the Cox proportional haz-
ards regression models.

Survival time was defined as the time from the first K+ 
measurement, taken 1-month post-LVAD implantation, to 
new-onset cardiac arrhythmia event, death, or the end of 
follow-up. All living patients were censored after 5 years 
of follow-up. Patients who underwent LVAD explant due to 
recovery or heart transplantation were also censored at the 
time of MCS device removal.

The continuous relationship between K+ and the out-
comes of interest was investigated using K+ as natural 
splines in multivariable-adjusted TD Cox regression models. 
We performed a Kaplan–Meier (KM) survival analysis on 
the primary and secondary outcomes of interest, comparing 

baseline K+ quartiles. The log-rank test was used to test for 
differences in survival.

Multivariable adjusted logistic regression models were 
used to describe the association between new-onset car-
diac arrhythmia events (VAs, SVAs, and AF) and mortal-
ity. The same covariates used in the previous models plus 
late adverse event post-LVAD implantation were included 
to control for confounders.

To evaluate the effect modification by the history of 
arrhythmia before LVAD implantation on the relationship 
between K+ levels and new-onset cardiac arrhythmia events, 
a stratified analysis and an interaction test were performed.

As a sensitivity analysis, we investigated the relationship 
between K+ disorders (HoK and HerK), updated over time 
during follow-up, and the outcomes of interest using TD Cox 
regression models. The same covariates used in the main 
analysis were included in the multivariable models for con-
founding control.

Natural splines in multivariable adjusted logistic regres-
sion models were used to evaluate the relationship between 
K+ CV levels and the occurrence of new-onset cardiac 
arrhythmia event and death. These associations were 
explored in three separate subgroups of the study popula-
tion based on their average K+ values during follow-up. The 
percentiles of the average K+ distribution during follow-up 
were used to define the following groups: below the 25th 
percentile, between the 25th and 75th percentiles, and above 
the 75th percentile.

We used the R software (version 4.1.1, R Foundation for 
Statistical Computing Platform) for all analyses and calcu-
lations. A two-tailed p value < 0.05 was considered statisti-
cally significant.

Results

Baseline study population characteristics

Overall, 10,570 patients were enrolled in the study, con-
tributing a total of 26,502 study visits. Each patient had a 
median of 2 visits (IQR 2), with a median interval of 4.5 
months (IQR 3.9) between visits.

The type of LVAD was available for 9652 patients. Most 
patients (N = 7749) received axial-type LVADs, while 1903 
patients received centrifugal-type LVADs. Baseline descrip-
tive characteristics are reported in Table 1. Patients in the 
highest K+ quartile were older, with a higher prevalence 
of males and whites. Comorbidities exhibited a homogene-
ous distribution across the K+ quartiles, except for coronary 
artery disease, peripheral vascular disease, and severe dia-
betes, which were more prevalent in patients with higher 
K+ levels. The use of beta-blocker as renin–angiotensin 
system inhibitor therapies was more frequently observed in 
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patients with higher K+ levels, whereas diuretic therapy use 
was more prevalent in patients with lower K+ levels.

Association between K+ levels and arrhythmia

During a median follow-up of 9.6 (IQR 17.6) months, 1700 
(16.1%) patients experienced new-onset cardiac arrhyth-
mia events, with a 5-year event-free survival probability of 
61.1% (95% CI: 58.7, 63.6; Fig. 2A. Patients in the lowest 

baseline K+ quartiles displayed a lower probability of new-
onset arrhythmic events; however, this was not statistically 
significant (log-rank p value = 0.3; Fig. 2A).

After sequentially adjusting for confounders, a significant 
and consistent relationship was observed between the lowest 
quartile of longitudinal K+ and the risk of arrhythmic events 
(HR 1.28, 95% CI 1.08, 1.53, p = 0.005; Table 2) as well 
as in the highest K+ quartile (HR 1.24, 95% CI 1.02, 1.49, 
p = 0.027; Table 2).
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Fig. 2   Kaplan–Meier survival curves for de novo arrhythmia event A 
and all-cause mortality B based on quartiles of baseline K+. Results 
are displayed up to 5 years. The overall 5-year survival was 61.1% 

(95% CI 58.7, 63.6) for de novo arrhythmia event and 45.3% (95% CI 
43.1, 47.6) for all-cause mortality. Q, quartile of serum K+

Table 2   Relationship between longitudinal serum K + and the new-onset arrhythmias event

Time dependent Cox regression model; a, HR and 95% CI adjusted sequentially for confounders (age, sex, race, MAP, BMI, eGFR, CAD, 
NYHA class, history of arrhythmias, major stroke, cerebrovascular disease, PVD, severe diabetes, liver disease, respiratory disease, early 
adverse events, medications; MAP, eGFR and medications treated as time-varying covariates

Quartiles of 
serum K + 

Event, N (%) Person time 
(years)

Events per 
1000 person-
years

Unadjusted 
model HR 
(95% CI)

Age, sex, race 
HR (95% CI)a

BMI, eGFR, 
MAP HR 
(95% CI)a

Comor-
bidities, early 
adverse events 
HR (95% CI)a

Medications 
HR (95% CI)a

1st
2nd
3rd
4th

552 (16.5)
452 (15.5)
350 (15.7)
346 (16.8)

3,967.0
3,578.7
2,830.0
2,575.1

132
126
124
134

1.34 (1.17, 
1.54)

p < 0.001
1.19 (1.04, 

1.37)
p = 0.015
1.00 (Refer-

ence)
1.24 (1.07, 

1.44)
p = 0.004

1.4 (1.22, 
1.61)

p < 0.001
1.21 (1.06, 

1.4)
p = 0.007
1.00 (Refer-

ence)
1.23 (1.06, 

1.43)
p = 0.006

1.38 (1.2, 
1.59)

p < 0.001
1.21 (1.06, 

1.4)
p = 0.006
1.00 (Refer-

ence)
1.21 (1.04, 

1.4)
p = 0.012

1.38 (1.16, 
1.64)

p < 0.001
1.22 (1.03, 

1.46)
p = 0.022
1.00 (Refer-

ence)
1.22 (1.01, 

1.47)
p = 0.041

1.28 (1.08, 
1.53)

p = 0.005
1.18 (1, 1.41)
P = 0.057
1.00 (Refer-

ence)
1.24 (1.02, 

1.49)
p = 0.027
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When the relationship between longitudinal K+ and 
arrhythmia was explored as a natural spline in a TD Cox 
regression model, both low and high K+ levels were asso-
ciated with an increased log-hazard of arrhythmic events 
(p value nonlinear < 0.001; Fig. 3A). A similar association 
was confirmed in the stratified analysis of arrhythmia types 

(Table S2); however, this was only seen for SVAs and AF, 
where the lowest and highest quartiles of longitudinal K+ 
were associated with an increased HR. This was reflected in 
a U-shaped relationship (SVA, p value nonlinear = 0.034; 
AF, p value nonlinear = 0.001) when K+ was analyzed as a 
spline (Fig. 4).
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Fig. 3   Continuous relationship between K+ and arrhythmia event (A) 
and all-cause mortality (B). Multivariable time-dependent adjusted 
model, adjusted to age, sex, race, MAP, BMI, eGFR, CAD, NYHA 
class, history of arrhythmias, major stroke, cerebrovascular disease, 

PVD, severe diabetes, liver disease, respiratory disease, early adverse 
events, medications; MAP, eGFR and medications treated as time-
varying covariates
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Stratified analysis by the history of arrhythmias before 
LVAD implantation suggested an effect modification on the 
relationship between K+ levels and the risk of new-onset 
arrhythmic event (Table S3).

In the sensitivity analysis, only HerK was significantly 
associated with an increased hazard ratio (HR) for new-onset 
cardiac arrhythmias (HR 1.34, 95% CI 1.00–1.79, p = 0.047; 
Table S4). Although an increased hazard for cardiac arrhyth-
mias was also observed with HoK, it did not reach statistical 
significance in the multivariable adjusted model (HR 1.20, 
95% CI 0.97–1.50, p = 0.100; Table S4).

When exploring the relationship between K+ variabil-
ity and arrhythmias, the association between K+ CV and 
the new-onset of cardiac arrhythmia event was not con-
sistent across all subgroup of the average K+ distribution 
(Figure S1). An increase in K+ CV was associated with an 
increased risk of new-onset cardiac arrhythmia events only 
in patients with average K+ values between the 25th and 
75th percentiles.

New-onset cardiac arrhythmia events were independent 
predictors of mortality (Table S5). This association was only 
confirmed for sustained arrhythmia event: VA (OR 1.45, 
95% CI 1.16, 1.80, p < 0.001) and SVA (OR 1.40, 95% CI 
1.05, 1.85, p < 0.001).

Association between K+ levels and mortality

During a median follow-up of 11.4 (IQR 20.3) months, 
2,447 (23.2%) of the patients died, with a 5-year event-
free survival probability of 45.3% (95% CI: 43.1, 47.6; 
Fig. 2B). Both low and high baseline K+ levels were associ-
ated with lower survival probability (Fig. 2B, log-rank p 
value = 0.004). The highest and lowest quartiles of longitu-
dinal K+ were independently associated with a significant 

increase in the HR of death (Table 3), which was reflected by 
a U shaped relationship (p value nonlinear < 0.001, Fig. 3B).

Similar findings were observed in the sensitivity anal-
ysis, where both HoK and HerK were associated with an 
increased mortality risk (Table S6). Higher K+ variability 
was associated with increased log odds of death. This result 
was consistent across all subgroups of the average K+ dis-
tribution (Figure S1).

Discussion

Our study demonstrated a significant U-shaped relation-
ship between low and high K+ levels and the occurrence 
of cardiac arrhythmias in LVAD patients. This relationship 
was particularly significant for SVAs (which comprises both 
atrial tachycardias, AF and atrial flutter) and AF (which have 
been identified by ECG recordings, see method section). As 
expected, both high and low K+ levels exhibited an unfavora-
ble prognostic impact on LVAD patient survival. Sustained 
arrhythmic events occurring after LVAD implantation nega-
tively impacted patient survival.

The existing literature has extensively reported on the 
relationship between K+ imbalances and cardiac arrhythmias 
[12–14]. K+ plays a crucial role in maintaining normal car-
diac electrical activity [15]. Abnormal K+ levels can disrupt 
the balance of ion channels responsible for the cardiac elec-
trical conduction system, causing arrhythmias [16, 17]. It is 
widely acknowledged that K+ imbalances adversely impact 
patient survival [8, 18]. Fluctuations in K+ levels can disturb 
the normal cardiac rhythm and increase a patient’s suscepti-
bility to life-threatening arrhythmias [7].

While the use of LVADs is becoming increasingly com-
mon among individuals with severe heart failure, limited 

Table 3   Relationship between longitudinal serum K + and all-cause mortality

Time dependent Cox regression model; a, HR and 95% CI adjusted sequentially for confounders (age, sex, race, MAP, BMI, eGFR, CAD, 
NYHA class, history of arrhythmias, major stroke, cerebrovascular disease, PVD, severe diabetes, liver disease, respiratory disease, early 
adverse events, medications; MAP, eGFR and medications treated as time-varying covariates

Quartiles of 
serum K + 

Event, N (%) Person time 
(years)

Events per 
100 person-
years

Unadjusted 
model HR 
(95% CI)

Age, sex, race 
HR (95% CI)a

BMI, eGFR, 
MAP HR 
(95% CI)a

Comor-
bidities, early 
adverse events 
R (95% CI)a

Medications 
HR (95% CI)a

1st
2nd
3rd
4th

783 (23.4)
654 (22.4)
470 (21.0)
540 (26.2)

4,579.8
4,093.9
3,256.0
2,969.4

171
160
144
182

1.33 (1.19, 
1.49)
p < 0.001
1.05 (0.93, 
1.19)
p = 0.397
1.00 (Refer-
ence)
1.36 (1.21, 
1.53)
p < 0.001

1.44 (1.28, 
1.61)
p < 0.001
1.09 (0.97, 
1.23)
p = 0.156
1.00 (Refer-
ence)
1.32 (1.17, 
1.49)
p < 0.001

1.43 (1.28, 
1.61)
p < 0.001
1.1 (0.98, 1.24)
p = 0.109
1.00 (Refer-
ence)
1.25 (1.11, 
1.41)
p < 0.001

1.37 (1.18, 
1.59)

p < 0.001
1.1 (0.94, 

1.28)
p = 0.248
1.00 (Refer-

ence)
1.25 (1.06, 

1.46)
p = 0.006

1.23 (1.05, 
1.44)

p = 0.009
1.04 (0.89, 

1.22)
p = 0.601
1.00 (Refer-

ence)
1.26 (1.07, 

1.48)
p = 0.005
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studies have investigated the relationship between K+ lev-
els and the risk of arrhythmias and/or mortality in LVAD 
recipients [19, 20]. The most compelling evidence comes 
from a study conducted by Ziv et al., where a broad spec-
trum of electrolyte imbalances, including K+, calcium, and 
magnesium, were demonstrated to be independent predictors 
of VAs in a cohort of 100 LVAD patients [20]. However, 
conversely to our study, Ziv et al. [20] included the early 
post-LVAD implantation period in their analysis. Most VAs 
occur during this period. This period is likely influenced by 
“mechanical” factors, such as suctioning events, myocar-
dial irritation due to inflow cannula insertion, QT prolon-
gation, and the use of pro-arrhythmogenic drugs like ino-
vasopressors immediately following implantation [21–23]. 
Such factors may have influenced the conclusions drawn by 
Ziv et al. [20].

Our study aimed to comprehensively examine the associa-
tion between K+ levels and the risk of late cardiac arrhyth-
mias, sustained or non-sustained, in LVAD patients. To 
address the issue observed in the study by Ziv et al. [20], we 
focused solely on arrhythmias that occurred at least 1-month 
post-LVAD implantation.

Our analysis confirmed the elevated prevalence of late 
arrhythmic events within the LVAD patient population and 
identified a significant association between K+ levels, the 
risk of new-onset arrhythmic events, and patient survival. 
The findings highlight a robust connection between low K+ 
levels and the risk of late arrhythmias, particularly SVAs 
and AF. However, a U-shaped relationship more accu-
rately characterizes the relationship between K+ levels and 
arrhythmias.

Notably, this relationship holds true primarily in patients 
without a history of arrhythmia before LVAD implantation. 
When stratifying by the presence or absence of arrhythmia 
history before LVAD implantation, we found that the asso-
ciation between abnormal K+ levels and new arrhythmic 
events remained significant only in patients without a prior 
history of arrhythmias. In contrast, this association was not 
significant in patients with a prior history of arrhythmias. 
The interaction between K+ levels and arrhythmia history 
approached significance (p = 0.07), suggesting that the pres-
ence of pre-existing arrhythmias may modulate the heart's 
sensitivity to K+ fluctuations. This finding highlights the 
complex interplay between electrolyte balance and arrhyth-
mic risk in this patient population and underscores the need 
for tailored K+ management strategies based on individual 
arrhythmic history. Further studies are warranted to eluci-
date the underlying mechanisms and to explore potential 
therapeutic implications.

Not only do high or low K+ levels influence the risk 
of arrhythmia, but fluctuations in K+ levels can also con-
tribute to the onset of new arrhythmic events and impact 
patient survival. Our analyses show that an increase in 

K+ level variability significantly raises the risk of new 
arrhythmic events, especially in patients with consistently 
normal K+ levels. This increased risk was not observed 
in patients with consistently high or low K+ levels. These 
findings suggest that the variability in K+ levels, rather 
than the absolute values, plays a crucial role in the gen-
esis of cardiac arrhythmias in patients with LVADs. In 
addition, a more predictable relationship was observed 
between K+ level variability and the risk of death, regard-
less of the absolute serum K+ values. Fluctuations in K+ 
levels appear to be more harmful than consistently high 
or low levels because the heart has more difficulty adapt-
ing to rapid and frequent changes. These fluctuations can 
destabilize the membrane potentials of cardiac cells, inter-
fere with repolarization, cause electrolyte imbalances, and 
induce cellular stress. The continuous need for K+ level 
adjustments prevents the heart from maintaining electri-
cal and mechanical stability, thus increasing the risk of 
arrhythmias and compromising patient survival.

The significant impact of K+ alterations on SVAs 
observed in our study raises questions about the underlying 
mechanisms driving this. While VAs, particularly hypoka-
lemia-related, are widely associated with K+ disorders in 
the general population and are the most common arrhythmia 
reported in LVAD patients [12, 24, 25], our findings did not 
reveal a significant link between K+ levels and the risk of 
VAs. However, they did confirm a relationship between high 
and low K+ levels and the risk of SVAs. Finding a ration-
ale that could justify or clarify these results is challenging. 
Moreover, the lack of other studies that have investigated this 
issue in LVAD patients makes comparisons difficult. The 
only available evidence, gathered from a limited sample of 
100 patients, does not differentiate between high and low K+ 
values and encompasses both the early post-LVAD implanta-
tion period and the later period [20]. It is possible that there 
is a problem in the detection of VAs related to INTERMACS 
registry, which does not include ICDs routine reading results 
and defines adverse events only documented arrhythmia that 
results in clinical compromise. Considering this particular 
characteristic of the registry, it is possible that HypoK was 
associated with a low number of clinically impactful VAs. 
We further propose that factors, whether mechanical or 
comorbidities rather than altered K+ levels, are responsible 
for late VAs in LVAD patients. However, further research 
is needed to elucidate the precise mechanisms linking K+ 
levels to specific types of arrhythmias in LVAD patients. The 
mechanisms by which SVAs have a negative effect on LVAD 
patients’ prognosis are still not precisely defined, however 
several hypothesis may be advanced. SVAs are associated 
with an increased risk of right ventricular failure [26] and 
thromboembolic events [27] that may explain the higher 
mortality. These complications represent 30.9% of the late 
adverse events in our study (Table S1).
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Another interesting hypothesis is provided by Deshmukh 
A et al. [28]. LVADs are able to induce a beneficial atrial 
electroanatomical remodelling by both reducing the atrial 
pressure and unloading the left ventricle, and by improving 
the patients’ neurohormonal status. The atrial size is strictly 
related to the risk of SVAs [29, 30], and indeed the favour-
able atrial remodelling results in a reduction in the SVAs 
occurrence in LVAD patients [28] similarly to what hap-
pens in case of cardiac resynchronization therapy [31, 32]. 
As hypothesized by Deshmukh et al., it is possible that the 
increased mortality associated with SVAs is due to an insuf-
ficient unloading of the ventricles provided by the LVAD. 
In the context of electrolytes imbalance, a large atrial size 
could exponentially increase the risk of SVAs which there-
fore could be an indirect sign of an inadequate mechanical 
circulatory support. Another hypothesis that could explain 
the association between SVAs and increased mortality in 
LVAD is the association between SVAs and sepsis. Patients 
with sepsis have a higher probability of SVAs [33]. Further-
more, it has been demonstrated a U-shaped relationship of 
mortality due to sepsis and K+ levels [34]. In the context of 
sepsis, which is responsible for 48.5% of late adverse events 
in our study, K+ imbalance could be another (together with 
sepsis) predisposing factor for SVAs.

Based on our findings, it appears there is a range of K+ 
values within which LVAD patients may experience a rela-
tively lower risk of arrhythmic events. However, although 
the range of K+ levels is quite broad (3.7–6.1 mmol/L) for 
sustained SVAs, it is narrower (3.9–0.3 mmol/L) for AF. 
This data becomes more significant when viewed in the con-
text of the impact of sustained and non-sustained arrhythmic 
events on the mortality risk of LVAD patients.

These findings may have some important implications, 
particularly for CF-LVAD patients who do not have an 
implantable cardioverter defibrillator (subcutaneous or 
intracavitary ICD). The American Heart Association and 
European Society of Cardiology recommend ICD implan-
tation for patients who experience sustained VAs; however, 
their recommendations are vague in cases where primary 
prevention ICD may be needed, advising individualized 
approaches are used [35, 36]. Furthermore, recent studies 
have reported that ICD demonstrates a lack of beneficial 
effects on the mortality of CF-LVAD patients [37, 38]. 
Moreover, ICD implantation in LVAD patients is associated 
with a significant risk of infection and bleeding [36]. Using 
a stricter K+ range to determine ICD eligibility might limit 
the occurrence of potentially fatal sustained VAs in these 
patients, as well as other complications associated with ICD 
implantation.

A U-shaped relationship characterizes the association 
between K+ levels and mortality risk. We observed that K+ 
values below 3.9 mmol/L and above 4.5 mmol/L (in the 
quartile analysis) or below 4 mmol/L and above 4.9 mmol/L 

(in the analysis where K+ was a continuous spline variable) 
were significantly associated with an increased risk of death. 
There are several potential mechanisms behind these obser-
vations. Very low K+ levels may impact cardiac function 
and increase the risk of arrhythmias and other complica-
tions [24, 39], while excessively high K+ levels could disrupt 
normal cardiac electrical activity, contributing to adverse 
outcomes [12]. The association between survival and K+ 
levels can also be viewed within the context of CKD and 
eGFR adjustments, the detrimental roles of which have been 
considered major prognostic determinants [40–43]. There-
fore, even moderately altered K+ levels are dangerous in 
LVAD patients. The U-shaped relationship suggests that 
maintaining K+ levels within an optimal range is crucial for 
reducing the risk of arrhythmic events or mortality in LVAD 
patients. K+ levels should be closely monitored and appro-
priately managed to ensure they remain within the desired 
therapeutic range. This might involve dietary adjustments, 
medication modifications, or other interventions to maintain 
K+ balance.

Our study has several strengths that contribute to improv-
ing the understanding of the relationship between K+ levels 
and the risk of late cardiac arrhythmias in LVAD patients. 
First, it is the first study to comprehensively investigate this 
association in a systematic manner, including both sustained 
and non-sustained VAs and SVAs. Second, our findings 
highlight the negative impact of K+ alterations, even mild 
ones, on patient prognoses. These insights emphasize the 
importance of closely monitoring and managing K+ levels 
in LVAD patients to improve outcomes.

Despite these significant contributions, there are certain 
limitations in this study to consider. First, the retrospective 
nature of the study design introduced inherent biases and 
limited our ability to establish a causal relationship between 
K+ levels and arrhythmias. Second, it was not possible to 
characterize specific types of cardiac arrhythmias in detail. 
Doing so could provide further insights into the differential 
associations between arrhythmias and K+ levels. In addition, 
the analysis only focused on the late post-LVAD implanta-
tion period (at least 1 month after), which restricts our con-
siderations to this subset of the population. This, together 
with the other eligibility criteria may have influenced our 
population’s survival time making it lower compared to that 
reported by recent scientific literature [44]. Future prospec-
tive studies using larger sample sizes that comprehensively 
characterize different arrhythmias are warranted. Alterations 
in K+ levels may also reflect the presence of underlying dis-
eases, greater clinical instability, or increased use of medica-
tions, which could also impact patient prognoses.

In conclusion, our study provides compelling evidence of 
the significant relationship between K+ alterations and the 
risk of late cardiac arrhythmias in LVAD patients. The effect 
goes well beyond the classical definition of hypokalemia 
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(< 3.5 mEq/L) and hyperkalemia (> 5.5 mEq/L), as even 
marginal reductions or increases in serum K+ levels were 
seen to adversely impact patient prognoses. This empha-
sizes the need for K+ levels to be carefully monitored and 
managed to maintain a balanced and optimal range for each 
individual patient. However, the importance of individual-
ized care must be noted, as the optimal range of K+ levels 
may vary for each patient based on their specific clinical 
context and medical history. Regular follow-ups and col-
laboration between healthcare professionals are essential to 
assess and manage K+ levels effectively and mitigate the 
risk of adverse events, including arrhythmias and mortality. 
Further research is needed to elucidate the mechanisms and 
establish optimal strategies for maintaining K+ balance in 
this patient population.
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