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Abstract

Background Patients with end-stage kidney disease are at high risk for the development of arrhythmias and sudden car-
diac death (SCD). This has been especially attributed to large potassium shifts during hemodialysis (HD), and malignant
arrhythmias are closely linked to dysfunction of the autonomic nervous system. Nevertheless, there is still a lack of methods
for risk stratification in these patients.

Methods In the present pilot study we investigated changes of the novel ECG-based biomarker periodic repolarization
dynamics (PRD) mirroring the effect of efferent sympathetic nervous activity on the ventricular myocardium in 18 patients
undergoing routine hemodialysis. High-resolution ECGs were recorded throughout the dialysis and PRD values were cal-
culated out of 30 min intervals at the start and the end of dialysis.

Results We detected a clear correlation between the intradialytic potassium shift and the increase in PRD levels (Spearman
correlation coefficient R=0.62, p=0.006). Patients with a potassium shift > 1 mmol/l showed significantly increased levels
of PRD at the end of dialysis when compared to patients with potassium shifts <1.0 mmol/I [delta PRD 2.82 (IQR 2.13)
vs.—2.08 (IQR 3.60), p=0.006]. Spearman analysis showed no significant correlation between PRD changes and fluid
removal (R=-0.23, p=0.36).

Conclusions We provide evidence that large potassium shifts during HD enhance sympathetic activity-associated repolari-
zation instability. This could facilitate the occurrence of malignant arrhythmias, and PRD measurements might serve as a
non-invasive monitoring tool in HD patients in future.
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Introduction increased mortality due to sudden cardiac death (SCD) com-

pared to patients with normal kidney function. About one

Cardiovascular and renal diseases often coexist, and both third of deaths in patients with end-stage kidney disease are

contribute to a substantially high morbidity and mortality.  related to SCD, mostly caused by malignant cardiac arrhyth-
Hemodialysis (HD) patients suffer from an estimated 14-fold  mias [1].

Aggressive removal of potassium and fluids resulting

in large serum potassium shifts has been demonstrated to
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significantly increase risks for sudden cardiac death and
arrhythmias in HD patients [2]. Furthermore, deaths from
cardiac arrests are more common after the long 2-day inter-
dialytic break, possibly due to larger electrolyte shifts espe-
cially of potassium [2]. A study investigating HD patients
with implantable cardioverter defibrillators (ICDs) showed
that the magnitude of arrhythmias occurred during dialy-
sis sessions [3]. The use of dialysate with constant and low
potassium concentrations increases the risk for arrhyth-
mias during HD compared to potassium profiled dialysate
with smoother potassium removal [4]. Consequently, one
of the main goals is to maintain serum potassium during
intradialytic and interdialytic intervals within a narrow nor-
mal range, but the prognostic impact of rapid alterations of
potassium levels during HD is still insufficiently explored
[5]. In addition to tachyarrhythmias a large proportion of
arrhythmias consist of asystole and bradyarrhythmias [6].

Nevertheless, the pathophysiological background of the
occurrence of SCD in patients with end-stage kidney dis-
ease remains complex and is insufficiently investigated. An
improved risk stratification with clinically relevant biomark-
ers is urgently needed [7].

As the contribution of autonomic nervous system (ANS)
dysfunction to the development of malignant arrhythmias
is well known, we hypothesized that potassium shifts dur-
ing routine HD might lead to an increased susceptibility to
sympathetic activity-associated repolarization instability.
Periodic repolarization dynamics (PRD) is a novel ECG-
based biomarker which mirrors the effect of efferent sym-
pathetic activity on the level of the ventricular myocardium
[8]. Calculation of PRD is based on the quantification of
low-frequency oscillations (<0.1 Hz) of cardiac repolari-
zation. First, the angle between successive repolarization
vectors (dT°) is determined and plotted over time. Then low-
frequency components are assessed using wavelet analysis
[8]. Increased PRD levels have been shown to be a strong
predictor of mortality in patients with ischemic and non-
ischemic cardiomyopathy [8, 9].

Methods

In the present study we included 18 patients undergo-
ing routine hemodialysis (12 male, 6 female, mean age
65.1 yr.+13.5 yr.). Six subjects had known coronary artery
disease, four peripheral artery disease, four diabetes mel-
litus and 11 hypertension. Electrolytes were quantified via
blood gas analysis before and after hemodialysis. During
the entire dialysis time we tracked the spatiotemporal prop-
erties of cardiac repolarization on a beat-to-beat basis via
high-resolution ECG (Schiller medilog AR4 plus, 1000 Hz,
Schiller Medizintechnik, CH) in orthogonal Frank-lead con-
figuration. Figure 1a shows a schematic illustration of the
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experimental setting. ECG-signals were analyzed using Mat-
lab with established algorithms for the calculation of PRD.
Standardized ECG filter settings (high-pass 0.1 Hz; low-pass
100 Hz) were used. The spatiotemporal information of each
T wave was integrated in a vector dT°. The instantaneous
degree of repolarization instability was subsequently meas-
ured by means of the angle d7° between two successive T°
vectors and plotted over time [8]. Afterwards, PRD was cal-
culated by the use of wavelet analysis in the low frequency
spectrum (<0.1 Hz). Here, we computed PRD levels in each
study participant out of 30 min ECG intervals at the begin-
ning and the end of the HD session. PRD calculation was
performed as previously described [8]. Figure 1a visualizes
the principle of dT° assessment and the calculation of PRD.

Mann—-Whitney-Wilcoxon test was used to reveal statis-
tical differences in PRD changes dependent on potassium
removal (> 1 mmol/l vs. <1 mmol/l) and to show differ-
ences between heart rates at the end and the beginning of
the dialysis session. Spearman analysis was used to test for
a correlation between changes in PRD and potassium levels,
between changes in PRD and heart rate as well as between
changes in PRD and fluid removal. To further determine
the association between PRD and changes in heart rate we
performed linear regression analysis (dependent variable:
PRD at the end of dialysis; independent variables: PRD at
beginning of dialysis and differences in heart rate at the end
and beginning of dialysis).

Results

Mean fluid removal was 2270 ml + 820 ml during an aver-
age HD time of 4 h 3 min. Mean potassium at baseline was
4.75+0.74 mmol/l and 3.87 +0.32 mmol/I after dialysis.
Mean heart rate did not change significantly when compar-
ing the first 30 min and the last 30 min of each dialysis ses-
sion [74.5 bpm (IQR 11.5 bpm) vs. 79 bpm (IQR 14.5 bpm)
p=0.590; Mann—Whitney-Wilcoxon test].

When we investigated the changes in PRD levels between
the start and the end of the dialysis session, we interestingly
did not detect relevant differences in all patients undergoing
HD. However, we found a significant correlation between the
potassium shift and the increase of PRD levels (Spearman
correlation coefficient R=0.62, p=0.006). Those patients
with a potassium shift> 1 mmol/l showed significantly
increased levels of PRD at the end of dialysis when com-
pared to patients with potassium shifts < 1.0 mmol/l (delta
PRD 2.82 (IQR 2.13) vs.—2.08 (IQR 3.60), p=0.006,
Mann—Whitney-Wilcoxon test, Fig. 1b). Figure 1a includes
an exemplary tracing of a dT° signal (which is the basis of
the PRD calculation) showing low signals at the beginning
and elevated signals with the typical low frequency oscil-
lations at the end of HD in a patient with a high potassium
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Fig. 1 High resolution ECG A
(1000 Hz) was recorded during
the entire dialysis in orthogonal
(Frank)-lead configuration.
Spatiotemporal information of
each T wave is integrated into

a single T-wave vector. PRD

is calculated via beat-to-beat
changes of the T-wave vector
(dT®) with periodic components
of repolarization in the low-fre-
quency range (<0.1 Hz). Illus-
tration of low dT° signal at the
beginning of dialysis and high
dT° signal with characteristic
low-frequency oscillation at the
end of dialysis in a patient with
a high potassium shift assuming
increased risk due to increased
cardiac repolarization instability
(a). Altered PRD levels at the

PRD ECG during
calculation dialysis
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shift. Of note, alterations in PRD levels showed no signifi-
cant correlation with changes in heart rates (Spearman corre-
lation coefficient R=0.41, p=0.092, Fig. 1c). Additionally,
there was no correlation between changes in PRD levels and
fluid removal (Spearman correlation coefficient R=—0.23,
p=0.36, Fig. 1d). Linear regression analysis revealed that
changes in PRD levels were independent of changes in heart
rate (p=0.27).

Discussion

In summary, we observed a link between potassium shifts
during HD and PRD levels which indicates that removal of
large amounts of potassium enhances the effect of efferent
sympathetic activity on the ventricular myocardium. These

potassium shift > 1 mmol/l

changes were shown to be independent of changes in heart
rates, a fact that has already been demonstrated in previous
studies [8, 10]. The independence of heart rate is important
since fluid removal during HD per se might alter heart rate.

Our study could be limited by the fact that 12 subjects
received betablockers, which are known to attenuate sym-
pathetic activity. Additionally, four subjects had diabetes
mellitus which might result in dysautonomia. Nevertheless,
a large proportion of study participants in previous trials
investigating PRD were under optimal medical therapy
including betablockers and many had diabetes mellitus [8,
9]. PRD showed its prognostic power despite this fact in
those studies. Additionally, our study might be limited as we
did not detect any arrhythmias in our ECG recordings and
a large proportion of arrhythmias attributed to HD-related
SCD consist of asystole and bradyarrhythmias [6]. Thus,

@ Springer



1304

Journal of Nephrology (2021) 34:1301-1305

Fig. 1 (continued) C
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the clinical significance of the alterations in sympathetic
activity-mediated repolarization instability due to potas-
sium shifts as detected by us has to be evaluated in future
prospective trials. Nevertheless, our pilot study demonstrates
a physiological link between changes of potassium shift and
vulnerability of the heart to sympathetic activity-associated
repolarization instability. This could, at least in part explain
the increases in malignant arrhythmias described in liter-
ature. Further studies should investigate the role of PRD
for risk stratification in patients undergoing hemodialysis.
Continuous monitoring of PRD during HD could be used
as an instantaneous feedback mechanism on HD parameters
in order to reduce the risk of potentially life-threatening
arrhythmias caused by potassium shifts.

Author contributions DS performed experiments, analyzed data and
prepared the manuscript. FW performed experiments, analyzed data
and revised the manuscript. US, MT, KDR and AB interpreted data

@ Springer

1000 2000 3000 4000
delta volumen [ml]

and revised the manuscript for intellectual content. SB and WH had
the idea for the study, analyzed data and revised the manuscript. All
authors gave final approval of the version to be published.

Funding Open Access funding enabled and organized by Projekt
DEAL. DS is supported by the Clinician Scientist Program In Vascu-
lar Medicine (PRIME, MA 2186/14-1). Funders had no role in study
design, data collection and analysis, decision to publish, or preparation
of the manuscript.

Compliance with ethical standards

Conflicts of interest All authors declare no conflict of interest.

Ethics approval The protocol was approved by the Ethikkommission
der Medizinischen Fakultit der LMU Miinchen. All subjects gave writ-
ten informed consent in accordance with the Declaration of Helsinki.

Consent to participate Written informed consent was obtained.

Consent to publication Not applicable.



Journal of Nephrology (2021) 34:1301-1305

1305

Availability of data and material All data sets can be obtained from the
corresponding author by request.

Code availability Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Di Lullo L, Rivera R, Barbera V, Bellasi A, Cozzolino M, Russo
D, De Pascalis A, Banerjee D, Floccari F, Ronco C (2016) Sud-
den cardiac death and chronic kidney disease: From pathophysiol-
ogy to treatment strategies. Int J Cardiol 217:16-27. https://doi.
org/10.1016/j.ijcard.2016.04.170

2. Chiu DY, Sinha S, Kalra PA, Green D (2014) Sudden cardiac
death in haemodialysis patients: preventative options. Nephrology
19(12):740-749. https://doi.org/10.1111/nep.12337

3. Wan C, Herzog CA, Zareba W, Szymkiewicz SJ (2014) Sudden
cardiac arrest in hemodialysis patients with wearable cardioverter
defibrillator. Ann Noninvasive Electrocardiol 19(3):247-257.
https://doi.org/10.1111/anec.12119

4. Santoro A, Mancini E, London G, Mercadal L, Fessy H, Perrone
B, Cagnoli L, Grandi E, Severi S, Cavalcanti S (2008) Patients
with complex arrhythmias during and after haemodialysis suf-
fer from different regimens of potassium removal. Nephrol Dial
Transplant 23(4):1415-1421. https://doi.org/10.1093/ndt/gfm730

5. Pun PH, Middleton JP (2017) Dialysate potassium, dialysate mag-
nesium, and hemodialysis risk. ] Am Soc Nephrol 28(12):3441-
3451. https://doi.org/10.1681/ASN.2017060640

6. Genovesi S, Boriani G, Covic A, Vernooij RWM, Combe C, Bur-
lacu A, Davenport A, Kanbay M, Kirmizis D, Schneditz D, van
der Sande F, Basile C (2019) Sudden cardiac death in dialysis
patients: different causes and management strategies. Nephrol
Dial Transplant. https://doi.org/10.1093/ndt/gfz182

7. Schmaderer C, Tholen S, Hasenau AL, Hauser C, Suttmann Y,
Wassertheurer S, Mayer CC, Bauer A, Rizas KD, Kemmner S,
Kotliar K, Haller B, Mann J, Renders L, Heemann U, Baumann
M (2016) Rationale and study design of the prospective, longitu-
dinal, observational cohort study “rISk strAtification in end-stage
renal disease” (ISAR) study. BMC Nephrol 17(1):161. https://doi.
org/10.1186/s12882-016-0374-8

8. Rizas KD, Nieminen T, Barthel P, Zurn CS, Kahonen M, Viik J,
Lehtimaki T, Nikus K, Eick C, Greiner TO, Wendel HP, Seizer
P, Schreieck J, Gawaz M, Schmidt G, Bauer A (2014) Sympa-
thetic activity-associated periodic repolarization dynamics pre-
dict mortality following myocardial infarction. J Clin Investig
124(4):1770-1780. https://doi.org/10.1172/JCI70085

9. Bauer A, Klemm M, Rizas KD, Hamm W, von Stulpnagel L, Dom-
masch M, Steger A, Lubinski A, Flevari P, Harden M, Friede T,
Kaab S, Merkely B, Sticherling C, Willems R, Huikuri H, Malik
M, Schmidt G, Zabel M (2019) Prediction of mortality benefit
based on periodic repolarisation dynamics in patients undergoing
prophylactic implantation of a defibrillator: a prospective, con-
trolled, multicentre cohort study. Lancet 394(10206):1344—-1351.
https://doi.org/10.1016/S0140-6736(19)31996-8

10. Hamm W, von Stulpnagel L, Rizas KD, Vdovin N, Klemm M,
Bauer A, Brunner S (2019) Dynamic changes of cardiac repolari-
zation instability during exercise testing. Med Sci Sports Exerc
51(7):1517-1522. https://doi.org/10.1249/MSS.0000000000
001912

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ijcard.2016.04.170
https://doi.org/10.1016/j.ijcard.2016.04.170
https://doi.org/10.1111/nep.12337
https://doi.org/10.1111/anec.12119
https://doi.org/10.1093/ndt/gfm730
https://doi.org/10.1681/ASN.2017060640
https://doi.org/10.1093/ndt/gfz182
https://doi.org/10.1186/s12882-016-0374-8
https://doi.org/10.1186/s12882-016-0374-8
https://doi.org/10.1172/JCI70085
https://doi.org/10.1016/S0140-6736(19)31996-8
https://doi.org/10.1249/MSS.0000000000001912
https://doi.org/10.1249/MSS.0000000000001912

	Large potassium shifts during dialysis enhance cardiac repolarization instability
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Results
	Discussion
	References




