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Sudden Cardiac Death (SCD) is the leading cause of cardiovascular death in dialysis
patients. This review discusses potential underlying arrhythmic mechanisms of SCD
in the dialysis population. It examines recent evidence from studies using implantable
loop recorders and from electrophysiological studies in experimental animal models of
chronic kidney disease. The review summarizes advances in the field of non-invasive
electrophysiology for risk prediction in dialysis patients focusing on the predictive
value of the QRS-T angle and of the assessments of autonomic imbalance by
means of heart rate variability analysis. Future research directions in non-invasive
electrophysiology are identified to advance the understanding of the arrhythmic
mechanisms. A suggestion is made of incorporation of non-invasive electrophysiology
procedures into clinical practice.

Key Concepts:

- Large prospective studies in dialysis patients with continuous ECG monitoring are
required to clarify the underlying arrhythmic mechanisms of SCD in dialysis patients.

- Obstructive sleep apnoea may be associated with brady-arrhythmias in dialysis
patients. Studies are needed to elucidate the burden and impact of sleeping
disorders on arrhythmic complications in dialysis patients.

- The QRS-T angle has the potential to be used as a descriptor of
uremic cardiomyopathy.

- The QRS-T angle can be calculated from routine collected surface ECGs.
Multicenter collaboration is required to establish best methodological approach
and normal values.

- Heart Rate Variability provides indirect assessment of cardiac modulation that may
be relevant for cardiac risk prediction in dialysis patients. Short-term recordings with
autonomic provocations are likely to overcome the limitations of out of hospital 24-h
recordings and should be prospectively assessed.

Keywords: sudden cardiac death, arrhythmias, dialysis, QRS-T angle, TCRT, heart rate variability, implantable
loop recorders
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INTRODUCTION

Chronic kidney disease affects 5-7% of the global population and
is associated with a 10-fold increase in cardiovascular mortality.
Over 2 million people worldwide are on renal replacement
therapy (Couser et al., 2011). Despite technological advances in
the field of renal replacement therapy, the long-term survival
of patients receiving chronic dialysis remains poor, comparable
with survival in some forms of cancer (United States Renal Data
System, 2012). Cardiovascular disease and infections account
for most of these deaths. SCD accounts for a large proportion
of cardiovascular deaths and almost one fourth of the overall
mortality in these patients as evidenced from registry data
(United States Renal Data System, 2012) and from prospective
trials with death adjudication (Cheung et al., 2004; Wanner et al.,
2005). High risk of SCD is present even at early stages of CKD
but it increases substantially when patients are on HD. This high
risk is aggravated by the fluctuations in volume and electrolyte
status induced by the intermittent pattern of the treatment
(Poulikakos et al., 2014a).

It has been shown that renal dysfunction increases the risk
of ventricular arrhythmias in patients with underlying ischaemic
heart disease. After a first myocardial infarction, the presence
of CKD stage 3 was found to be associated with a sixfold
increase in odds of developing VF independently of traditional
cardiovascular risk factors (Dalal et al., 2012). Advanced CKD
has been shown to be a strong predictor of appropriate delivery
of shock therapies for ventricular arrhythmias in implantable
cardioverter defibrillator recipients (Robin et al., 2006; Cuculich
et al,, 2007). In these patients, advanced CKD has also been
associated with decreased time to the first appropriate shock
(Hreybe et al., 2006). However, the implantation of cardioverter
defibrillators based on existing guidance has not been associated
with survival benefit in retrospective studies in this high-risk
population (Charytan et al., 2011; Pun et al., 2015).

Although CKD often coexists with coronary artery disease
(Herzog et al., 2011), SCD is also highly prevalent in dialysis
patients without a history of coronary artery disease or
impaired left ventricular ejection fraction (Baigent et al., 2011).
Possible mechanisms that increase cardiovascular risk related to
advanced CKD include the ensuing bone mineral abnormalities
and vascular calcification (London et al., 2003), endothelial
dysfunction (Poulikakos et al., 2014d), electrolyte fluxes (Wang
etal., 2018), chronic inflammation (Nowak and Chonchol, 2018),
insulin resistance (Semple et al., 2011), increased levels of FGF
23 (Gutiérrez et al., 2009; Isakova et al., 2011) and autonomic
imbalance (Converse et al., 1992b). Based on epidemiological
data, it has also been postulated that heritable factors contribute
to the risk of cardiac arrest in patients receiving dialysis (Chan
et al., 2015). However, the exact pathogenic mechanisms that
interlink these factors and lead to the high risk cardiovascular
phenotype in CKD remain elusive.

Abbreviations: AFE, atrial fibrillation; CKD, chronic kidney disease; ECG,
electrocardiogram; HD, hemodialysis; HRV, heart rate variability; IHD, ischemic
heart disease; ILR, implantable loop recorder; SCD, sudden cardiac death; TCRT,
total Cosine R To T; VE ventricular fibrillation; VT, ventricular tachycardia.

Furthermore, whereas the increased risk of ventricular
arrhythmias due to advanced CKD in the context of severe
ischaemic cardiomyopathy has been confirmed (Robin et al.,
2006; Cuculich et al,, 2007; Dalal et al, 2012; Wan et al,
2014), the underlying arrhythmic mechanisms leading to SCD in
dialysis patients with preserved left ventricular function are not
well understood. Recent studies that used ILR in small cohorts
of asymptomatic HD patients have shown increased rates of
bradyarrhythmic events and deaths (Kalra et al., 2018).

Risk stratification strategies to identify dialysis individuals
who are at high risk of SCD are lacking. This is despite them
attending hospital or satellite facilities for their dialysis treatment
three times weekly and having clinical observations and blood
tests more often than any other out-patient group. Because
of this, it is recognized that non-invasive electrophysiology
could serve the unmet clinical need for risk prediction in
this population (Skampardoni et al., 2018b). Descriptors of
repolarization aberration and autonomic dysregulation can be
assessed by applying advanced computerized analysis of snapshot
and/or continuous ECGs and can be used for this purpose.
There is accumulating evidence that increased QRS-T angle is
a good descriptor of the arrhythmogenic myocardial substrate
and predicts cardiovascular risk in this population (Skampardoni
et al., 2018b). Furthermore, measurements of cardiac autonomic
regulation by HRV have also shown promising results in cardiac
risk assessment in dialysis patients.

This review summarizes the recent evidence from the use of
ILRs in HD patients and electrophysiological studies in animal
models of CKD, exploring the potential underlying arrhythmic
mechanisms. It also presents the evidence from the use of non-
invasive electrocardiography in dialysis patients focusing on
QRS-T angle and HRV and concludes with suggestions for future
directions of research.

Arrhythmic Patterns in Dialysis Patients.
Insight From Studies Involving
Continuous ECG Monitoring From

Implantable Loop Recorders

Since 2015, five studies using ILR in asymptomatic HD patients
have been published (Silva et al., 2015; Wong M.C. et al., 2015;
Roberts et al., 2017; Roy-Chaudhury et al., 2018; Sacher et al,,
2018) (Table 1). Collectively, they included 317 prevalent HD
patients with largely preserved left ventricular ejection fraction.
The age ranged from 56 £ 12 (Roy-Chaudhury et al.,, 2018) to
68 + 12 (Roberts et al., 2017) years and follow up time ranged
from 6 (Roy-Chaudhury et al., 2018) to 21 & 7 (Sacher et al,
2018) months. In total, there were 52 deaths (15%) of which 21
(6.6% of patients, 40% of deaths) were classified as SCD. ILRs
revealed bradyarrhythmia or asystole as the terminal rhythm in
the majority (13) of SCD deaths. SCD cases in the 5 studies
ranged from 83% (Wong M.C.G. et al.,, 2015) to 25% (Roberts
et al., 2017) of all deaths and bradycardia as the terminal SCD
rhythm was reported in 42% (Silva et al., 2015) to 100% (Sacher
et al., 2018) of SCD cases. On the contrary, there were only
4 cases of sustained VT or VF across the 5 studies. In total 9
patients required pacemaker implantation for bradyarrhythmia
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TABLE 1 | Studies using implantable loop recorders in HD patients.

Study Number Age IHD Followup SCD/Total Brady- VT-VF Significant arrhythmic events = Comments
(vears) (months) mortality  arrhythmic
(%) SCD
Wong M.C.G. 50 67 £ 11 48% 18+4 8/10 (80%) 6 Pacemaker in 1 patient All SCDs and increased
etal., 2015 Bradycardia 30% rates of arrhythmias
Sinus arrest 28% during long interdialytic
2nd degree atrioventricular block  interval.
4%
Non-sustained VT 20%
AF 28%
Silva et al., 100 59 +8.8 34% 14+4 7/18 (39%) 3 Bradycardia 25% Left Ventricular
2015 Asystole 4% dilatation associated
Non-sustained VT 56% with higher occurrence
AF 13% of non-sustained VT.
Sacher et al., 71 65+ 9 NR 21+7 4/16 (25%) 4 - Conduction Abnormalities 14%
2018 (patient years)
Non-sustained VT 9% (patient
years)
AF 37% (20% de novo)
Roberts et al., 30 68 + 12 22% 18+12 2/8 (25%) 0 1 Pacemakers in 3 patients Increased nocturnal
2017 (2 dual chamber pacemakers and  bradycardias.
1 biventricular pacemaker)
Roy-Chaudhury 66 56 + 12 48.5% 6 0 - - Pacemakers in 5 patients Increased rates of

etal., 2018

Bradycardia 25.8%
Asystolic events* 10.6%
Non-sustained Ventricular
arrhythmias * 77.3%

AF* 40.9% (device detected)

bradyarrhythmic events
at the end of long
interdialytic interval.

AF, atrial fibrillation, IHD, ischemic heart disease; NR, not reported; SCD, sudden cardiac death, VT, ventricular tachycardia; VF, ventricular fibrillation. Table was modified

with permission by Kalra et al. (2018).

across the 5 studies [3/30 patients in the study by Roberts et al.
(2017), 5/66 in the study by Roy-Chaudhury et al. (2018), and
1/50 in the study by Wong M.C. et al. (2015)]. The temporal
pattern of arrhythmias in the detailed study by Roy-Chaudhury
et al. (2018) showed an increased rate of clinically significant
bradycardias, defined as rate <40 bpm for >6 s, toward the
latter stages of the long interdialytic interval. One of the studies
(Roberts et al., 2017) reported on the circadian pattern of the
bradycardic episodes noting an increased rates during night-time.
The proportion of patients with at least one episode of severe
bradycardia ranged from 20% (Roy-Chaudhury et al., 2018) to
25% (Silva et al., 2015) and asystolic events ranged from 4% (Silva
et al., 2015) to 20% (Wong M.C.G. et al., 2015). The studies
reported high rates of AF ranging from 13% (Silva et al., 2015)
to 40.9% (Roy-Chaudhury et al., 2018).

Although these studies provide novel information, this
should be interpreted with caution. The scarcity of available
information about the prevalence of bradyarrhythmias from
long-term monitoring in asymptomatic patients need to be taken
into consideration.

Previous studies using 24-h recordings in healthy individuals
have shown a high prevalence of bradycardias (heart rate 40
beats/min or less) during sleep at 24% in males aged 22-27 years
(Brodsky et al., 1977). With advancing age, this decreased to
3% in subjects aged 40-79 years (Bjerregaard, 1983) and 2%
in the group aged 60-85 years (Fleg and Kennedy, 1982). ILRs
are likely to detect more bradycardic events than 24 h Holter

monitors (Simantirakis et al., 2004) but have not been used to
study healthy populations.

The participants in the HD ILR studies were not young and,
despite the lack of knowledge regarding the normal incidence
of bradycardias in HD patients and notwithstanding the small
number of relatively low cardiovascular risk participants and the
heterogeneity amongst the studies, these investigations show a
high burden of bradyarrhythmias in HD patients with preserved
ejection fraction. This potentially contributes substantially to the
overall burden of SCD. Consistent with the HD ILR studies,
a recent epidemiological study that investigated registry data
of 28,471 dialysis patients (Wang et al., 2016) showed that
HD patients had an almost sixfold increased incidence of
requiring pacemaker insertion compared to matched patients
with normal renal function.

Pathogenesis of Bradycardia
Elucidating the underlying mechanisms of bradycardias and their
relationship to SCD has important clinical implications relating
to the required routine screening, to the decisions of potential
use of beta blockers, and/or to considerations of potential
interventions such as pacemaker insertion.

Electrolyte shifts, especially pre-dialysis hyperkalaemia,
have been implicated as potential triggers of bradyarrhythmias
particularly at the end of the long interdialytic interval in
a typical 3 dialysis session week. The electrophysiological
role of hyperkalaemia in triggering bradyarrhythmias is
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likely potentiated by the presence of underlying structural
abnormalities in the conduction system and/or abnormal cardiac
autonomic regulation of the pacemaker activity that prevent
adequate heart rate reactions in response to physiological stress.
Cardiac valve calcification may affect the cardiac conduction
system and has also been implicated in bradyarrhythmias
(Mainigi et al., 2012). It is highly prevalent in HD (Matsuo
et al., 2018) and peritoneal dialysis (PD) patients (Wang et al,,
2003) and has been associated with increased cardiovascular
mortality (Wang et al., 2018). In addition, evidence of impaired
cardiac autonomic modulation in dialysis patients has been
demonstrated in several HRV studies (Poulikakos et al., 2014a).
The potential contribution of obstructive sleep apnoea to
bradyarrhythmias in dialysis patients merits attention. Sleep
apnoea is typically characterized by episodes of bradycardia
(Zwillich et al., 1982) as shown with long term recordings with
ILR in this population (Simantirakis et al., 2004). Sleep apnoea
is highly prevalent in HD patients occurring in 34.5% (Tada
et al, 2007) to 65% (Sakaguchi et al, 2011) of cases. It is
commonly underdiagnosed and its severity has been associated
with the magnitude of fluid overload (Ogna et al, 2015).
Interestingly, bradyarrhythmias due to sleep apnoea do not seem
to be potentiated by the administration of beta blockers (Wolf
et al., 2016) and can be successfully treated with continuous
positive airway pressure treatment (Simantirakis et al., 2004).
No information regarding the presence of sleep apnoea was
provided in the publications of the HD ILR studies. However,
it can be speculated that it was present in a fair proportion of
the participants and that sleep apnoea related bradyarrhythmias
would tend to increase during periods of increased fluid
retention, i.e., at the end of the long interdialytic interval.

Atrial Fibrillation and Sudden Cardiac

Death

The high rate of AF in the HD population is another important
finding and may be linked to increased risk of SCD. Evidence
suggests that AF may be associated with SCD in cardiac
patients (Gronefeld et al., 2000; Berton et al., 2009; Pedersen
et al., 2006) and in the general population (Chen et al., 2013).
Several mechanisms have been suggested linking AF with SCD
(Chen et al., 2014). It has been speculated that fast ventricular
rate in the context of atrial tachyarrhythmia can reduce
ventricular refractoriness (Denes et al., 1974) thus increasing
the vulnerability to ventricular arrhythmias. In addition, AF can
lead to short-long-short sequences in the ventricular cycle length
that in turn predispose to some types of ventricular arrhythmias
(Gronefeld et al., 2000).

ARRHYTHMIC MECHANISMS IN ANIMAL
MODELS OF CKD

Animal models have been used to investigate the pre-arrhythmic
substrate and the mechanisms of arrhythmias in CKD (Table 2).

Hsueh et al. (2014) used a rat cystic kidney disease model
(Cy/+ rats) characterized by progressive CKD that reaches
terminal uraemia in about 40 weeks. They investigated 12 CKD

and 9 normal rats at week 35 with detailed electrophysiological
studies including optical mapping and a pacing protocol for VF
induction. CKD rats showed increased action potential duration
and longer cycle length thresholds to induce action potential
duration alterans compared to normal rats, indicating increased
vulnerability to ventricular arrhythmias. VF was induced in 9/12
(75%) CKD rats compared to 2/9 (22%) normal rats. Examination
of the heart tissue following euthanasia revealed upregulation
of pro-fibrotic pathways in CKD animals but did not show
significant difference in cardiac fibrosis between the two groups.

Lee et al. (2017) used a rat model of mild CKD (unilateral
nephrectomy at 8 weeks) and performed electrophysiological
studies 8 weeks after the operation, including surface ECG.
After euthanasia, cardiomyocytes were isolated for further
electrophysiological recordings of ionic currents and membrane
potential. CKD rats exhibited prolonged QTc compared to
normal rats. Longer action potential duration at 50 and
90% repolarization of paced cardiomyocytes was observed in
epicardiac cardiomyocytes in CKD rats compared to normal
rats but there was no difference in endocardial cardiomyocytes.
The transient outward potassium current I, was reduced in
epicardial cardiomyocytes in CKD rats compared to controls,
and associated with decreased transmural gradient of Iy,. Similar
to the previous study, increased heterogeneity of repolarization
occurred independently of the cardiac fibrosis that was observed
at similar levels in CKD and normal rats (Chang et al., 2015).

(Zhao et al. (2016) used the same CKD model as presented
by Hsueh et al. (2014) (Cy/+ rats). The animals were implanted
with ECG and subcutaneous nerve activity electrode recorders
at 35 weeks. Subcutaneous nerve activity has been shown to
correlate with the stellate ganglion nerve activity and was thus
used to estimate the sympathetic tone (Robinson et al., 2015). All
6 CKD rats died suddenly 23 & 14 days after the implantation. All
SCDs occurred after the development of atrioventricular block.
Terminal rhythms were progressive bradycardia and asystole
in 3 rats, VF in 2 rats and VT converted to bradycardia in
one rat. In contrast to the previous studies, histology showed
fibrosis in all CKD rats, especially surrounding the AV node
and in the sub-endocardium, and calcification affecting the
conduction system. These findings were not present in normal
rats. The magnitude of the increase in heart rate corresponding
to increase in subcutaneous nerve activity was smaller in CKD
rats 5 days prior to death.

Fontes et al. (2015) used two different mouse models of
renal impairment. First model included aged mice that received
deoxycorticosterone acetate for 8 weeks and a high-salt diet
that continued for 35 weeks. Second model dealt with adult
mice that underwent 5/6-subtotal nephrectomy and were treated
for 11 weeks with a high-salt diet. Ex vivo epicardial mapping
was used to assess vulnerability to arrhythmias and hearts were
assessed for fibrosis and characterized for connexin 43 (Cx43).
Both models demonstrated a high incidence of arrhythmias
accompanied by increased interstitial fibrosis and decreased Cx43
expression in the heart.

The first two animal investigations (Hsueh et al., 2014; Lee
et al., 2017) suggest that electrophysiological aberrations leading
to increased repolarization heterogeneity and vulnerability to
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TABLE 2 | Electrophysiological studies in animal models of CKD.

Study Animal model Electrophysiological Time Fibrosis Time Main findings
study assessment
Hsueh et al., Cy/+ rats (12) Optical mapping 35 weeks Picrosirius red 35 weeks Longer action potential duration at
2014 compared to Induced VF via pacing staining 80% repolarization and cycle length
normal rats (9) thresholds to induce alterans in
CKD rats.
VF induced in 9/12 CKD rats vs.
2/9 normal rats.
Electrical remodeling favoring
initiation and maintenance of VTs in
CKD rats.
No difference in cardiac fibrosis.
Leeetal, Unilateral Surface ECG 8 weeks after Trichrome staining 8 weeks post Prolonged QTc in CKD rats.
2017 nephrectomy at Patch-clamp studies nephrectomy and picrosirius red nephrectomy Epicardial prolongation of action
8 weeks rats (6) staining* potential duration in CKD rats and
compared to Cellular hypertrophy decreased transmural gradient in
sham operated based on cellular CKD rats compared to controls.
rats (6) capacitance in Electronegative LDL may underlie
ventricular downregulation of KChIP2 protein
cardiomyocytes expression.
No difference in fibrosis.
Zhao et al., Cy/+ rats (6) Continuous ECG Started at Trichrome staining 40 weeks for 6 deaths due to bradycardia or
2016 Compared to Subcutaneous nerve 35 weeks and H&E staining normal rats atrioventricular block.
normal rats (8) activity recordings continued for After sudden 3 deaths due to VT/VF.
23 + 14 days death at CKD Myocardial calcification involving
rats (35 weeks+ the conduction system.

23 + 14 days) Blunted response of heart rate to
subcutaneous nerve activity
increase in CKD rats.

Sudden death preceded by
reduction in subcutaneous nerve
activity.
Fontes et al., Aged mice Programmed electrical 68 weeks Picrosirius red 68 weeks Arrhythmias induced in 86 and 75%
2015 deoxycorticosterone stimulation of 11 weeks staining 11 weeks in hearts from aged mice and
acetate and high arrhythmias partially nephrectomised mice on
salt diet(n =7) & Conduction velocity high salt diet compared to 0% in
5/6 -subtotal from control hearts.
nephrectomy and electrocardiograms Cx43 expression was reduced and

high salt diet (5)
Controls (4)

interstitial fibrosis was increased in
both groups with renal dysfunction.

CKD, chronic kidney disease; Cx43, connexin 43, gap junction protein expressed in the heart; ECG, electrocardiogram; VT, ventricular tachycardia; VF, ventricular
fibrillation. *Experiments on cardiac fibrosis were performed in previous study of the same group using the same CKD rat model.

ventricular arrhythmias occur before the development of overt
cardiac fibrosis and calcification which is in turn associated with
conduction system disorders and bradyarrhythmias in advanced
CKD in rodents. Considering the two studies (Hsueh et al., 2014;
Zhao et al., 2016) that used the same Cy/+ CKD models, Hsueh
etal. (2014) did not find fibrosis in heart tissue retrieved following
euthanasia at 35 weeks whereas Zhao et al. (2016) detected
fibrosis and calcification in heart tissue retrieved 3 weeks later
(after death), i.e., in animals exposed to CKD for longer.

The observation that the relationship between subcutaneous
nerve activity, a surrogate of sympathetic tone, and heart rate
was different in CKD rats compared to normal rats is in keeping
with human studies describing abnormal autonomic cardiac
modulation in CKD.

However, fundamental electrophysiological differences exist
between rodents and large mammals (Sallam et al., 2015), making
rodents a poor model of human electrophysiology. Furthermore,
these animal models did not study the dynamic interactions of

the fluctuations in fluid and electrolyte changes. Therefore their
contribution in understanding the mechanisms of SCD in dialysis
patients is limited. Thus, interpretation and extrapolations from
these animal experiments need to be made with caution.

NON-INVASIVE ELECTROPHYSIOLOGY
IN DIALYSIS PATIENTS

The standard 12 lead ECG is an essential clinical tool in
CKD and dialysis patients (Skampardoni et al., 2018b). It is
commonly used for the assessment of the acutely unwell patient.
It can also be used as routine investigation for the detection
of conduction abnormalities that require clinical intervention
such as with medication or dialysis prescription review, further
studies and referral for pacemaker implantation. However, the
fluctuant fluid and electrolyte status of HD patients may affect
the ECG waveform that in turn can influence the automated ECG
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interpretations including interval calculations (Poulikakos and
Malik, 2016). This influence poses challenges in using automated
ECG measurements in risk stratification studies. Furthermore,
important repolarization abnormalities usually referred to as
“non-specific T wave changes” are only subjectively defined
and cannot be studied in a quantifiable manner. Advanced
computerized analysis of the ECG has the potential to overcome
these limitations.

Repolarization Heterogeneity and the
Case for QRS-T Angle Assessment in

CKD

The QRS-T angle is an established marker of global repolarization
heterogeneity (Waks et al., 2016; Hnatkova et al, 2017) that
can be measured from a standard 12 lead ECG (Figure 1). It
is based on three-dimensional vectorial representation of the
electrical activity of the heart, that is not affected by impedance
changes due to fluid shifts (Vitolo et al., 1987). The QRS-
T angle is calculated numerically, is reproducible (Poulikakos
et al., 2013; Hnatkova et al., 2017) and thus suitable for
risk stratification purposes. A larger QRS-T angle has been
shown to predict SCD (de Bie et al., 2013b; Tereshchenko
et al, 2016), cardiovascular mortality (Skampardoni et al,
2018a) and all cause mortality (Tereshchenko et al., 2016;
de Bie et al., 2013b; Poulikakos et al., 2018) in different
cohorts of predominantly African (Tereshchenko et al., 2016)
and Caucasian (Sallam et al.,, 2015; Poulikakos et al., 2018;
Skampardoni et al, 2018a) dialysis patients. However, one
study in 325 Taiwanese HD patients (Lin et al, 2007) did
not find a significant association between magnitude of QRS-T
angle and outcomes. Instead, this study reported that T wave
residuum, a descriptor of regional repolarization heterogeneity
(Zabel and Malik, 2002), was an independent predictor of
cardiovascular mortality and SCD. Studies that have investigated
the prognostic value of the QRS-T angle in dialysis patients are
summarized in Table 3.

An increased QRS-T angle has been associated with
echocardiographic left ventricular hypertrophy (Tereshchenko
et al., 2016), decreased global longitudinal strain (Skampardoni
etal., 2018a), lower left ventricular ejection fraction, and with left
ventricular systolic dyssynchrony (de Bie et al., 2013a) in different
cohorts of HD patients. It has also been associated with increased
coronary artery calcium burden, and elevated Troponin T levels
in patients receiving peritoneal dialysis (Jaroszynski et al., 2009).
The impact of HD treatment on the QRS-T angle has been
variable (Jaroszynski et al., 2010; Poulikakos et al., 2013). The
intra-subject stability of the QRS-T angle at the start and
the end of dialysis has been demonstrated in a cohort of 72
HD patients who underwent five intra-dialytic Holter ECGs
at 2-week intervals (Poulikakos et al., 2013). Studies reporting
on associations of the QRS-T angle with echocardiographic
characteristics and intradialytic changes are presented in Table 4.
Figure 2 shows an example of Kaplan-Meier event probability
curves of major cardiac events and overall mortality in 72 HD
patients (Poulikakos et al., 2018) stratified by QRS-T angle above
and below median value.

3D QRS-T angle

QRS complex loop

FIGURE 1 | Three-dimensional representation of QRS and T vector loops
following computerized analysis of standard 12 lead ECG using singular value
decomposition to yield an orthogonal lead system (TCRT method). The little
white circle in the middle depicts the loop of the p wave. The curved red line
with arrow at both ends depicts the spatial QRS-T angle. The maximal T wave
vector magnitude is used for the calculations with this method. TCRT is the
averaged cosine of the angles between the T wave vector and all vectors
within the QRS complex exceeding a pre-defined level. A different method of
QRS-T angle measurement from standard 12 lead digital snapshot ECG uses
inverse Dower matrix for vectrographic transformation and calculates the
angle between the mean vectors of the QRS and T wave. QRS-T angle has
also been calculated from continuous signal averaged ECGs as the angle
between the peak QRS vector and the peak T vector.

Methodological Considerations
Different groups have used different methods for the calculation
of the QRS-T angle that are summarized in Table 3. The
methodological differences stem from different approaches in
characterizing the spatial deviation between the vectorial loops
of depolarization (QRS) and repolarization (T wave). These
differences may partially explain the different numerical cut-off
values (Hnatkova et al., 2017) used in predicting outcomes in
dialysis populations. The challenge lies mainly in the fact that
the loops can be irregular and curved in space. It has recently
been demonstrated in cardiac patients that the discrepancies
between the various methods increase as the angle becomes
more abnormal and the distortion of the vectors increases
(Hnatkova et al., 2017). In a recent comparative study in cardiac
patients, the calculation of the QRS-T angle by the so-called
TCRT method was more reliable for cardiac risk prediction. It is
thought that the calculation of the sum of the cosines between
QRS and T wave vectors increases the ability of depicting the
shape and orientation irregularities that accompany increased
repolarization heterogeneity.

Racial, and previously described sex differences (Smetana
et al., 2002) should also be taken into consideration in studies
measuring the QRS-T angle. For example, in the Taiwanese
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TABLE 3 | Studies of QRS-T angle for risk prediction in dialysis patients.

Study Participants Age (years) IHD Calculation Follow up Outcome
de Bieetal, 277 (prevalent) 56.3+17.0 24.5% Inverse Dower matrix from standard 12 60 months QRS-T angle independent
2013b Male 62.1% lead snapshot ECG. predictor of all-cause mortality
HD 62.8% Measured as angle between mean (N =91)and SCD (N = 18).
Peritoneal dialysis QRS and T vectors.
37.2%
Tereshchenko 358 (incident HD) 55 + 13 37% Calculated from continuous unfiltered 864.6 QRS-T angle associated with
etal., 2016 Male 59% averaged xyz ECG signal. person-years of  all-cause mortality (N = 77)
Black 73% Measured as angle between spatial follow-up cardiovascular mortality
mean QRS vector and spatial peak (N =35)and SCD (N = 15).
T vector.
Skampardoni 178 (prevalent HD) 67 £ 14 23.5%  Singular value decomposition to 36 +£ 19 months  TCRT independent predictor of
etal.,, 2018a Male 72% standard snapshot 12 lead ECG. cardiac deaths (N = 17) and
Caucasian 80% Measured as total cosine Rto T. major cardiac events (N = 54).
South Asian 17%
Black 3%
Poulikakos 72 (prevalent HD) 61+15 21% Singular value decomposition to 54.8 months TRCT independent predictor of
etal, 2018 Males 58% overlapping 10 s segment 12 lead all-cause mortality (N = 16) and
Caucasian 44% ECGs during continuous monitoring major cardiac events (N = 9).
Black 31% repeated 5 times every 2 weeks.
South Asians 25% Measured as total cosine Rto T.
Lin et al., 2007 325 (incident) HD 64 +£13 19% Singular value decomposition to 25 +22months  TRCT not associated with
Male 44% standard snapshot 12 lead ECG. all-cause mortality (N = 154)

Measured as total cosine Rto T

Taiwanese population

cardiovascular mortality

(N = 79) or arrhythmia related
deaths (N = 59). T wave
residuum independent
predictor for all outcomes.

ECG, electrocardiogram; F/up, follow up; HD, hemodialysis; IHD, Ischemic heart disease; SCD, sudden cardiac death; TCRT, Total Cosine R to T.

HD cohort there was no association between QRS-T angle and
cardiac outcomes whereas there was with T wave residuum;
this may reflect racial differences in repolarization heterogeneity
patterns and QRS-T angle. In a previous population study in
healthy subjects, the QRS-T angle in Taiwanese individuals was
significantly different compared to African, Caucasian and Indian
healthy subjects (Elaine and Macfarlane, 2016).

The mechanisms linking abnormal repolarization
heterogeneity with clinical outcomes and cardiac structure
and function abnormalities remain unclear and will need to be
assessed in prospective studies.

Autonomic Dysfunction and Heart Rate
Variability in CKD
Sympathetic ~ overactivation has short and long-term
proarrhythmogenic effects and may play a role in the
pathogenesis of arrhythmic deaths in CKD patients. Sympathetic
activation impacts on cellular channel activity increasing
repolarization heterogeneity (Vaseghi et al., 2012) and plays
a role in the pathogenesis of cardiac fibrosis via a-adrenergic
receptor stimulation and via triggering inflammatory responses
(Levick et al., 2010). Autonomic imbalance decreases myocardial
ability to suppress disorganized electrical activation and may
compromise the heart pacemaker response to challenges.
Sympathetic nerve activity, assessed by microneurography
of the peroneal nerve, increases with declining renal function
(Grassi et al., 2011) and is elevated in patients with end-stage
renal disease (Converse et al., 1992b). Potential contributing

underlying mechanisms of sympathetic overactivation in
CKD (Kaur et al, 2017) include elevated angiotensin 2
levels (Siddiqi et al, 2009) that potentiate norepinephrine
release from sympathetic nerve terminals, stimulation of
afferent renal nerves and chemoreceptors by adenosine
release due to renal ischaemia (Biaggioni et al., 1991; Vallon
et al, 2006), and reduced nitric oxide (NO) availability
(Jourde-Chiche et al, 2011) potentiated by upregulation
of MicroRNA-92a in dialysis patients (Young et al., 2009;
Shang et al., 2017).

The baroreflex regulation has also been shown to be
impaired in CKD. In dialysis patients, impaired baroreflex
sensitivity was shown to be associated with vascular calcification
and arterial stiffness (Chesterton et al., 2005) indicating a
potential anatomical link between vascular changes and the
function of baroreceptors.

Direct measurement of the autonomic system with
microneurography poses practical challenges and is not suitable
for clinical practice. Nevertheless, indirect measurements are
possible by assessing HRV (Task Force of the European Society
of Cardiology and North American Society of Pacing and
Electrophysiology, 1996). HRV is a non-invasive method based
on analysis of tachograms of continuous ECGs. It assesses the
cardiac autonomic regulation based on the differences in cardiac
pacemaker responses to autonomic activations. HRV can provide
an approximation of the cardiac autonomic regulation that
integrates multiple feedback systems. In addition to traditional
time and frequency domain measurement several different
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TABLE 4 | Studies of QRS-T angle reporting on associations with cardiovascular parameters and dialysis procedure.

Study Participants Age (years) IHD Calculation of QRS-T angle Findings
de Bieetal, 101 prevalent 56.3 £ 17 30% Inverse Dower matrix from standard 12 QRS-T angle associated with left
2013a Male 76% lead snapshot ECG. ventricular ejection fraction, QRS
66% HD, Measured as angle between mean duration and left ventricular systolic
44% Peritoneal Dialysis QRS and T vectors. dyssynchrony.
Tereshchenko 358 incident HD 55 +£13 37% Calculated from continuous unfiltered QRS-T angle >75° associated with
etal, 2016 Male 59% averaged xyz ECG signal. wider QRS and echocardiographic left
Black 73% Measured as angle between spatial ventricular hypertrophy defined as left
mean QRS vector and spatial peak ventricular mass index >51 g/m?7 in
T vector. men and >47 g/m?7 in women.
Skampardoni 178 prevalent HD 67 + 14 23.5% Singular value decomposition to QRS-T angle by TCRT correlated with
etal., 2018a Male 72% standard snapshot 12 lead ECG. left ventricular mass indexed for height
Caucasian 80% Measured as total cosine Rto T. in univariate and Global Longitudinal
South Asian 17% Strain in multivariate analysis.
Black 3%
Jaroszynski 57 prevalent Peritoneal 477 £71 Excluded Inverse Dower matrix from standard 12 QRS-T angle associated with increased
et al., 2009 Dialysis patients lead snapshot ECG. coronary artery calcium burden,
49% male Measured as angular difference atherosclerosis and troponin T
Caucasians between maximum spatial QRS and elevation.
T vectors.
Jaroszynski 73 prevalent HD 51.5+45 Not reported Inverse Dower matrix from standard 12 QRS-T angle associated with
etal., 2010 52% male lead snapshot ECG. Troponin T.
Caucasians Measured as angular difference HD session resulted in increased
between maximum spatial QRS and  QRS-T in 59 patients, decreased in 12
T vectors. patients, and unchanged in 2 patients.
Poulikakos 72 (prevalent HD) 61+15 21% Singular value decomposition to Intra-subject reproducibility confirmed
etal., 2013 Males 70% overlapping 10 s segment 12 lead using analysis of variance.

ECGs during continuous monitoring
repeated 5 times every 2 weeks.
Measured as total cosine Rto T.

Variable effect of HD to TCRT
Intradialytic QRS-T change correlated
with PTH levels.

ECG, electrocardiogram; HD, hemodialysis; IHD, Ischemic heart disease; TCRT, total Cosine R to T.

methodologies have been developed (Task Force of the European
Society of Cardiology and North American Society of Pacing and
Electrophysiology, 1996; Sassi et al., 2015).

Many groups have used HRV methodology in dialysis patients.
A pubmed search using the terms HRV and dialysis returns 122
studies with the first one published already in 1986 (Forsstrom
et al., 1986). Abnormal HRV indices have been associated with
all cause (Hayano et al., 1999; Oikawa et al., 2009; Suzuki et al.,
2012; Chen etal., 2016; Ng et al., 2017; Poulikakos et al., 2018) and
cardiovascular mortality (Hayano et al., 1999; Fukuta et al., 2003;
Oikawa et al., 2009; Chen et al., 2016) in east Asian HD patients
and in one small study including predominantly Caucasian HD
patients (Skampardoni et al., 2018a). Depressed HRV has also
been associated with all cause (Pei et al., 2015; Chiang et al., 2016)
and cardiovascular (Hayano et al., 1999) mortality in east Asian
patients receiving peritoneal dialysis.

Frequent daily HD has been shown to improve components
of HRV (Chan et al.,, 2014). Preserved residual urine output has
also been associated with different HRV profiles in peritoneal
dialysis patients (Tang et al., 2012) and depressed HRV has
been associated with increased PTH (Zhang et al., 2013, 2015;
Poulikakos et al., 2014b; Jiang et al., 2016) and FGF 23 levels
(Zhangetal., 2015). Depressed HRV has also been associated with
increased pulse pressure (Poulikakos et al., 2014c) in patients with
end stage renal disease and with increased pulse wave velocity in
patients with CKD stages 3-5 (Chandra et al., 2014).

Despite the consistent results confirming the value of HRV in

CKD patients, major challenges exist in extrapolating associations
from these studies and incorporating HRV measurements into
clinical practice. The main challenge is related to the sensitivity
of HRV to environmental influences and the need for strict
standardization, particularly for 24-h ECG recordings, which is
practically impossible when the recording is performed in the
outpatient setting.

Short Term HRV Measurements During

Autonomic Provocations in HD Patients

For the purposes of standardized assessment, several studies
used short term recordings around or during the dialysis
procedure, i.e., a period with relatively standardized environment
characterized by volume and electrolyte shifts that provoke the
autonomic system in a predictable manner. It is known that
patients who exhibit excessive intradialytic decline in systolic
blood pressure have higher risk of cardiovascular and overall
mortality (Chou et al., 2018; Reeves and Mc Causland, 2018).
The pathogenesis of intradialytic hypotension is multifactorial
(Reeves and Mc Causland, 2018) but it has been postulated that
abnormal activation of the sympathetic system plays a central
role (Converse et al., 1992a). Some studies have shown that
spectral HRV assessment during intradialytic recordings can
differentiate patients who are prone to intradialytic hypotension
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FIGURE 2 | Kaplan—Meier survival curves of total mortality and major cardiac events 72 HD patients included in a recently published study (Poulikakos et al., 2018)
stratified by QRS-T angle calculated by TCRT above (red) and below (blue) median value (o = 0.000 Log Rank test). Darker bands depict interquartile ranges and the
lighter bands ranges between 10th and 90th percentiles. The calculation of confidence intervals was performed using bootstrap 10,000 repetitions. Major cardiac
events were defined as sudden cardiac death, acute coronary syndrome, coronary revascularization or admission due to heart failure or arrhythmia.
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(Severi et al., 1997; Hernando et al., 2015). However, Barnas
et al. (1999) reported similar intradialytic HRV profiles between
hypotension prone and stable patients up to the moment of
the hypotensive episode where they observed bradycardia and
decline in LF power.

Studies using short term intradialytic ECG monitoring have
shown that HRV parameters are influenced by the rate of volume
removal during dialysis (Tsuji et al.,, 2017) and by the dialysis
modality between HD and hemofiltration (Genovesi et al., 2007).
Two studies also reported associations between short term HRV
measurement during dialysis and mortality (Chen et al., 2016;
Poulikakos et al., 2018). In a recent study using intradialytic HRV
assessment depressed LF/HF over the first hour of treatment
predicted overall mortality (Poulikakos et al., 2018). Chen et al.
(2016) used spectral HRV assessment before and after HD and
showed that decreased difference in LF was associated with
increased risk of overall and cardiovascular mortality. Figure 3
shows an example of Kaplan-Meier event probability curves for
major cardiac events and overall mortality in a cohort of 72 HD
patients (Poulikakos et al., 2018) stratified by LF/HF ratio above
and below median value.

Few studies have used short term HRV assessment during
autonomic postural, provocations in HD patients. In the study
by Genovesi et al. (2007) postural provocation including 10 min
standing before dialysis was performed. Interestingly, whilst
active standing was associated with increase in normalized LF and

decrease in normalized HF during HD treatment, this was not
the case when treatment with hemofiltration was used. Echeverria
etal. (2017) showed an increase in LF/HF in response to postural
provocations before and after HD treatment.

Genetic differences might contribute to the differences in
reported HRV response to autonomic provocations. A recent
study in 114 HD patients (Ribas Ribeiro et al., 2018) suggested
that genetic polymorphism in the angiotensin converting
enzyme, an enzyme that modulates the autonomic system,
determines the autonomic response during HD. In this
study, an increase in LF and LF/HF through dialysis was
observed only in patients with II angiotensin converting enzyme
genotype and not in patients with DD genotype. Studies using
short term HRV assessment with autonomic provocations are
presented in Table 5.

Two small studies have reported reasonable reproducibility
of HRV measurements from intradialytic recordings (Poulikakos
et al., 2014c; da Silva et al., 2016).

CONCLUSION-FUTURE DIRECTIONS

Bradyarrhythmic and Tachyarrhythmic
Risk

Recent ILR studies have
contribution of bradyarrhythmias to

shown an important relative
sudden death in
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FIGURE 3 | Kaplan—-Meier survival curves of total mortality and major cardiac events in 72 HD patients included in a recently published study (Poulikakos et al., 2018)
stratified by LF/HF above (blue) and below (red) median value (o = 0.001 Log Rank test). Darker bands depict interquartile ranges and the lighter bands ranges
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dialysis patients. However, these studies did not include
incident dialysis patients with high cardiovascular risk that
may be more vulnerable to ventricular tachyarrhythmias.
Future large studies with long term ECG monitoring in
incident dialysis patients are needed to elucidate the precise
incidence and underlying arrhythmic mechanisms of SCD.
These studies should aim at developing risk stratification
strategies for both tachyarrhythmic and bradyarrhythmic
risks. Tachyarrhythmic risk is mainly related to static and
dynamic ventricular repolarization abnormalities and it is
possible that repolarization patterns and changes related
dialysis induced fluid and electrolyte shifts prior to the fatal
arrhythmias may be important for its prediction. On the
contrary, bradyarrhythmic risk is mainly related to cardiac
periodicity and is likely to be influenced by autonomic system
abnormalities including sleep apnoea.

The ECG signals should be regularly interrogated during
the course of such studies and treatment for significant
bradyarrhythmias should be offered. Non-invasive surface
long term ECG technology with sufficient memory that
can record continuous high quality ECG signal could
serve the dual purpose of potentially fatal or final rhythm
detection and data acquisition for risk profiling for both
tachyarrhythmias and bradyarrhythmias. In addition, non-
invasive continuous long term ECG monitoring devices that

can be attached and exchanged during a dialysis visit may
facilitate the recruitment of high risk incident patients who
may not wish to attend additional hospital visits or undergo
invasive procedures.

Research protocols should include detailed cardiovascular,
genetic and sleep disorder phenotyping.

These studies, in addition to clarifying the prevalence of
bradyarrhythmias and ventricular arrhythmias, will provide
important information about the burden of AF and its potential
association with SCD. An association between AF and increased
risk of SCD has been shown in cardiac patients (Chen et al., 2014)
and may be relevant in the dialysis population given the extremely
high burden of AF.

QRS-T Angle-Need for Standardization

and Integration Into Clinical Practice

The QRS-T angle assessment has substantial potential to
be used as a descriptor of uremic cardiomyopathy. It can
also be easily incorporated into clinical practice. In the first
instance, the different methodological approaches need to
be rigorously tested and compared in existing large ECG
databases of CKD and dialysis patients to determine the
best methodological approach to the angle expression. This
should be based on a multicenter collaboration between clinical
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TABLE 5 | Studies using short term Heart Rate Variability assessment with autonomic provocations.

Study Number of HD patients Setting Outcome

Severiet al., 14 stable and 14 hypotension- Spectral HRV from continuous intradialytic ECG. Spectral HRV different in hypotension prone vs.

1997 prone stable patients.

Hernando 24 patients Spectral HRV from continuous intradialytic ECG and Spectral HRV parameters during the first 30 min of

etal, 2015 52 HD treatment sessions continuous intradialytic arterial BP signal. the treatment session different in hypotension prone
vs. stable patients.

Barnas et al., 11 stable and 9 hypotension Spectral HRV from continuous intradialytic ECG and No difference in groups up to the point of

1999 prone patients continuous intradialytic arterial BP signal. hypotensive episodes when LF HRV declined

Tsuji et al., 35 patients divided in 3 groups Spectral HRV and approximate entropy from LF/HF values and approximate entropy increased at

2017 based on UFR continuous intradialytic ECG. the end of HD in patients with UFR >15 ml/h/kg.

Genovesi et al.,

10 patients

Spectral HRV from continuous ECG during pre-HD

2007 Treated with 6 session of HD postural provocation (10 min rest and 10 min active
and 6 sessions of standing) followed by intradialytic measurements
Hemofiltration (10 min periods every hour and after the end of
treatment) and continuous arterial BP signal.
Chen et al., 72 patients Spectral HRV from continuous intradialytic ECG.
2016 5 sessions every 2 weeks
Chen et al., 182 patients Spectral HRV from 5?min ECG before and 30 min after
2016 HD.
Echeverria 19 stable patients Continuous ECG recording during 16 min in supine
etal., 2017 20 healthy controls position, and during 16 min of active orthostatism pre
and post HD treatment for HD patients.
Last 5 min of the recording at each position were used
for HRV.
Ribas Ribeiro 114 HRV from continuous ECG measured for 20 min before,
etal, 2018 in the second hour and immediately after HD.

Assessment of ACE genotypes.

Normalized LF was higher and HF lower in HF
compared to HD.

Active standing was associated with increase in
normalized LF and decrease in normalized HF in
HD but not in Hemofiltration.

Low LF/HF during the first hour associated with
overall mortality.

Intrasubject stability of HRV parameters averaged
over the first and last hour confirmed by repeated
measure ANOVA.

Decreased difference in LF associated with
increased overall and cardiovascular mortality.
Increase in LF/HF and in the short-term scaling
exponent (a1) on standing before and after HD.

Homozygosity for the Il allele of the ACE gene
associated with greater increase in LF and LF/HF
during HD compared to DD genotype.

ACE, angiotensin converting enzyme; BR, blood pressure; D, deletion; ECG, electrocardiogram,; HD, hemodialysis; HF, high frequency; LF, low frequency power; HRV,

heart rate variability; I, insertion;, UFR, ultrafiltration rate.

research teams and bioengineers. Such collaborative effort can
help determine normal reference values and increase our
understanding of racial and gender differences in the CKD and
dialysis populations.

Furthermore, it is important for the clinical and research
community and industry partners in ECG manufacturing to
understand the importance of collecting high quality ECGs and
storing them in easily accessible formats (Malik et al., 2018)
in order to create and maintain open access ECG databases.
Such databases would facilitate meaningful research that in
turn can inform clinical practice about the possibilities of
reducing cardiovascular mortality. The possibility and practical
requirements of complementing the existing national and/or
international (Goodkin et al., 2001; Perl et al., 2014) renal
databases with repositories of routinely collected digital ECG
should be explored.

HRV-Methodological Challenges and

Clinical Practicality

In the field of HRV and assessment of cardiac autonomic
modulation, further research is required to standardize the
measurements in dialysis patients. Short-duration tests with
autonomic provocations could overcome methodological
shortcomings of 24-h outpatient ambulatory ECG recordings.
These assessments can be organized around the dialysis treatment

in order to minimize a patient’s inconvenience and be suitable
to be incorporated into regular clinical practice in the future.
HRYV measurements may be useful for both bradyarrhythmic and
tachyarrhythmic risk stratification. The value of cardiac
autonomic modulation assessment during standardized
autonomic provocations for prediction of significant
bradyarrhythmias should be prospectively investigated.

On the other hand, ECG acquisition during autonomic
provocations has the potential to yield important prognostic
information for tachyarrhythmias, while at the same time
characterizing cardiac autonomic regulation measured by
HRV and by dynamic repolarization profiles. Short duration
continuous ECG measurements with standardized controlled
provocations can be used to assess dynamic changes of the
QRS-T angle during different stages of cardiac autonomic
status; this has been shown to strengthen risk prediction in
cardiac patients (Kentta et al., 2012). This type of measurement
has the potential to shed more light on the links between
autonomic status and cardiac electrical activity and explore
the value of combined electrophysiological assessment in this
group of patients.

Non-invasive  electrophysiology ~has an  important
role in CKD patients. Close collaboration across the
disciplines of biomedical engineering, clinical cardiology
and nephrology is required to bridge the gaps between available
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technological tools, research efforts and clinical translation in
arrhythmic complications of CKD.
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