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Background: Atrial fibrillation (AF) is common in hemodialysis patients and contributes
to increased mortality. We aimed to examine heart rate variability triangular index (HRVI)
in hemodialysis patients with AF as it has recently been reported to predict mortality in
AF patients without kidney disease.

Methods: A total of 88 patients on hemodialysis with a medical history of AF or newly
diagnosed AF underwent 24-h electrocardiography recordings. The primary endpoint
of cardiovascular mortality was recorded during a median follow up of 3.0 years. Risk
prediction was assessed by Cox regression, both unadjusted and adjusted for the
Charlson Comorbidity Index and the Cardiovascular Mortality Risk Score.

Results: Median age was 76 years, median dialysis vintage was 27 months.
Altogether, 22 and 44 patients died due to cardiovascular and non-cardiovascular
causes. In 55% of patients AF was present during the recording. Kaplan-Meier plots
of HRVI quartiles suggested a non-linear association between HRVI, cardiovascular, and
all-cause mortality which was confirmed in non-linear Cox regression analysis. Adjusted
linear Cox regression revealed a hazard ratio of 6.2 (95% CI: 2.1-17.7, p = 0.001) and
2.2 (95% Cl: 1.3-3.8, p = 0.002) for the outer quartiles (combined first and fourth quartile)
for cardiovascular and all-cause mortality, respectively. Patients in the first quartile were

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1

November 2021 | Volume 8 | Article 751052


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.751052
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.751052&domain=pdf&date_stamp=2021-11-29
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:Matthias.Braunisch@mri.tum.de
mailto:Christoph.Schmaderer@mri.tum.de
https://doi.org/10.3389/fcvm.2021.751052
https://www.frontiersin.org/articles/10.3389/fcvm.2021.751052/full

Braunisch et al.

HRVI in HD Patients With Atrial Fibrillation

more likely to have sinus rhythm whereas patients in the fourth quartile were more likely

to have AF.

Conclusions:

We found a U-shaped association between HRVI and mortality in

hemodialysis AF patients. The results might contribute to risk stratification independent
of known risk scores in hemodialysis AF patients.

Keywords: atrial fibrillation, heart rate variability triangular index, HRVi, cardiovascular mortality, hemodialysis,

risk prediction

INTRODUCTION

End-stage kidney disease patients on hemodialysis have a
markedly increased risk of cardiovascular morbidity and
mortality (1). In long term 6-month recordings with implantable
loop recorders, atrial fibrillation (AF) was detected in up to
41% of hemodialysis patients (2). Dialysis-specific factors such
as a higher ultrafiltration is associated with a higher incidence
of AF (3). The incidence and prevalence of AF are higher in
hemodialysis patients than in the general population (4, 5).
This is contributed by multiple factors including age, dialysis
vintage, left atrial dilatation, and high overall disease burden of
hemodialysis patients (4, 6). Among hemodialysis patients, those
suffering from AF have higher morbidity and mortality (7). AF
is therefore a common problem in hemodialysis patients and
contributes to the increased cardiovascular risk (7).

Rapid shifts of electrolytes, plasma volume and acidosis
changes impair electrophysiology and expose hemodialysis
patients to an increased risk of arrhythmogenic conditions (8).
Peri-dialytic fluid and electrolyte flux stimulates a sympathetic
reaction responsible for the increased prevalence of AF during
and immediately following hemodialysis (2).

Analysis of the cardiac autonomic nervous system by non-
invasive assessment of the heart rate variability (HRV) has
been restricted to patients without AF, thus, limiting risk
prediction in AF patients. In patients without kidney disease,
cardiac autonomic dysfunction was associated with a higher AF
incidence during 19 years of follow-up (9). The atria have a close
autonomic innervation and the AV node is susceptible to input
form the autonomic nervous system (10-13). Therefore, the
autonomic nervous system is likely also involved in AF. Overall,
data on risk prediction in hemodialysis patients with AF is scarce
and primarily focused on anticoagulation agents (14-16).

Recent data from the Swiss-AF study reported that in
AF patients without kidney disease, heart rate variability
triangular index (HRVI) predicted cardiovascular mortality
(17) and identified clinically silent strokes (18). HRVI is an
estimate of total variability of RR intervals and approximates
sympathovagal imbalance.

We thus hypothesized that an association of HRVI with
mortality might also be present in hemodialyzed AF patients.

MATERIALS AND METHODS

Study Design
The study investigated the “rISk strAtification in end-stage Renal
disease” (ISAR)-cohort, obtained in a multicenter, prospective

longitudinal observational cohort study (ClinicalTrials.gov;
identifier number: NCT01152892) (19). The study protocol,
conforming to the ethical guidelines of the Helsinki Declaration,
was approved by the Medical Ethics Committee of the Klinikum
Rechts der Isar of the Technical University Munich and of
the Bavarian State Board of Physicians and is compliant
with the STROBE guidelines. Patients were recruited from 17
hemodialysis centers in the greater Munich area between April
2010 and January 2014. All participants gave informed written
consent. Inclusion criteria were age >18 years and dialysis
vintage >90 days (19). Patients were excluded if pregnant
or if suffering from ongoing infection or malignancy with a
life expectancy <24 months (19). Out of the 519 patients
meeting inclusion criteria, 390 consented to undergo 24-h Holter
electrocardiogram (ECG) recording. Out of these patients, 25
were excluded due to paced rhythm while 6 other patients
had technically unsuitable ECG data. In 271 patients, AF was
absent both in the medical reports and in the 24-h ECGs. The
subsequent HRV analysis utilized the remaining 88 patients
(corresponding flow-chart shown in Figure 1).

Clinical Characteristics

Baseline demographic and clinical data were obtained from
dialysis protocols and medical records. Medical records were
screened for the diagnosis of AF and, where specified, coded
into persistent/permanent or paroxysmal. Blood chemistry
parameters were obtained prior to a midweek dialysis session.
Comorbidities were assessed using an adapted version of the
Charlson Comorbidity Index that has previously been validated
for mortality prediction in hemodialysis patients (20). The index
assigns numerical weights to comorbid conditions that range
between 0 and 21 (20). Further, to assess cardiovascular mortality
risk, the Cardiovascular Mortality Risk Score was calculated which
has previously been developed and validated for the prediction
of 2-year cardiovascular mortality in hemodialysis patients (21).
The cardiovascular mortality risk score ranges between —11 and
39 points (21). The stroke risk factors are summarized in the
CHA,DS;-VASc [Congestive heart failure, Hypertension, Age
>75 years, Diabetes mellitus, Stroke, Vascular disease, Age 65-74
years, Sex category (female)] score (22).

Endpoints

Mortality was assessed using medical records, databases of
individual dialysis centers, or by contacting the attending
physician and/or the next of kin. Using this information, the
ISAR Endpoint Committee classified the underlying causes of
death (19). For the purposes of the present study, cardiovascular
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519 patients were enrolled

390 underwent 24h ECG recording

31, excluded
R 25, paced rhythm

6, damaged raw data

\4

v

82, AF in medical reports

6, new AF in 24h ECG

.| 271, no AF in medical reports

A

or 24h ECG

88, remained for HRV analysis

20, completed follow up

22, died from CV death

44, died from non-CV death
1, got a kidney transplant
1, was lost to follow up

FIGURE 1 | Flow-chart of participants. AF, atrial fibrillation; CV, cardiovascular; ECG, electrocardiogram; HRV, heart rate variability.

and all-cause mortality was considered as the primary and
secondary endpoint, respectively.

Electrocardiography

In each patient, a 24-h 12-lead ECG recording was obtained
using the Lifecard CF digital Holter recorder (Delmar
Reynolds/Spacelabs Healthcare, Nuremberg, Germany). All
recordings started before a mid-week dialysis session. Reference
ECG annotations, RR-interval measurements, and artifact
elimination were performed using the software tools of the
equipment (Pathfinder, Delmar Reynolds/Spacelabs Healthcare,
Nuremberg, Germany; V9.027) (23). Afterwards, all RR-intervals
of normal heart beats were exported to Matlab R2020a (the
MathWorks, Inc., Natick, MA) and HRV parameters were
computed using the 24-h RR interval series according to
established standards (24). HRVI was calculated by dividing
the total number of normal-to-normal (NN) intervals (HRVI
numerator) by the number of NN-intervals in the modal
1/128-s bin (HRVI denominator) according to guidelines (24).
Additional HRV parameters included expressions of overall
long-term variability by the standard deviation of all NN
intervals (SDNN), the standard deviation of the averages of NN
intervals in all 5min segments (SDANN), and the ultra-low
frequency power range of < 0.003 Hz (ULF); and expressions of
short-term variability by the square root of the mean square of

differences between adjacent NN intervals (RMSSD). Initially,
AF episodes were detected and quantified in the 24-h recordings
by the AF algorithm integrated in the Pathfinder software.
Additionally, all 24-h ECGs were reviewed for the presence of
AF manually. Electrocardiographic diagnosis of AF was made
in agreement with the definition of the European Society of
Cardiology, i.e., irregularly irregular RR-intervals, absence of
distinct repeating P waves, and irregular atrial activations (22).
If AF was confirmed in the manual review the relative duration
of AF during the recording indicated by the pathfinder software
was recorded. Paroxysmal AF was defined as an AF burden
<20% in the 24-h recording.

Statistical Analysis

Categorical data are presented as frequencies and percentages.
Continuous variables are expressed as mean =+ standard
deviation (SD) for normally distributed variables and as
median and interquartile range (IQR) for variables with skewed
distribution. To test for group differences, x2 test was used for
categorical variables and independent samples ¢-test or Mann-
Whitney-U test for continuous variables, as appropriate.

In survival analysis, we first used Kaplan-Meier curves
comparing quartiles to reveal possible violations of proportional
hazard assumptions, thus identifying non-linear (non-
proportional) associations. Subsequently, we fitted univariate
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TABLE 1 | Baseline characteristics.

HRVI quartiles
Total (n = 88) Inner (n = 44) Outer (n = 44) P

Age (years) 75.7 (+8.5) 75.1 (£9.4) 76.4 (+£7.5) 0.48
Sex (female) 25 (28.4%) 10 (22.7%) 15 (31.8%) 0.34
Body mass index (kg/m?) 25.6 (23.0-28.4) 25.4 (23.3-28.9) 25.8 (23.0-27.9) 0.91
Dialysis vintage (months) 27.0 (13.8-60.2) 27.0 (12.5-58.2) 27.5(14.8-62.8) 0.61
Ultrafiltration rate (mL/h) 518.7 (£273.3) 511.1 (£275.4) 526.4 (£274.2) 0.79
Net ultrafiltration (L) 1.7 (+£1.3) 1.8 (£1.2) 1.6 (+£1.3) 0.56
Heart rate (bpm) 73.0 (£13.5) 76.9 (£13.0) 69.0 (+12.8) 0.005
Systolic blood pressure (mmHg) 130.5 (£25.5) 125.9 (£27.9) 135.1 (£22.4) 0.092
Diastolic blood pressure (mmHg) 67.9 (£15.9) 67.6 (£14.8) 68.2 (£15.9) 0.86
Kt/V 1.34 (£0.32) 1.36 (£0.28) 1.33 (£0.36) 0.62
Blood urea nitrogen (mg/dL) 58.5(£17.4) 58.1 (£18.4) 59.0 (£16.5) 0.83
Phosphate (mmol/L) 1.68 (1.39-2.01) 1.69 (1.40-2.10) 1.60 (1.35-1.99) 0.43
Total calcium (mmol/L) 2.31 (+£0.17) 2.29 (+£0.17) 2.33 (£0.17) 0.26
Calcium x phosphate (mmol?/L2) 4.06 (£1.67) 4.24 (+£2.03) 3.88 (+1.20) 0.31
Creatinine (mg/dL) 7.1 (£2.9) 7.3 (£2.3) 6.9 (+£2.3) 0.43
High-sensitivity CRP (mg/dL) 0.58 (0.22-1.20) 0.57 (0.22-1.30) 0.59 (0.26-0.98) 0.92
Albumin (g/dL) 3.90 (3.70-4.20) 3.90 (3.70-4.11) 3.90 (3.67-4.20) 0.99
Parathyroid hormone (pg/mL) 226.5 (128.5-359.6) 246.0 (131.9-359.0) 197.0 (126.0-334.3) 0.61
Leukocytes (G/L) 7.01 (£2.04) 6.70 (+£1.87) 7.32 (£2.18) 0.16
Total cholesterol (mg/dL) 173.6 (£47.6) 172.3 (£36.2) 174.9 (£57.0) 0.80
Charlson comorbidity index (0-21) 6.0 (4.0-8.0) 6.0 (4.0-8.0) 6.0 (4.0-8.0) 0.68
Cardiovascular mortality risk score (—11 to 39) 14.0 (10.0-17.0) 14.0 (9.0-18.0) 14.0 (11.0-16.0) 0.75
Diabetes mellitus 38 (43.2%) 19 (43.2%) 19 (43.2%) 1.00
History of myocardial infarction 25 (28.4%) 7 (15.9%) 18 (40.9%) 0.017
Left ventricular hypertrophy 30 (34.1%) 13 (29.5%) 17 (38.6%) 0.50
Left ventricular ejection fraction (%), n = 22 47 (£16) 45 (+£17) 50 (+15) 0.48
Heart failure 25 (28.4%) 11 (25.0%) 14 (31.8%) 0.64
Peripheral artery disease 26 (29.5%) 15 (34.0%) 11 (25.0%) 0.48
Hypertension 84 (95.5%) 43 (97.8%) 41 (93.2%) 0.62
Coronary heart disease 39 (44.3%) 16 (36.4%) 23 (69.0%) 0.20
Cerebrovascular disease 17 (19.3%) 9 (20.5%) 8 (18.2%) 0.78
Smoking (ever) 14 (15.9%) 10 (22.7%) 4 (9.0%) 0.14
CHA,DS;-VASC score 3.5 (3.0-4.0) 3.0 (3.0-5.0) 4.0 (3.0-5.0) 0.28
Anticoagulation for hemodialysis 0.71

Heparin 73 (83.0%) 37 (84.0%) 36 (81.8%)

Low-molecular-weight heparin 12 (13.6%) 5 (11.4%) 7 (15.9%)

Argatroban 3 (3.4%) 2 (4.5%) 1(2.3%)
B3-blocker 64 (72.7%) 31 (70.5%) 33 (75.0%) 0.81
Additional anticoagulation 0.49

None 54 (61.4%) 29 (65.9%) 25 (56.8%)

Vitamin K antagonists 30 (34.1%) 14 (31.8%) 16 (36.4%)

Low-molecular-weight heparin 4 (4.5%) 1(2.3%) 3 (6.8%)
Antiplatelet therapy 0.74

None 37 (42.0%) 21 (47.7%) 16 (36.4%)

ASS 42 (47.7%) 19 (43.2%) 23 (52.3%)

ADP receptor blocker 4 (4.5%) 2 (4.5%) 2 (4.5%)
Dual antiplatelet therapy 5(5.7%) 2 (4.5%) 3 (6.8%)
Amiodarone 4 (4.5%) 1(2.3%) 3 (6.8%) 0.62
Antihypertensive medication 83 (94.3%) 41 (93.2%) 42 (95.5%) 1.0

Results are presented as mean (+=SD) and median (interquartile range) for normally and non-normally distributed data, respectively; categorical data as total number (percentage).
P-values present the results of group-wise comparisons of patients within the inner and outer quartiles of heart rate variability triangular index (HRVI). CHA>DS»-VASc, Congestive heart
failure, Hypertension, Age >75 years, Diabetes mellitus, Stroke, Vascular disease, Age 65-74 years, Sex category (female).

Frontiers in Cardiovascular Medicine | www.frontiersin.org

November 2021 | Volume 8 | Article 751052


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Braunisch et al.

HRVI in HD Patients With Atrial Fibrillation

and adjusted Cox regression models using penalized spline
transformation with two degrees of freedom on HRVI (survival
and splines packages). Adjusted models accounted for the
Charlson Comorbidity Index and the Cardiovascular Mortality
Risk Score. To overcome interpretation limitations of non-
linear associations, values were dichotomized when in the
first and forth quartile (outer quartiles) or in the second and
third quartile (inner quartiles). Subsequently the dichotomized
parameters were analyzed with regular univariate, and adjusted
Cox regression models to estimate hazard ratios (HRs) for
respective groups. Median follow-up was assessed by reverse
Kaplan-Meier (25).

The predictive performance of the 24-h measurement
vs. 5min segments for HRVI and SDNN were compared
using Harrell’s C-index. For this purpose, 1000 adjusted Cox
regressions for cardiovascular mortality with randomly selected
5min intervals from the 24-h recordings were calculated. The
mean + SD C-indices were then compared with the C-index
of the Cox regression model based on the 24-h measurement.
Descriptive comparison of significant p-values for linear Cox
regressions with 1000 randomly selected 5min intervals were
stratified for sinus rhythm and AF.

Kruskal-Wallis test was used to compare AF percentages
amongst HRVI quartiles. Post-hoc analysis was performed with
the Wilcoxon test and adjusted for multiple testing using the
Bonferroni method.

Multivariable binary logistic regression with AF as dependent
variable and the HRVI numerator and denominator as
independent variables was used to obtain odds ratios with
corresponding 95% confidence interval.

All tests were conducted two-sided and p < 0.05 were
considered significant. Statistical analysis was performed using
R version 4.0.2 (R Foundation for statistical Computing,
Vienna, Austria).

RESULTS

Patient Characteristics

The final study population included 88 patients (25 women)
with a median follow-up of 3.0 years (IQR 1.5-5.8) (Figure 1).
The median age was 76.4 years (70.6-80.6). The median dialysis
vintage was 27.0 months (13.8-60.2). 3-blockers were taken by 64
patients (72.7%). Amiodarone was prescribed to 4 patients (4.5%)
(Table 1). Sex differences are listed in Supplementary Table 1.
Female patients had a significant higher dialysis vintage, systolic
blood pressure, had significantly less frequently a history of
myocardial infarction and coronary heart disease and were
significantly less likely to smoke (Supplementary Table 1).
Table 2 shows HRV measurements. Median HRVI was 26.3,
quartiles of HRVI ranged from <18.245 (n = 22), 18.246-26.279
(n = 22), 26.280-34.307 (n = 22), and >34.08 (n = 22). Patients
in the external quartiles were not significantly different from
patients in the inner quartiles, except for heart rate which was
significantly higher in patients in the inner quartiles and a history
of myocardial infarction which was significantly more often
present in patients in the outer quartiles (Table 1).

TABLE 2 | Measures of heart rate variability.

Parameter Unit Value

HRVI 28.3 +12.7
SDNN ms 102.0 (77.5-136.9)
SDANN ms 83.1 +£28.0
RMSSD ms 33.5 (16.2-60.9)
ULF ms? 3970.1 (2460.4-6020.8)

Mean =+ standard deviation or median and interquartile range, as appropriate. HRVI, HRV
triangular index: number of NN intervals over the number of NN-intervals in the modal bin;
SDNN, standard deviation of all NN intervals; SDANN, standard deviation of the averages
of NN intervals in all 5-min segments of 24 h recording, RMSSD, square root of the mean
square of differences between adjacent NN intervals; ULF, ultra-low frequency.

In 6 patients (2.2%) AF was newly diagnosed using the 24-h
ECG (Figure 1). At baseline, 42 (47.7%), 6 (6.8%), and 40 (45.5%)
patients presented with permanent AF, paroxysmal AF, and sinus
rhythm, respectively. The median percentage of AF burden in
the 24-h recordings was 99.7% (87.3-99.9), 3.0% (1.1-3.8), and
0% (0-0) in patients with permanent AF, paroxysmal AF, and
sinus rhythm, respectively. Of the 40 patients in sinus rhythm,
paroxysmal and permanent AF had been previously documented
in medical reports of 25 and 13 patients, respectively. In
two patients, the type of the previously documented AF was
not specified.

In comparison to the overall ISAR cohort, the patient
population of the current study was significantly older, sicker
and had higher cardiovascular mortality risk scores and shorter
dialysis vintage (Supplementary Table 2).

Anticoagulation

Overall, the median CHA,DS,-VASc score was 3.5 (3.0-4.0). A
CHA;DS;-VASc score of >2 was present in 87 patients (98.9%).
Anticoagulation for dialysis was prescribed in 73 (83.0%) with
heparin, in 12 (13.6%) with low-molecular-weight heparin, and
in 3 (3.4%) with argatroban. Additional anticoagulation was
prescribed in 34 patients (38.6%), with 30 (34.1%) patients
taking vitamin K antagonists and 4 (4.5%) taking low-molecular-
weight heparin. No novel oral anticoagulants were prescribed.
Antiplatelet therapy was present in 42 patients (47.7%) on
acetylsalicylic acid, 4 (4.5%) on adenosine diphosphate (ADP)
receptor inhibitors, and 5 (5.7%) on dual antiplatelet therapy.

Association of HRVI and Mortality

Altogether, 22 and 44 patients died due to cardiovascular
and non-cardiovascular causes, respectively. Details of
cardiovascular and non-cardiovascular mortality are presented
in Supplementary Table 3. One patient was censored due to
kidney transplantation and one patient was lost to follow-up.
Kaplan-Meier plots of HRVI quartiles suggested a non-
linear association between HRVI, cardiovascular, and all-cause
mortality (Figures 2A,B). Figures 2C,D depict the hazard ratios
relative to the median HRVI resulting from univariate non-
linear Cox regression analysis for cardiovascular and all-
cause mortality, respectively. Non-linear Cox regression analysis
revealed a non-linear behavior of HRVI in univariate and
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FIGURE 2 | Non-linear association of HRVI with mortality. Univariate association of HRVI with cardiovascular (A) and all-cause mortality (B) in Kaplan-Meier analyses.
Non-linear univariate Cox regression analysis using penalized smoothing splines for cardiovascular (C) and all-cause mortality (D). HRVI, heart rate variability triangular
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adjusted analysis for cardiovascular mortality (Table 3) and all-
cause mortality (Table4). When categorizing HRVI into the
inner and outer quartiles a value within the outer quartiles
was associated with a 6.1- and 2.2-times increased risk for
cardiovascular mortality and all-cause mortality in adjusted
analysis, respectively. The 3-year cardiovascular mortality rate
was 6.8 and 29.5% for the inner and outer HRVT quartile group,
respectively, whilst the corresponding 6-year cardiovascular
mortality rates were 11.4 and 36.4%, respectively (Figure 3A).
For all-cause mortality the 3-year mortality rate was 38.6 and
61.4%, and the 6-year mortality rate was 65.9 and 81.8% for the
inner and outer HRVI quartile group, respectively (Figure 3B).
Figure 4 shows similar results when the cohort is stratified at

the border of the first HRVI quartile. Exploratory analysis of
HRVI numerator and denominator revealed heterogenous results
(Supplementary Figure 1 and Supplementary Table 4).
C-index comparison of adjusted non-linear Cox regressions
showed that the concordance of the Cox regression with the
24-h HRVI measurement was 7 and 5% higher than the mean
concordances of 1000 Cox regressions with randomly selected
5 min HRVI segments for cardiovascular and all-cause mortality,
respectively (cardiovascular mortality: 0.73 vs. 0.68 =+ 0.02;
all-cause mortality: 0.68 vs. 0.65 & 0.01). Similarly, C-index
comparison for 24-h SDNN measurements vs. 5min segments
differed by 12% for cardiovascular mortality (0.73 vs. 0.65 %
0.01). Furthermore, when stratifying patients into sinus rhythm
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TABLE 3 | Linear and non-linear associations of risk variables with cardiovascular mortality in unadjusted and adjusted Cox regression analysis.

Linear term Non-linear term
Unadjusted Adjusted Unadjusted Adjusted
Variable Unit HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P
HRVI 1 - - - - NA 0.031 NA 0.032
HRVI (quartiles) 24+3vs.14+4 4.6 (1.7-12.6) 0.003 6.1 (2.1-17.7) 0.001 - - - -
Cardiovascular mortality risk score 1 point 1.1(0.9-1.2) 0.09 1.2(1.0-1.9) 0.032 - - 1.1(0.9-1.2) 0.094
Charlson Comorbidity Index 1 point 1.1(0.9-1.2) 0.29 1.1(0.9-1.2) 0.54 - -

1009-12) 064

TABLE 4 | Linear and non-linear associations of risk variables with all-cause mortality in unadjusted and adjusted Cox regression analysis.

Linear term Non-linear term
Unadjusted Adjusted Unadjusted Adjusted
Variable Unit HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P
HRVI 1 - - - NA 0.004 NA 0.003
HRVI (quartiles) 2+3vs.1+4 1.8(1.1-3.0) 0.018 2.2(1.3-3.8) 0.002 - - - -
Cardiovascular mortality risk score 1 point 1.1(1.0-1.2) 0.0004 1.1 (1.1-1.2) 0.0006 - - 1.1(1.0-1.2) 0.0008
Charlson Comorbidity Index 1 point 1.1(1.0-1.2) 0.02 1.1(0.9-1.2) 0.11 = - 1.1(0.09-1.2) 0.21

Adjusted model for Charlson Comorbidity Index and Cardiovascular Mortality Risk Score. Cl, confidence interval; NA, not applicable due to non-linear fitting of the models on two

degrees of freedom on HRVI.
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Outer quartiles 44 36 23 16 11 8 6

FIGURE 3 | Kaplan-Meier curves of the inner vs. outer quartiles of HRVI for (A) cardiovascular mortality and (B) all-cause mortality. Hazard ratio after adjustment for
the Charlson Comorbidity Index and the Cardiovascular Mortality Risk Score. Cl, confidence interval; HR, hazard ratio; HRVI, heart rate variability triangular index.

B All-cause mortality
100

75

50

25

Survival probability (%)

adjusted HR=2.2

0 (95% ClI: 1.3-3.8, p=0.002)
0 1 2 3 4 5 6
Follow-up (years)
HRVI number at risk
Inner quartiles 44 37 30 26 22 17 11
Outer quartiles 44 36 23 16 11 8 6

and AF, patients in sinus rhythm were descriptively more likely
to have a significant p-value in the linear Cox regression model
than AF patients (Supplementary Figure 2).

The median percentage of AF burden during 24-h recordings
in the 48 patients with AF was 22.7% (6.6-45.5), 99.9% (85.8—
99.9), 98.8% (88.0-99.9), and 99.8% (88.0-99.9) in the quartiles
of HRVI (p = 0.008). Post-hoc analysis revealed significant

difference of percentages between the first and the second
(adjusted p = 0.03) and the first and the fourth quartile (adjusted
p = 0.003). Figure 5 displays stratifications of patients in AF or
sinus rhythm. Median follow up was 2.0 and 3.9 years for patients
with AF or sinus rhythm, respectively. The mean heart rate was
significantly higher in AF patients compared to patients in sinus
rhythm (76.6 £ 14.2 vs. 68.7 & 11.2 bpm, p = 0.006). However,
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FIGURE 4 | Kaplan-Meier curves stratified at the border of the first HRVI quartile for (A) cardiovascular and (B) all-cause mortality. The 3-year cardiovascular mortality
rate was 31.8 and 13.6% if HRVI was <18.246 and >18.246, respectively. The 6-year cardiovascular mortality rate was 40.9 and 18.2% if HRVI was <18.246 and
>18.246, respectively. For all-cause mortality the 3-year mortality rate was 63.4 and 45.5%, and the 6-year mortality rate was 90.9 and 68.2% if HRVI was <18.246
and >18.246, respectively. Hazard ratios are adjusted for the Charlson Comorbidity Index and the Cardiovascular Mortality Risk Score and show a 3.4- and 2.2-times

triangular index.

increased risk of cardiovascular and all-cause mortality if HRVI was < 18.246, respectively. Cl, confidence interval; HR, hazard ratio; HRVI, heart rate variability

patients with AF had significantly lower ratios of normal to all
beats (39.8% [31.3-52.0] vs. 93.4% [85.3-96.5], p < 0.001). The
median ratio of normal beats was 84.5% (71.3-95.6), 90.1% (52.7-
96.4), 54.3% (45.1-92.4), and 32.7% (25.8-40.0) in the quartiles
of HRVI (p < 0.001). Post-hoc analysis revealed significant
differences of the fourth to the first, second or third quartile (each
adjusted p < 0.001). Addition of the presence of AF or sinus
rhythm or the normal beat ratio to the adjusted Cox regression
models did not change the results (Tables 5, 6). Furthermore,
only the HRVI numerator was associated with the presence of
AF (odds ratio per 1,000 normal-to-normal intervals: 0.92, 95%
confidence interval: 0.88-0.96, p < 0.001). Figure 6 displays the
HRVI numerator and denominator with stratification for AF or
sinus rhythm, cardiovascular and all-cause mortality.

Exploratory analysis of other HRV parameters that express
overall long-term (SDNN, SDANN, ULF) and short-term
(RMSSD) variability towards mortality revealed inconsistent
results (Table 7).

DISCUSSION

In this study, we found a U-shaped association of HRVI and
mortality in hemodialysis AF patients. Stratification into inner
and outer quartiles of HRVI was significantly associated with
cardiovascular and all-cause mortality with a hazard ratio of 6.1
and 2.2 in adjusted models.

The left part of the U-shaped curve corresponds to depressed
variability with impaired function of the autonomic nervous
system which was primarily present in patients in sinus rhythm

who had an AF history. According to the HRV Task Force,
HRVI<15 is severely depressed (24). In the Swiss-AF study,
dichotomizing the cohort at HRVI median of 14.3 led to
association with mortality. In the present study, the cut-off of the
first quartile was 18.2. When used to stratify patients below or
above 18.2, patients below this cut-off were similarly exposed to
increased mortality as when stratified by inner and outer HRVI
quartiles. Furthermore, in our dataset it seems that HRVI values
below the cohort median of 26.3, which comprises primarily
patients in sinus rhythm, have an almost linear relationship to
mortality. When randomly selecting 5min segments, patients
in sinus rhythm were more likely to have a significant p-value
in the linear Cox regression model. HRVI has not yet been
examined in hemodialyzed AF patients. In 120 hemodialysis
patients without AF, HRVI was associated to cardiac death with
a cohort median of 23.5 (26). Therefore, HRVI values might be
higher in hemodialysis patients compared to patients without
kidney disease.

The right part of the U-shaped curve could be explained
by a higher prevalence of AF and a lower ratio of normal
beats in the fourth HRVI quartile which is in line with a
higher odds ratio for AF in case of lower HRVI numerator.
Higher HRVI values correspond to a more diffuse pattern
of RR intervals. Importantly, adding the presence of AF or
the ratio of normal beats to the adjusted models did not
change the non-linear association between HRVI and mortality.
Linear relationships had been observed for patients without
kidney disease with and without AF (17, 27). Limited evidence
for a U-shaped behavior of HRV could be found and might
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TABLE 5 | Sensitivity analysis of adjusted linear and non-linear Cox regression models additionally including the presence of atrial fibrillation (AF) or sinus rhythm (SR) for

(A) cardiovascular and (B) all-cause mortality.

Variable Unit Adjusted model
linear Non-linear

HR (95% CI) P HR (95% CI) P
(A) Cardiovascular mortality
HRVI 1 - - NA 0.027
HRVI (quartiles) 2+3vs.1+4 6.7 (2.2-19.9) 0.0007 - -
Cardiovascular mortality risk score 1 point 1.2(1.0-1.3) 0.020 1.1(0.9-1.2) 0.08
Charlson Comorbidity Index 1 point 1.0(0.9-1.2) 0.61 1.0(0.9-1.2) 0.70
AF or SR AF present 0.6 (0.3-1.5) 0.31 0.9 (0.3-2.3) 0.75
(B) All-cause mortality
HRVI 1 - - NA 0.0034
HRVI (quartiles) 2+3vs. 1+4 2.1(1.3-3.6) 0.005 - -
Cardiovascular mortality risk score 1 point 1.1(1.0-1.2) 0.002 1.1(1.0-1.2) 0.007
Charlson Comorbidity Index 1 point 1.1(1.0-1.2) 0.09 1.1(1.0-1.2) 0.09
AF or SR AF present 1.3(0.8-2.1) 0.36 1.8(1.0-3.2) 0.06

Adjusted model includes HRVI, the Charlson Comorbidity Index and Cardiovascular Mortality Risk Score, and atrial fibrillation vs. sinus rhythm. Cl, confidence interval; HR, hazard ratio;
HRVI, heart rate variability triangular index; NA, not applicable due to non-linear fitting of the models on two degrees of freedom on HRVI.

TABLE 6 | Sensitivity analysis of adjusted linear and non-linear Cox regression models additionally including the ratio of normal beats for (A) cardiovascular and (B)

all-cause mortality.

Variable Unit Adjusted model
linear Non-linear

HR (95% CI) P HR (95% ClI) P
(A) Cardiovascular mortality
HRVI 1 - - NA 0.037
HRVI (quartiles) 2+3vs. 144 6.4 (2.1-19.3) 0.001 - -
Cardiovascular mortality risk score 1 point 1.2 (1.0-1.3) 0.030 1.1(1.0-1.2) 0.15
Charlson Comorbidity Index 1 point 1.1(0.9-1.2) 0.62 1.0(0.9-1.2) 0.65
Ratio of normal beats 1% 1.4 (0.3-6.9) 0.70 0.4 (0.1-2.5) 0.35
(B) All-cause mortality
HRVI 1 - - NA 0.003
HRVI (quartiles) 2+3vs.1+4 2.1 (1.2-3.7) 0.007 - -
Cardiovascular mortality risk score 1 point 1.1(1.0-1.2 0.002 1.1(1.0-1.2) 0.006
Charlson Comorbidity Index 1 point 1.1 (1.0-1.2) 0.12 1.1(1.0-1.2) 0.21
Ratio of normal beats 1% 0.8 (0.3-2.0) 0.64 0.4 (0.1-1.0) 0.06

Adjusted model includes HRVI, the Charlson Comorbidity Index and Cardiovascular Mortality Risk Score, and ratio of normal to overall beats. ClI, confidence interval; HR, hazard ratio;
HRVI, heart rate variability triangular index; NA, not applicable due to non-linear fitting of the models on two degrees of freedom on HRVI.

be physiologically plausible (28). Dividing the HRVI in its
numerator and denominator was not able to further explain the
U-shaped profile. However, we assume that the U-shape displays
rather irregular heart periods than an actual autonomic influence.
Still, it is unclear if autonomic nervous system modulations
influence the RR-interval irregularity in AF. Further studies have
to confirm the non-linear risk relationships in AF patients on
hemodialysis and to investigate whether disease-specific cut-offs
exist. Furthermore, it might be of interest to examine HRVI
in larger cohorts of only permanent AF patients. In general,

however, examination of non-linear relationships should be
considered when examining HRVI.

Patients in the Swiss-AF study were younger (73 vs. 76 years)
and kidney disease was not present (17). Also, the Swiss-AF study
recorded short-term ECGs of >5 min whereas we recorded 24-h
ECGs. We found shorter recording periods to be less accurate
for risk prediction than 24-h recordings. Most probably due
to longer recording times in the present study, sinus rhythm
in the ECG was present in 46% of our patients whereas in
58% of patients in the Swiss-AF study which might furthermore
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TABLE 7 | Linear and non-linear associations of risk variables with (A) cardiovascular mortality and (B) all-cause mortality in unadjusted and adjusted Cox regression

analysis.
Linear term Non-linear term

Unadjusted Adjusted Unadjusted Adjusted
Variable Unit HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P
(A) Cardiovascular mortality
SDNN ms 0.9 (0.9-1.0) 0.92 0.9 (0.9-1.0) 0.62 NA 0.0383 NA 0.032
SDANN ms 0.9 (0.9-1.0) 0.36 1.0 (0.9-1.0) 0.25 NA 0.16 NA 0.21
RMSSD ms 1.0 (0.9-1.0) 0.59 1.0(0.9-1.0) 0.76 NA 0.26 NA 0.19
ULF ms? 0.9 (0.9-1.0) 0.18 1.0 (1.0-1.0) 0.19 NA 0.072 NA 0.12
(B) All-cause mortality
SDNN ms 1.0 (0.9-1.0) 0.32 1.0 (1.0-1.0) 0.93 NA 0.17 NA 0.18
SDANN ms 1.0(1.0-1.0) 0.73 1.0(1.0-1.0) 0.35 NA 0.031 NA 0.07
RMSSD ms 1.1(1.0-1.0) 0.049 1.0(1.0-1.0) 0.14 NA 0.43 NA 0.35
ULF ms? 1.0(1.0-1.0) 0.18 1.0(1.0-1.0) 0.15 NA 0.007 NA 0.037

Adjusted model includes the predictor, the Charlson Comorbidity Index, and Cardiovascular Mortality Risk Score. Cl, confidence interval; HR, hazard ratio; NA, not applicable; SDNN,
standard deviation of all NN intervals; SDANN, standard deviation of the averages of NN intervals in all 5-min segments of 24 h recording; RMSSD, square root of the mean square of

differences between adjacent NN intervals;, ULF, ultra-low frequency.

explain why we found a U-shaped association instead of a linear
association between HRVI and mortality.

Compared to other HRV parameters that express overall
variability only HRVI was able to predict both cardiovascular
and all-cause mortality. Interestingly, other parameters such as
SDNN and ULF also displayed a non-linear relationship to
mortality. HRVI might be more robust and reproducible as it is,
by design, less affected by artifacts and noise (29-31) and as it
does not require artifact-clear ECG recognition (32).

One third of the dialysis cohort had either a medical history
of AF or AF on the recorded ECG. This prevalence of AF in

our cohort is comparable to similar hemodialysis populations
(6). In 2% of patients, we made a new AF diagnosis. Although
this might seem to represent a low proportion, higher morbidity
and mortality in AF (6, 7) suggest that regular long-term
ECG recordings should be considered since AF might be
undetected in non-permanent recordings, e.g., by implantable
loop recorders (2).

Hemodialysis patients with AF are characterized by a
high morbidity and frailty (6, 7). Also, patients from our
cohort were much sicker and older compared to hemodialysis
patients without AF participating in the ISAR study. When
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dividing the cohort into inner and outer quartiles of HRV],
patients did not differ in comorbidities, age, and other factors.
Interestingly, the Charlson Comorbidity Index, considered to
have a strong predictive power of mortality in hemodialysis
patients, was not associated with mortality in our data. In clinical
practice, a detailed assessment of comorbidities generally allows
approximate clinical estimates of individual risk. Nevertheless,
this is unlikely sufficient in hemodialysis AF patients. Thus,
HRVI has added benefit in hemodialysis AF patients with
predicted risk independent of the Cardiovascular Mortality Risk
Score (21).

Analysis of HRVI might also be possible in patients with
a considerable AF burden in the recorded ECG. Furthermore,
it seems particularly useful in AF patients. Consistent with
other reports (33), we have not found an association of HRVI
and cardiovascular mortality in hemodialysis patients without
AF (34), even when considering non-linear associations (data
not shown).

Finally, given the high risk of mortality in AF hemodialysis
patients, establishing a clinical tool for identification of high-
risk among this group is important. Results from this and
previous trials might allow a general inclusion of AF patients
into analyses of the autonomic nervous system when focusing on
HRV parameters linked to the total variability (17, 18). Future
studies should also investigate morbidities and instances of
non-fatal hemorrhagic and thromboembolic strokes or bleeding
events. Possibly, HRVI might also help in stratifying patients for
oral anticoagulation which, in hemodialysis patients, is subject to
an ongoing debate.

LIMITATIONS

Limitations of the present study have to be considered. This is a
rather small cohort, though one of the largest prospective dialysis
cohorts where 24-h ECGs are available. The method of HRV
calculation which was originally only developed for analyses in
sinus rhythm ECGs was also used in AF patients. Therefore, it
has to be taken into account that lower percentages of normal
beats in AF and arrhythmic patterns that can make it difficult
to discriminate normal heart beats might limit the interpretation
of HRVI in AF patients. Sex differences are well-known in AF
(35). In our cohort, sex distribution was not balanced between
the groups and some sex differences were present. However,
the sex distribution of our cohort is typical for a hemodialysis
cohort. Furthermore, adding sex to the Cox regression models
did not change the results (data not shown). The high frailty
in our cohort limited the number of available ECGs. Due to a
low number of cardiovascular events, adjusted Cox regression
analysis was limited.

CONCLUSION

In conclusion, the study found a non-linear association of
HRVI to cardiovascular and all-cause mortality independent

of known strong risk factors in hemodialysis AF patients.
Stratification into inner and outer quartiles of HRVTI identified
high-risk hemodialysis AF patients, who are known to be at
increased mortality risk compared to hemodialysis patients
without AF.
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