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Abstract: Heart rate variability (HRV) analysis is a non-invasive tool for assessing cardiac health.
Entropy measures quantify the chaotic properties of HRV, but they are sensitive to the choice of their
required parameters. Previous studies therefore have performed parameter optimization, targeting
solely their particular patient cohort. In contrast, this work aimed to challenge entropy measures
with recently published parameter sets, without time-consuming optimization, for risk prediction in
end-stage renal disease patients. Approximate entropy, sample entropy, fuzzy entropy, fuzzy measure
entropy, and corrected approximate entropy were examined. In total, 265 hemodialysis patients from
the ISAR (rISk strAtification in end-stage Renal disease) study were analyzed. Throughout a median
follow-up time of 43 months, 70 patients died. Fuzzy entropy and corrected approximate entropy
(CApEn) provided significant hazard ratios, which remained significant after adjustment for clinical
risk factors from literature if an entropy maximizing threshold parameter was chosen. Revealing
results were seen in the subgroup of patients with heart disease (HD) when setting the radius to a
multiple of the data’s standard deviation (r = 0.2 - 7); all entropies, except CApEn, predicted mortality
significantly and remained significant after adjustment. Therefore, these two parameter settings
seem to reflect different cardiac properties. This work shows the potential of entropy measures for
cardiovascular risk stratification in cohorts the parameters were not optimized for, and it provides
additional insights into the parameter choice.

Keywords: approximate entropy; sample entropy; fuzzy entropy; fuzzy measure entropy; heart rate
variability; predictive value; end-stage renal disease

1. Introduction

The electrocardiogram (ECG) is one of the most widely analyzed and clinically utilized
physiological signals among others such as electroencephalograms (EEGs), electromyograms (EMGs),
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electrooculograms (EOGs), and respiratory signals. It reflects the electrical signature of the cardiac
cycles and thus can be used as the starting point for the quantification of heart rate variability (HRV),
which represents the variation of the heart rate and is based on normal-to-normal interbeat intervals.
HRYV reflects the physiological process of many factors regulating the normal rhythm of the heart on a
beat-by-beat basis in order to achieve an—ideally—optimal nourishment of the body by providing
cardiac output [1].

More than five decades ago, it was already discovered that HRV could be used as a marker for
cardiovascular health status, when a reduction of fetal HRV during labor was associated with distressed
babies [2]. Since then, the usefulness of HRV for risk stratification has become more and more evident.
In recent years, its predictive value has been demonstrated in several populations, ranging from
post-myocardial infarction [3] to chronic kidney disease and end-stage renal disease (ESRD) patients
undergoing hemodialysis [4,5], by the use of traditional measures in the time and/or frequency domain
to newer nonlinear measures.

A vast number of measures for the quantification of HRV have been introduced in recent decades.
Traditional measures originate mainly from the time and/or frequency domain [6,7]. Newer methods
(e.g., long-range correlation and fractal analysis, short-term complexity, entropy or detrended
fluctuation analysis) can contribute essentially to the understanding of the underlying mechanisms of
HRYV and to the quantification of the complex regulation mechanisms, which cannot be described by
traditional measures accurately [8]. Furthermore, Sassi et al. [8] highlighted in their critical review the
so-far rather limited success of these advanced HRV approaches in clinical applications.

Entropy measures are part of this new family quantifying the variability of the heart rate [9].
Their information theory principles have clear potential to better understand the intrinsic dynamics
and mechanisms underlying HRV and its physiological origins. This is underlined by their ability to
discover certain patterns and shifts in the “apparent ensemble amount of randomness” of a stochastic
process [10]. They can measure randomness as well as the predictability of processes [11]. The family
of entropy measures has grown immensely in recent years, and these are applied in various domains
(e.g., [9]). Particularly for HRV analysis, the following measures can be highlighted: approximate
entropy (ApEn) [12], sample entropy (SampEn) [13], fuzzy entropy (FuzzyEn) [14], and their further
developments fuzzy measure entropy (FuzzyMEn) [15] and corrected ApEn (CApEn) [16].

One aspect that all entropy measures have in common is their dependency on the choice of
parameters, as these determine their behavior and thus are crucial for the results. In recent years,
a large amount of research has been done to define parameter sets for various application fields [13,17-19].
These studies were, to our knowledge, mainly based on cross-sectional data. Hence, longitudinal
evidence is still scarce. Nevertheless, agreement has been reached on some parameters, and studies’
results for parameter selection are converging for others.

We therefore aim to use recently published parameter sets for different entropy measures
for risk prediction in a cohort of ESRD patients undergoing hemodialysis. Questions raised by
Holzinger et al. [9] on the clinical applicability of entropy measures and their dependency on the
choice of parameters are addressed. Therefore, parameters are not optimized for the data at hand,
but they are challenged for risk prediction as reported in a very special and different cohort, that is,
on high-risk patients with a five-year survival range between 40% and 50% [20]. As a result, the focus
is on ApEn, SampEn, FuzzyEn, FuzzyMEn and CApEn, using the parameter sets recently determined
by Mayer et al. [1,19].

2. Materials and Methods

2.1. Data

All data used in this work was from the ISAR (rISk strAtification in end-stage Renal disease) study
(ClinicalTrials.gov; identifier number: NCT01152892)—a prospective, longitudinal, observational
cohort study, which aims to improve cardiovascular risk stratification in end-stage renal disease [21].
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The study protocol was approved by the ethic committees of the Klinikum rechts der Isar of the
Technical University Munich and of the Bavarian State Board of Physicians. Between September 2010
and January 2014, 519 patients were recruited. All patients gave written informed consent.

The baseline clinical data included anthropometric measures (height, weight, and body mass
index) and blood samples. Cardiovascular risk factors (diabetes, hypertension, and smoking) were
obtained at study entry. Furthermore, details of dialysis were traced regarding ultrafiltration volume,
dialysis efficiency, and dialysis duration per session. To refine the comparison of risk factors and
comorbidities in statistical analysis, the adapted Charlson comorbidity index (CCI) was calculated.
This adaption of the CCl is based on the calculation of Liu et al. [22], who further improved the original
CCI [23] for ESRD patients.

The 24 h 12-lead ECG data were recorded using the Lifecard CF digital Holter recorder
(Delmar Reynolds/Spacelabs Healthcare, Nuremberg, Germany) within the ISAR study. Reference
ECG annotation and interbeat (RR) interval determination were performed using evaluated
commercial equipment (Pathfinder, version 9.027, Delmar Reynolds/Spacelabs Healthcare, Nuremberg,
Germany) [24]. An experienced physician, who was blinded to the patient’s clinical status, manually
reviewed and processed the available 391 recordings [21].

Figure 1 summarizes the flow chart of the study population and the final included data. Patients
were excluded if they had an implanted cardiac pacemaker or a cardioverter—defibrillator pacing
the heart (n = 27), or atrial fibrillation (n = 54). Recordings with less than 75% sinus rhythm
beats were also excluded (n = 20). RR-interval data were taken between 2:00 a.m. and 2:30 a.m.
to ensure standardized conditions. In total, 265 recordings were included in the final analysis
(see Figure 1). The patients were followed up until death and censored after renal transplantation
(per transplantation date).

519 prevalent

dialysis patients — 391 RR-interval data ) )
(the ISAR cohort) from 2:00 am-2:30 am

381 Usable RR-data 265 patients
finally included

116 subjects were excluded:
128 subjects were excluded,

due to missing ECG recording - 27 implanted pacemaker

- 54 patients with atrial
fibrillation

- 20 less than 75% normal beats

- 15 missing clinical data

Figure 1. Flow chart of the study population.

Filtering was done according to Bauer et al. [25]. In detail, RR-intervals needed to be between
300 and 2000 ms, and consecutive RR-interval differences had to be less than 200 ms. Furthermore,
RR-intervals with more than a 20% difference to the mean of the last five preceding sinus RR-intervals
were filtered. The filtered series of RR-intervals is named NN-interval series to emphasize the difference
between normal beats (i.e., normal-to-normal intervals).

2.2. HRV Analysis

Additionally to the entropy measures (see Section 2.3), traditional HRV parameters of the time
domain and frequency domain were computed on 5 min NN-segments according to guidelines [7] and
were then averaged. Parameters of the time domain were the average time of NN-intervals (AVNN),
the standard deviation of NN-intervals (SDNN), the square root of the mean-squared differences of
adjacent NN-intervals (RMSSD), the percentage of the number of NN-intervals greater than 50 ms,
and the HRV triangular index (HRVTI).



Entropy 2017,19, 582 40f 13

The power spectral density was estimated with the Lomb—-Scargle periodogram [26,27]. Total power
(total P) determined the variance of the 5 min segment. Variances corresponding to the low-frequency
(LF; 0.04-0.15 Hz) and high-frequency (HF; 0.15-0.4 Hz) bands were assessed. Finally, the ratio of LF
to HF power spectral components (LF/HF) was calculated.

2.3. Entropy Measures

In information theory, entropy is a measure of unpredictability. This principle can be applied to
time series such as NN-intervals by quantifying the likelihood that two similar sequences of template
length m remain similar after increasing the length to m 4- 1 [12]. “Similarity”, in this context, is either
defined by a threshold value r or a fuzzy membership function of radius r with exponent n as a
weighting factor. Furthermore, some entropy measures distinguish between local and global similarity,
therefore requiring local and global radii and exponents (71, rr, 1, and nr). The total length of the
time series is denoted as N.

Following previous works, ApEn, CApEn, SampEn, FuzzyEn, and FuzzyMEn were used in this
evaluation [1,19,28].

e Asintroduced by Pincus et al. [12], the ApEn is calculated as

1 N-—m+1 1 N—m .
i=1

i=1
where C!"(r) is the number of points within the distance r of any point x(i) from x* :=
[x(i),...,x(i4+m—1)], divided by N —m + 1.

e  Because of self-matches, ApEn is biased towards regularity. Porta et al. [16] therefore introduced
the corrected approximate entropy CApEn, where ApEn was reformulated and adapted as

1 N—-—m+1

i=1

with
© (N—-m+1)"1 if C"(r)=1 or C'"'(r)=1
CI"(r)/CI""1(r) otherwise

¢ Richman and Moorman [13] introduced another approach to correct the bias of ApEn, namely,
SampEn. This is calculated as

SampEn(m,r,N) := log ( Z cl(r ) —log (sz CZ”H(r)> 3)
i=1

where in this case, C"(r) and C;”H (r) do not count self-matches.

e ApEn and SampEn are sensitive to small variations of r, because C"(r) is a counting function
and the condition resembles a Heaviside function. To counteract this problem, Chen et al. [14]
introduced FuzzyEn, replacing C!"(r) with the fuzzy membership function:

u(x,n,r):=exp(—0.69- (x/r)") (4)
FuzzyEn is then calculated as
r,n,N)
FuzzyEn(m,r,n,N) := In (‘PmH N ) where (5)
1 N H d(xl,x ) )
" N) := 6
PN = L ©

with d(x, y) being the Chebyshev distance defined as
d(x, y) == max (|x; — i) @)
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e In order to distinguish between local (using r;, and ny) and global (using rr and nr) similarity,
Liu et al. [15] extended the FuzzyEn to the FuzzyMEn:

M) +1n (M) @®

FuzzyMEn(m,ry, rp,ng, ng, N) :=In (CP"’H(TL,V!L, N) P (rp, 1r, N)

2.4. Application of Entropy Measures

In order to apply the entropy measures to the NN-interval series, parameter values for m, r, and n,
or m, ry, rr, n, and np have to be chosen. The parameter N, by contrast, is given by the number of
NN-intervals of the respective time series. Because a duration of 30 min was evaluated from each
recording, the condition of N > 1000, as suggested by previous studies [13,17-19], was satisfied.

Numerous studies agree on the template length m, and the most frequent suggestion is to set
m = 2[14,15,18,19,29-32]. Therefore, this setting was also chosen for the evaluations in this work.

The selection of the threshold parameter or radius of the fuzzy membership function r is more
controversial. The most frequently used approaches are the selection of values depending on the
standard deviation (¢) of the time series in the range r € [0.1 -0,0.25 - a] [12,31], abbreviated as 7.,
and to choose r such that the resulting entropy values are maximized; this value is referred to as
TChon [32]. Following previous studies, the results for both rcpon and v = 0.2 - o for v, v, and rr were
evaluated in this work [19].

The ideal choice for the value of the weighting factor of the fuzzy membership function n depends
on the choice of r; values are commonly in the range n € [1,3] [14,15,19]. Again, previous studies
provided the values used in this work, as summarized in Table 1 [19].

Table 1. Parameter sets used for entropy estimation in this work for template length m, the weighting
factor(s) n, ny and np, and the threshold parameter(s) r, r and r.

m n=np np r=rL=r7F
entropy(rchon) 2 2 1 "Chon
entropy (o) 2 1 3 020

2.5. Statistical Analysis

Baseline data are presented as the number and percentage for categorical data; quantitative
data are presented as means and standard deviation (SD) or median and inter-quartile range (IQR),
as appropriate.

Mortality risk was determined using Cox proportional hazards regression models. The hazard
ratios (HRs) are presented, including their 95% confidence interval (CI). All-cause mortality was
defined as the endpoint in this work. To test for the independency of the risk predictors, Cox models
for univariately significant predictors were adjusted according to the literature (Model A) and for
covariates significant in univariate analysis (Model B). Input data for the Cox models were visually
inspected. Skewed data were transformed by a standard logarithmic transformation, except for
CAPpEN(rchon ), which was transformed by using the two-parametric Box-Cox transformation [33].

Furthermore, interactions between risk predictors and heart disease (HD) status (defined as the
presence of heart failure, valvular HD or other heart/vascular diseases) were identified by interaction
terms. Significant or borderline significant interaction terms indicated a need for further analyses
based on HD status. All computations were performed using MATLAB (The MathWorks, Inc., Natick,
MA, USA; R2016b). A test with a p-value of p < 0.05 was considered significant.

3. Results

During the median follow-up time of 43 months, 70 out of the 265 patients with ESRD undergoing
hemodialysis died (26%). The patient baseline data are shown in Table 2. The mean age of the
patients was 62 years, and 175 were male (66%). Of 265 patients, 250 suffered from hypertension,



Entropy 2017, 19, 582

6 of 13

which corresponded to 94%. The median duration per dialysis session was 4.23 h. Table 3 shows the
traditional HRV measures, as well as entropy measures at baseline.

Table 2. Baseline data of included patients. Data given as number (%) for categorical data, mean (SD)

or median [IQR].

Variable All Data (n = 265)
Age (years) 62 (15.1 SD)
Sex—male, 1 (%) 175 (66%)
Body weight (kg) 77.1 (19 SD)
Height (m) 1.71 (0.0842 SD)

Body mass index (kg/m?)
Presence of diabetes, 1 (%)
Presence of hypertension, 1 (%)
Current smokers, 11 (%)
Adapted CCI (-)
Dialysis vintage (mo)
Dialysis duration per session (h)
UFV (mL)

Kt/V ()

Serum albumin (g/dL)
hsCRP (mg/dL)

Total cholesterol (mg/dL)
HDL cholesterol (mg/dL)
LDL cholesterol (mg/dL)

Calcium x phosphate (mmol?/L?)

Antihypertensive drugs, 1 (%)
Statins, 1 (%)
Anticoagulant, n (%)

25[22.5,28.7]
92 (35%)
250 (94%)
72 (27 %)
211, 5]
47.3[23.8,79.4]
4.23[4.02, 4.55]
2196 (1157 SD)
1.47 (0.398 SD)
4.03 (0.395 SD)
0.368 [0.159, 0.881]
181 (44.8 SD)
42[36, 52]
112 (36 SD)
3.94 (1.13 SD)
237 (89%)
97 (37%)
29 (11%)

Abbreviations: SD = standard deviation; IQR = interquartile range; CCI = Charlson comorbidity index; mo = months;
UFV = ultrafiltration volume; hsCRP = high-sensitivity C-reactive protein; Kt/V = dialyzer clearance of
urea-dialysis time /volume of distribution of urea; HDL = high-density lipoprotein; LDL = low-density lipoprotein.

Table 3. Heart rate variability (HRV) parameters of the time and frequency domain and entropy

measures at baseline. Data given as mean (SD) or median [IQR].

Variable

All Data (n = 265)

AVNN (ms)
SDNN (ms)
RMSSD (ms)
PNINS50 (%)
HRVTI (-)
Total P (ms?)
LF (ms?)
HF (ms?)
LF/HF (-)

887 (131 SD)
33.9 (17.5 SD)
13.4[9.42,20.2]
0.539 [0.0838, 2.48]
30.3 (9.84 SD)
1090 [495, 2198]
189 [72, 461]
59.9 [25.6, 158]
3.21[1.37, 6.41]

ApEn(rChon) (')
ApEn(rs) (-)
SampEn(rchon) ()
SampEn(rs) (-)
FuZZyEn(TChon) ')

FuzzyEn(r,) (-)
FuzzyMEn(rChon) (')
FuzzyMEn(r¢) (-)
CAPpEn(rchon) ()
CApEn(ry) (-)

0.336 [0.184, 0.526]
1.05 (0.294 SD)
3.36 (0.597 SD)

0.968 (0.345 SD)
3.58 (0.581 SD)
0.688 (0.238 SD)
6.95 [6.29, 7.74]
1.61 (0.552 SD)
7.4[7.23,7.53]
1.36 (0.488 SD)

Abbreviations: SD = standard deviation; IQR = interquartile range; AVNN = average time of NN-intervals;
SDNN = standard deviation of NN-intervals; RMSSD = square root of the mean-squared differences of adjacent
NN-intervals; pNN50 = the percentage of the number of NN-intervals greater than 50 ms; HRVTI = HRV triangular
index; Total P = total power; LF = low-frequency (0.04-0.15 Hz) power; HF = high-frequency (0.15-0.4 Hz) power;
ApEn = approximate entropy; SampEn = sample entropy; FuzzyEn = fuzzy entropy; FuzzyMEn = fuzzy measure

entropy; CApEn = corrected approximate entropy.

Univariate Cox models identified the following independent risk factors: age, height, dialysis
duration per session, serum albumin, high-sensitivity C-reactive protein (hsCRP), anticoagulant,
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and adapted CCI (see Table 4). Adapted CCI and hsCRP showed the highest HRs with values of 1.24
(1.16, 1.33) and 1.26 (1.02, 1.56), respectively. Hence, an increase of one unit in one of either variable
increased the risk of death by about 25%. The HR of 0.52 (0.30, 0.89) producing an increase of 1 h per
dialysis session indicated that the chance of survival is doubled if the dialysis duration is extended by
1 h. These predictors were used in Model B to adjust the HRV measures for mortality risk. Another set
for adjustment is found in the literature and is defined as Model A with the following variables: age,
serum albumin, hsCRP, and calcium x phosphate [5].

Table 4. Significant univariate predictors of mortality: conventional risk factors (n = 265).

Predictor Unit HR (95% CI) p
Age 1 year 1.05 (1.03,1.07)  <0.001
Height 1lcm 0.97 (0.94,1.00)  0.04
Adapted CCI 1 1.24 (1.16,1.33)  <0.001
Dialysis duration per session 1h 0.52(0.30,0.89)  0.02
Serum albumin 1g/dL 0.24 (0.13,0.45)  <0.001
hsCRP log(1mg/dL) 1.26(1.02,1.56)  0.04
Anticoagulant No/Yes 0.31(0.17,0.55)  <0.001

Abbreviations: HR = hazard ratio; CI = confidence interval; CCI = Charlson comorbidity index; hsCRP =
high-sensitivity C-reactive protein.

Table 5 shows unadjusted and adjusted hazard ratios of HRV and entropy measures. Of the
standard HRV parameters, SDNN, HRVTI, total P, LF, and LF/HF predicted mortality significantly.
The HR of 0.82 (0.69, 0.96) for LF showed that an increase in LF power is associated with an increased
chance of survival. After adjustment (with either model), only LF was an independent predictor.
LF/HF had a significant predictive value if Model B was used for adjustment and a borderline
significance for Model A.

FuzzyEn(rchon) and CApEn(rcpon) significantly predicted mortality out of 10 entropy measures
in univariate analysis. An increased chance of survival for higher entropy values was manifested by a
HR of 0.59 (0.39, 0.90) with an increase of one unit for FuzzyEn(rcpop ). After adjusting with Model A,
both entropy measures retained significant risk predictors. None of the entropies was a significant
predictor of mortality after adjustment with Model B.

Interaction terms testing the interaction between the risk predictors (i.e., entropy measures) and
HD status were borderline significant if ¥ = r, was chosen (p € [0.06,0.08]). Hence, a subgroup
analysis was performed, dividing the cohort into patients with HD (n = 166, 38 events) and those
without HD (n = 99, 32 events). Baseline differences between these groups are provided in the online
Supplementary Tables S1 and S2.

The results shown in Tables 6 and 7 confirm the differences between the two subgroups, that is,
patients with HD and patients without HD, regarding entropy measures as risk predictors, as already
indicated by interaction analysis. For the patients without HD, none of the entropies was a significant
predictor of mortality. Considering the subgroup of patients with HD, the results are completely
different, as all entropies with r = r, except CApEn(r,) predicted mortality significantly (see Table 7).
After adjustment (with either model), all entropies retained their significant predictive values.
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Table 5. Unadjusted and adjusted hazard ratios of heart rate variability (HRV) parameters (n = 265).

Unadjusted Model A Model B
Variable Unit  "HrREs%CD p  HRO5%C)H p  HR@O%CD p
AVNN 10 ms 1.01 (0.99, 1.03) 0.3 - - - -
SDNN log(ms) 0.66(043,1.01) 0.05 0.76(0.47,1.21) 025 0.67(0.41,1.10) 0.12
RMSSD log(ms) 0.94(0.63,1.40) 0.75 - - - -
pnn50 log(%) 1.02(0.97,1.07) 0.51 - - - -
HRVTI 1 0.97(0.94,0.99) 0.01 0.98(0.95,1.00) 0.07 0.98(0.95,1.01) 0.12
Total P log(msz) 0.81(0.65,0.99) 0.04 0.87(0.69,1.10) 0.25 0.83(0.65,1.05) 0.12
LF log(ms?)  0.82(0.69,096) 001 0.84(0.70,1.00) 005 0.82(0.68,0.99) 0.04
HF log(ms?) 1.02(0.85,122) 0.84 - - - -
LF/HF 1 0.74 (0.60,0.90) 0.003 0.82(0.66,1.01) 0.06 0.74(0.59,0.92) 0.007
ApEN(rchon) log(1) 1.30(0.95,1.77) 0.1 - - - -
ApEn(ry) 1 0.55(0.25,1.23)  0.15 - - - -
SampEn(7chon) 1 0.68 (0.45,1.03)  0.07 - - - -
SampEn(r,) 1 0.55(0.27,1.10)  0.09 - - - -
FuzzyEn(rchon) 1 059 (0.39,0.90) 0.01 058(0.37,092) 002 0.65(0.41,1.04) 0.07
FuzzyEn(ry) log(1) 0.65(0.33,1.27)  0.21 - - - -
FuzzyMEn(rchon)  log(1) 0.32(0.09,1.13)  0.08 - - - -
FuzzyMEn(ry) 1 0.74 (0.48,1.15)  0.18 - - - -
CAPEN(rchon) o 0.91(0.84,098) 001 092 (0.84,1.00) 004 092(0.84,1.01) 0.08
CAPpEn(ry) 1 0.90 (0.55,1.47) 0.67 - - - -

o Data was Box-Cox transformed with A = 13.81 and divided by 1 x 1019, Abbreviations: HR = hazard ratio;
CI = confidence interval; AVNN = average time of NN-intervals; SDNN = standard deviation of NN-intervals;
RMSSD = square root of the mean-squared differences of adjacent NN-intervals; pNN50 = the percentage
of the number of NN-intervals greater than 50 ms; HRVTI = HRV triangular index; Total P = total power;
LF = low-frequency (0.04-0.15 Hz) power; HF = high-frequency (0.15-0.4 Hz) power; ApEn = approximate
entropy; SampEn = sample entropy; FuzzyEn = fuzzy entropy; FuzzyMEn = fuzzy measure entropy; CApEn =
corrected approximate entropy.

Table 6. Unadjusted and adjusted HRs of entropies for the subgroup patients without heart disease

(n = 166).
No Heart Disease
Unadjusted Model A Model B
Variable Unit  "HR@©5%CD p HRO5%CD p HR(O5%CD  p
ApEn(rchon) log(1) 1.28(0.85,1.90) 0.23 - - - -
ApEn(r,) 1 1.21(0.39,3.77) 0.74 - - - -
SampEn (7chon) 1 078(0.44,1.40) 041 - - - .
SampEn(ry) 1 1.04 (0.40,2.73) 093 - - - -
FuzzyEn (rchon) 1 066(0381.14) 0.14 - - - -
FuzzyEn(r,) log(1) 1.23(0.46,3.26) 0.67 - - - -
FuzzyMEn(rcpe,) log(l)  0.63(0.12,3.45) 0.60 - - - -
FuzzyMEn(r,) 1 1.12(0.62,2.03) 0.71 - - - -
CAPEN(chon) o 099(0.98,1.00) 0.10 - - - -
CApEn(ry) 1 1.43(0.74,2.77) 0.29 - - - -

o Data was Box-Cox transformed with A = 13.81 and divided by 1 x 1010
ratio; CI = confidence interval; ApEn = approximate entropy; SampEn = sample entropy; FuzzyEn =
fuzzy entropy; FuzzyMEn = fuzzy measure entropy; CApEn = corrected approximate entropy.

. Abbreviations: HR = hazard
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Table 7. Unadjusted and adjusted HRs of entropies for the subgroup patients with heart disease (1 = 99).

Heart Disease (HD)

Unadjusted Model A Model B
Variable Unit  HR@s%CHD p  HRO5%CD  p HR 95% CD)  p
ApEn(rcnon)  log(1)  1.27(0.76,2.11)  0.37 - - - -
ApEn(ry) 1 029(0.09,091) 003 0.13(0.04,044) 0001 0.20(0.05 082 0.02
SampEn (fcnon) 1 0.64(0.36,1.12) 0.11 - - - -
SampEn(r,) 1 0.31(0.11,0.90) 0.03 0.15(0.05,0.46) <0.001 0.22(0.06,0.81) 0.02
FuzzyEn(rchon) 1 056(0.30,1.06) 0.08 - - - -
FuzzyEn(ry) log(1) 0.39(0.15,1.00) 0.05 0.21(0.07,0.58) 0.003 0.32(0.10,0.99) 0.05
FuzzyMEn(rcpon) log(1l)  0.19(0.03,1.18) 0.08 - - - -
FuzzyMEn(ry) 1 0.50(0.25,0.99) 0.05 0.32(0.16,0.67) 0.002 0.43(0.19,0.96) 0.04
CAPEN(rchon) o 0.99(0.98,1.00) 0.06 - - - -
CApEn(r,) 1 0.57(0.27,1.20) 0.14 - - - -

o Data was Box-Cox transformed with A = 13.81 and divided by 1 x 10!°. Abbreviations: HR = hazard ratio;
CI = confidence interval; ApEn = approximate entropy; SampEn = sample entropy;FuzzyEn = fuzzy entropy;

FuzzyMEn = fuzzy measure entropy; CApEn = corrected approximate entropy.

Additionally, Figure 2 visualizes HRs of all entropy measures before adjustment and after
adjustment if univariate analysis was significant.

(A) all data Unadjusted

Model A Model B
ApEN (re, o) ——
APEN(r) | —o—
SampEn (rChon) ——
SampEn (ru) ——
FuzzEn (re, ) ——i ——i ——
FuzzEn (ru) ———
FuzzMEn (rChon) ——
FuzzMEn (ru) ———
CApEN (1, o) * >
CApEN (ry) ——
0 1 2 6 1 2 0 é
HR HR
( B) no HD Unadjusted Model A Model B (C) HD Unadjusted Model A Model B
ApEn (rChon) [ — ApEn (rChun) —
APEN(r) | +———— APEN (1)) | ——— > —
SampEn (e, ) —— SampEn (re, ) ———
SampEn (r ) ——— SampEn (1) | ——— — o
FuzzEn (r, ) ——— FuzzEn (rChon) ———
FuzzEn (r ) ———— FuzzEn (r ) | —e——i - —i
FuzzMEn (rChon) — FuzzMEn (rcmn) ]
FuzzMEn (ra) — FuzzMEn (rc) ——i o—1 ——
CApEn (rChon) 4 CApEn (rChon) Y
CApENn (rU) [ — CApEn (rU) ———i
0 1 2 0 1 2 6 1 2 0 1 2 6 1 é 0 1 é
HR HR HR HR HR HR

Figure 2. Hazard ratios (HR) for (A) all data; (B) subgroup of patients without heart disease (HD); and
(C) patients with HD. HRs are plotted as diamonds with their corresponding 95% confidence interval.
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4. Discussion

In this work, we used recently published parameter sets for different entropy measures for
risk prediction in a cohort of ESRD patients undergoing hemodialysis. Prior studies have noted the
importance of parameter selection for the different entropy measures [14,15,18,31]. Thus, we challenged
recently published parameter sets [1,19] in their clinical applicability by testing their prediction value
in a very special and different cohort, that is, including high-risk patients with five year survival ranges
of between 40% and 50% [20], without optimization of the parameters for the present data.

In general, a higher HRV indicates that the adaption of the organism to internal and external
influences is faster and more flexible, as a result of the optimization of the interplay of the sympathetic
and parasympathetic nervous system [6]. Furthermore, this complex optimization tends to exhibit
chaotic properties [34,35]. Because entropy is a measure of unpredictability and thus quantifies these
chaotic properties, it can be concluded that a reduced HRV entropy reflects an impairment of the
heart rate regulation. This conclusion is in accordance with the results of this work, as all entropy
measures with significant predictive power showed a HR below 1. Hence, an increased HRV entropy
is associated with an increased chance of survival.

Baseline clinical, traditional time and frequency domain HRV data were in agreement with a
similar HRV study in ESRD patients, although this study used 24 h data as opposed to 30 min segments
at night that was used for the present study, and the study was based on Japanese as opposed to
Caucasian/German patients [5]. Univariate Cox regression analysis revealed known clinical- and
dialysis-related risk factors in ESRD patients as possible confounders, which were used for adjustment
(i.e., serum albumin, dialysis duration per session, hsCRP, and the use of anticoagulants).

In univariate Cox regression analysis, the following HRV measures, SDNN, HRVTI, LF, and
LE/HF, were identified as significant risk predictors for all-cause mortality, and after adjustment only
LF and LF/HF remained (borderline) significant. These results are in agreement with those obtained
by Suzuki et al. [5], except that for LE. These findings are again contrary to previous studies with
post-myocardial infarction (MI) patients, which have suggested the independent predictive power of
traditional HRV measures [36-39]. Suzuki et al. [5] provided a possible explanation by highlighting the
fact that post-MI studies did not adjust for serum albumin and (hs)CRP levels, whose predictive power
and their association to cardiac vagal dysfunction might mask effects [7]. Suzuki et al. [5] identified a
decreased scaling exponent a1, a representative of nonlinear HRV measures, as an independent risk
predictor for mortality in chronic hemodialysis patients, improving risk stratification.

One further observation concerns the parameter choice for the entropy calculation. In the analysis
of the entire cohort, only entropy values calculated using rcpo, showed significant predictive power,
while in the subgroup analysis of HD patients, only entropy values with 7, achieved these results.
Upon closer inspection of the data, it was found that using rcpon captured effects in the entire cohort,
but only resulted in a small change of the respective entropy values. In this case, statistical significance
was reached only in the entire cohort as a result of the larger sample size. In contrast, entropy values
calculated using r, captured effects specific to the HD group. Further investigations are required to
clarify these differences. A note of caution is due here, as the number of covariates used for adjustment
in Model B was borderline in relation to the number of fatal events in the HD and no HD subgroups,
respectively [21].

Additionally, the interpretation of HRs of Box-Cox-transformed predictors is not straightforward.
If the predictor is not transformed, HRs quantify the risk of additive changes of the predictor: one
absolute unit increase in the predictor, holding all other variables constant, is associated with the hazard
being multiplied by the respective HR value. Furthermore, if the predictor is In()-transformed, HRs
quantify the risk of multiplicative changes of the predictor; for example, an exp(1)-fold relative increase
in the predictor is associated with the hazard being multiplied by the respective HR value [40,41].
However, there is no such intuitive interpretation relating HR and predictor values after a Box-Cox
transformation [33,42]. Therefore, while the HRs certainly contain the same quality of information as for
the untransformed or log-transformed cases, the relation of absolute CApEn values and mortality needs
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to be interpreted carefully. In any case, a Box-Cox transformation for CApEn using rcpon, Was necessary
because of its right-skewed distribution, in order to fulfil assumptions for Cox regression models.

Finally, a number of important limitations of this study need to be considered. First, the
generalizability of these results is subject to certain restrictions, as all participants were from dialysis
centers in Munich and the suburban area and were mainly Caucasians. Thus, extrapolation of findings
to other countries/populations is limited. Second, subgroup analysis based on HD raises some
sample-size limitations, as the number of fatal events was rather low for each group and thus calls for
full adjustment. Finally, this study suggests that entropy measures may be useful for risk prediction
of ESRD patients undergoing hemodialysis with HD, but it is unclear whether reduced entropy is
treatable and modifiable by treatment to reduce risk.

5. Conclusions

This work aimed to assess the predictive value of entropy measures based on recently published
parameter sets in ESRD patients undergoing hemodialysis. Our results show that the two parameter
sets tested in this work are able to significantly predict mortality and therefore show potential for
future clinical application. However, the different parameter sets and entropy measures detect different
effects in the HRV data. These results help us to understand the predictive value of entropy measures
and provide additional insights into the choice of parameters for these measures. Nevertheless, more
detailed research is needed to improve the patients” burdensome life situation due to dependency
on hemodialysis.

Supplementary Materials: The following are available online at www.mdpi.com/1099-4300/19/11/582/s1,
Table S1: Baseline data of patients grouped by patients without heart disease (HD) and with HD. Data are given
as n (%) for categorical data, mean (SD) or median [IQR], Table S2: Heart rate variability (HRV) parameters of
the time and frequency domain and entropy measures at baseline for patients without heart disease (HD) and
patients with HD. Data are given as mean (SD) or median [IQR].
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