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Abstract: Linear heart rate variability (HRV) indices are dependent on the mean heart rate, which has
been demonstrated in different models (from sinoatrial cells to humans). The association between
nonlinear HRV indices, including those provided by recurrence plot quantitative analysis (RQA),
and the mean heart rate (or the mean cardiac period, also called meanNN) has been scarcely studied.
For this purpose, we analyzed RQA indices of five minute-long HRV time series obtained in the
supine position and during active standing from 30 healthy subjects and 29 end-stage renal disease
(ESRD) patients (before and after hemodialysis). In the supine position, ESRD patients showed shorter
meanNN (i.e., faster heart rate) and decreased variability compared to healthy subjects. The healthy
subjects responded to active standing by shortening the meanNN and decreasing HRV indices to
reach similar values of ESRD patients. Bivariate correlations between all RQA indices and meanNN
were significant in healthy subjects and ESRD after hemodialysis and for most RQA indices in ESRD
patients before hemodialysis. Multiple linear regression analyses showed that RQA indices were
also dependent on the position and the ESRD condition. Then, future studies should consider the
association among RQA indices, meanNN, and these other factors for a correct interpretation of HRV.

Keywords: heart rate variability; hemodialysis; recurrence plot analysis; active standing

1. Introduction

The most common cause of mortality in patients with end-stage renal disease (ESRD) are due
to cardiovascular diseases [1]. The main cardiovascular alterations in ESRD are fluid overload, high
blood pressure, increased vascular resistance, all inducing the modification of the mechanisms that
maintain functionality during the disease [2]. Patients with ESRD receiving hemodialysis have a chronic
sympathetic hyperactivity that is necessary for blood pressure stability [3,4]. However, such augmented
sympathetic drive is also related to a higher risk of mortality in ESRD [5].

The interaction among many feedback mechanisms confers the capacity of adapting to
physiological stimuli, e.g., changes in position or hemodynamic challenges during hemodialysis,
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and coping with pathological conditions (such as ESRD) [6]. The entire set of adjustments needs
well-integrated variables, different regulatory levels, and timing actions that despite appearing
redundant can be absent or become modified when comparing the dynamical behavior of the system
under different stimuli [6,7]. The dynamical response shown by heart rate variability (HRV) offers the
possibility of inferring the acute and chronic adaptability of the cardiovascular system both in healthy
subjects [8] and ESRD patients [4,9-11].

As the autonomic nervous system and other regulation systems modify the heart contraction and
relaxation cycle, every interval between consecutive heartbeats has a different duration (a phenomenon
referred to as HRV). Sympathetic hyperactivity increases mean heart rate, and modifies several linear
HRYV analysis indices, such as the standard deviation of the mean RR interval, increased power of the
low-frequency (LF) band, decreased power of the high-frequency (HF) band, and an increased LF/HF
power ratio of the spectral analysis [12].

Short-term HRV recordings are used to estimate the sympathetic and parasympathetic nervous
system modulation through linear indices [12]. These linear indices are associated with clinical outcomes
such as rapid chronic kidney disease progression [13], hypotension [14,15], and mortality [14,16].
Nonetheless, given that the HRV time series arises from the interactions of many physiological
mechanisms, recently it has been considered that the linear methods for HRV analysis are insufficient
to assess the underlying mechanisms behind such complex interactions [17-19]. Several nonlinear
analysis methods have been developed for this aim [19]. However, most nonlinear analysis methods
require long and even stationary time series. The recurrence plots quantitative analysis (RQA) is
a suitable potential approach for noisy, nonstationary short-term time series [20], including HRV [21].

All linear HRV indices are dependent on the mean heart rate, as it has been demonstrated in
sinoatrial cells, isolated hearts, living animals, healthy humans, and some diseases [22]. This relationship
between linear HRV indices and the mean heart rate has been widely discussed over the last years [23].
In contrast, the association between nonlinear indices of HRV and the mean heart rate has been
scarcely studied. As an example, the short-term fractal index (x1) has a significant correlation with the
mean heart rate in healthy people [24,25]. Although such correlation is lost in ESRD patients before
hemodialysis, it is recovered after hemodialysis and so considered as an indicator of cardiovascular
adaptability [24,26] as well as a potential marker to differentiate between adaptive changes to achieve
a precise demand response and long-term adjustments for facing pathophysiological alterations that,
in other physiological contexts, could be deleterious. During an orthostatic challenge, the change from
a supine to standing up position modifies some RQA indices [11]. Nonetheless, the influence of the
mean heart rate on the RQA indices still has not been explored.

This work aimed to evaluate the correlation between RQA HRV indices and the mean heart rate in
short-term HRV time series obtained from healthy subjects and ESRD patients confronting challenges
of the cardiovascular system as introduced by active standing and also hemodialysis for the patients.
We hypothesized that in addition to the effect provoked by these challenges, the mean heart rate also
influences the RQA values.

2. Materials and Methods

2.1. Participants

Twenty-nine ESRD patients were included in the study. All of them were treated with hemodialysis
three times a week and were not prone to hemodynamic instability (they had less than three
events of intradialysis hypotension in the previous month). Intradialysis hypotension was defined
as a 220 mm Hg decrease in the systolic blood pressure or by the manifestation of hypotension
symptoms (nausea, vomiting, muscle cramps, dizziness, or fainting) associated with a >10 mmHg
decrease in systolic blood pressure. Each hemodialysis session had a mean duration of 3.6 + 0.5 h
with a total volume removal = 3.1 + 1.1 L. Hemodialysis vintage was 12.5 + 10.2 months with
a residual renal function of 0.9 + 1.5 mL/min. The mean left ventricular ejection fraction was
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65 + 8% (obtained from the clinical records in the last 6 months prior to the study), laboratory
results (from blood samples taken on any day when hemodialysis was not performed, within
1 month prior to the study) showed creatinine = 8.7 + 2.5 mg/dL, potassium = 4.9 + 0.7 mEq/L,
phosphorous = 5.1 + 1.5 mEq/dL, calcium = 89 + 1.1 mg/dL, hemoglobin = 8.3 + 2.7 g/dL,
albumin = 3.9 + 0.5 g/dL, cholesterol = 165 + 41 mg/dL, and triglycerides = 145 + 96 mg/dL. Patient
age was 33 + 10 years old, mean body mass index was 22.5 + 2.7 kg/m?, and 12 patients were females.
The ESRD etiology was systemic lupus erythematosus (n = 1), focal segmental glomerulosclerosis
(n =1), or unknown (n = 17). None of the patients had any other morbidity that could have affected the
autonomic nervous system, neither supraventricular arrhythmias nor electrical conduction disorders.

Thirty healthy subjects were recruited with similar age (27 + 8 years old, p = 0.07), sex (11 females,
p = 0.35), and body mass index (24.3 + 3.8 kg/m?, p = 0.11) demographics in comparison with ESRD
patients. A routine clinical exam and electrocardiogram (ECG) recording were performed to discard
any abnormalities. None of the healthy subjects were smokers, and they were not treated with
any medication (including oral contraceptives in women) nor did they report any history of intense
physical training.

All procedures performed followed the ethical standards of the Research and Ethics Committee
of the Instituto Nacional de Cardiologia Ignacio Chavez (protocol number is 02-392 and the protocol
was approved on 10 July 2002) and the 1964 Helsinki declaration and its later amendments. Informed
consent was obtained from all participants.

2.2. Hemodialysis Prescription

Hemodialysis sessions were delivered with volumetric dialysis machines (4008 H, Fresenius
Medical Care, Bad Homburg, Germany) using ultrapure dialysate (HCO3 = 35 mmol/L, Na* = 138
mmol/L, K* =2 mmol/L, Ca?* = 3.5 mEq/L, and Mg?* = 1.0 mEqg/L) and polysulfone membranes
(F-60 and F-80, Fresenius Medical Care, Walnut Creek, CA, USA). Hypertension was controlled by the
strict prescription of dry body weight without using antihypertensive drugs following an approach of
extracellular volume control by convection [27]. Patients were on a non-restrictive diet and did not
use erythropoietin.

2.3. Study Protocol

Following Laborde et al. [28], to assess resting and reactivity conditions, ECG recordings from
healthy subjects and ESRD patients were obtained during both baseline (supine position) and
an orthostatic challenge (active standing) according to a protocol described previously [9]. A continuous
ECG recording was obtained during 10 minutes in the supine position followed by a subsequent
recording during a further 10 min of active standing. Following the recommendations in [12,28],
the final 5 minutes of each recording were selected as data segments of supine position and active
standing, respectively. Healthy subjects and ESRD patients maintained spontaneous breathing during
all procedures, in accordance with [28], and blood pressure was measured by a sphygmomanometer at
the end of each recording. Recordings from the same ESRD patients were obtained during baseline and
active standing both before and after hemodialysis sessions. This study included comparisons between
subjects (healthy subjects versus ESRD patients) and within subjects (supine position versus active
standing and before hemodialysis versus after hemodialysis). All study participants were requested to
refrain from any intake of coffee or alcohol during the 24 hours prior to the study.

2.4. ECG Signal Processing and Linear HRV Indices Estimation

The ECG recordings were digitized at 250 samples per second [12,28] with a 12-bit resolution
using validated equipment [29,30]. The R wave of each heartbeat was identified by a second derivative
algorithm [31] to obtain a time series of consecutive heartbeat RR intervals, also called NN or HRV,
followed by a visually supervised inspection to correct artifacts and replace ectopic beats with
interpolated intervals [12,30].
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Linear HRV indices were calculated with ad hoc developed routines using MATLAB (version
R2013a): mean cardiac period (meanNN), SDNN (standard deviation of all RR intervals),
SDSD (standard deviation of successive RR differences), pNN50 (percentage of successive RR intervals
with differences greater to 50 ms), LF (spectral power in the low-frequency band from 0.04 to 0.15 Hz,
estimated in normalized units), HF (spectral power in the high-frequency band from 0.15 to 0.0.4 Hz,
estimated in normalized units) [12]. Power spectral indices were obtained by the Fourier transform
method after eliminating a linear trend, resampling at 3 Hz and applying a non-overlapped Hamming
window of 300 data points (with 50% overlap).

2.5. Recurrence Plot-Based Indices

The main step for the visualization of recurrences in a time series or dataset is the calculation of
the N X N matrix,

Rij = O(ei— I -x; ), x; e R",i,j = 1,...,N, (1)

where N is the length of the time series, ¢; is a predefined threshold distance, ||-|| is a norm
(e.g., the Euclidean norm), and © is the Heaviside function.

A multidimensional state space is reconstructed from the one-dimensional RR intervals in a time
series, applying a time-delay embedding method. Each point in the reconstructed phase space
represents the state of the system at a given time and is determined by the m coordinates of a given
embedding dimension. To obtain all these reconstructed data, we used the tools developed by Norbert
Marwan and colleagues, the Cross Recurrence Plot Toolbox for MATLAB (available from the toolbox
for complex systems (TOCSY) webpage: http://tocsy.agnld.uni-potsdam.de/crp.php).

The embedding time delay for each recording was estimated as the first zero crossing of its
autocorrelation function [32,33]. Figure 1 (upper panel) shows the autocorrelation function of individual
recordings (thin lines) and the averaged autocorrelation of each group: healthy subjects (black thick
line), ESRD before hemodialysis (green thick line), and ESRD after hemodialysis (magenta thick line).

Supine position Active standing
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Embedding delay (beats) Embedding delay (beats)
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Figure 1. Assessment of the autocorrelation function (upper panels) and false nearest neighbors
method (lower panels) for each recording (thin lines) and averaged values per group (thick lines).
Black lines correspond to healthy subjects, green lines correspond to ESRD patients before hemodialysis,
and magenta lines correspond to ESRD patients after hemodialysis.

In the supine position, the embedding time delay was 5 for the healthy group, 9 for the ESRD
patients before hemodialysis, and 10 for the ESRD patients after hemodialysis. During active standing,
the subgroup embedding delay was 7 for the healthy group, 11 for ESRD patients before hemodialysis,
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and 12 for ESRD patients after. In addition, an embedding time delay = 8 was calculated from the
averaged autocorrelation function from all recordings.

The minimum embedding dimension was estimated for each recording through the false nearest
neighbors’ method (Figure 1, lower panel). In most recordings (97%), the amount of false nearest neighbors
tell below 1% at the embedding dimension of 7. Therefore, we chose m = 7 as the embedding dimension
for all recordings [9]. Next, the distances between individual points in the matrix corresponding to a state
of the system at a given time were calculated using the option Maximum Norm—Fixed Recurrence Rate
(“rr”) in the toolbox for autorecurrent plots [34]. The same threshold was selected for all recordings (<7%).

Although the visual inspection of the recurrence plot helps to recognize the different characteristics
between physiological conditions, a recurrence quantitative analysis (RQA) of the generated patterns is
generally preferred. Thus, we measured the following indices: determinism (the percentage of recurrence
points forming diagonals from all recurrence points), mean diagonal length, longest diagonal line, entropy
(Shannon entropy of the probability to find a diagonal line), laminarity (proportion of recurrence points
forming vertical lines), trapping time (time in which the dynamics remains trapped in a certain state),
maximal length of the vertical lines, recurrence time type 1, and recurrence time type 2 [35]. Specifically,
recurrence time type 2 can detect very weak transitions with high accuracy, both in clean and noisy
environments. Recurrence time type 1 has the advantage of being more robust to the noise level, and it is
not sensitive to changes in the parameters of the algorithm. The recurrence types are defined based on the
vertical distance between recurrence points in the recurrence plot [21]. In addition, entropy was obtained
as defined by the Shannon information entropy of the line length distribution [36]. Shannon entropy is
related to the amount of information needed to identify the state of the system.

The robustness of some of such chosen RQA indices has already been reported in a clinically
oriented study [8]. In that work, all the assessed RQA indices (except for the longest diagonal line)
behaved similarly for different recurrence rates, increasing significantly and consistently in both
positions (supine and active standing) if the recurrence rate is increased. These indices are sensitive to
recurrence rates in the range of 1-20% [8], and we used a fixed recurrence rate < 7% to construct the
recurrence plots [9,11].

2.6. Statistical Analysis

Categorical variables are reported as absolute values or percentages and were compared
between healthy subjects and ESRD patients by either a Chi-squared test or exact Fischer’s test.
Continuous variables are reported as mean + standard deviation. These variables were transformed to
a normal distribution by a natural logarithm in case of not showing normal distribution as proved
by Kolmogorov-Smirnov test. Mean values were compared by t-test (two groups) or by ANOVA for
repeated measures (three or more groups) followed by post-hoc test adjusted by the Bonferroni method.
Pearson’s correlation coefficients were calculated between pairs of HRV indices and meanNN using
all data from both positions in three groups: healthy subjects, ESRD before hemodialysis, and ESRD
after hemodialysis. To assess RQA indices as dependent variables [28], and given the use of repeated
observations per each subject in the calculation of these correlation coefficients, we also applied
multiple stepwise regressions, thus considering the RQA indices as the outcome variables as well as the
meanNN, the orthostatic position, the hemodialysis, and the ESRD group membership as the predictor
variables. The orthostatic position, the analysis before or after hemodialysis, and the fact of belonging to
the ESRD group (membership) were treated as categorical factors using dichotomous dummy variables.
Each multiple regression model included the same sample size (N = 176). The statistical analyses were
performed with the Statistical Package for the Social Sciences (SPSS) version 15.0 (SPSS Inc., Chicago,
IL, USA), and p-value < 0.05 was considered as the significant level.
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3. Results

3.1. HRV Analysis with Linear Methods

Figure 2 shows the RR interval times series of a healthy subject and an ESRD patient. During the
supine position, the healthy subject presents larger values of the RR interval (above 1.0 s), corresponding
to a normal resting heart rate (close to 60 beats per minute). In response to active standing, the healthy
subject has shorter RR intervals (indicating faster heart rate) with decreased variability. In contrast,
the ESRD patient before hemodialysis has shorter RR intervals (i.e., faster heart rate) with decreased
variability during the supine position. In response to active standing, the RR intervals decreased slightly
(indicating a small acceleration of the mean heart rate), while the variability remained diminished.
After hemodialysis, the RR intervals show that the heart rate remained accelerated with decreased
variability in both positions.
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Figure 2. Examples of RR time series and recurrence plots from a healthy subject (upper panels) and
an end-stage renal disease (ESRD) patient (lower panels). The recording from the healthy subject
shows a reduction in RR intervals and their variability, as a consequence of changing to an active
standing position. The recurrence plot shows extended global diagonal lines formed by short diagonals
covering a regularly spaced pattern of the plot surface. In contrast, during the standing position, there is
an increase in white zones (i.e., there are less accessible dynamic states in the central area). In the patient
before hemodialysis, there is a marked reduction in the RR intervals and their associated variability,
even in the supine position. Its recurrence plot quantitative analysis (RQA) plot has less regularly
extended diagonals with more concentration around the identity line and its parallel lines. During the
active standing condition, the plot is almost empty; there are very fewer accessible dynamical states. In
the same patient after hemodialysis, there is a slight improvement in the RR intervals during the supine
condition compared to those before hemodialysis, which is also reflected in the RQA plot. Again, during
the active standing challenge, there is a reduction in RR intervals and reachable dynamical states.
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The linear HRV indices are shown in Table 1. In response to active standing, the healthy group
shows faster heart rate (i.e., shorter mean NN), lower variability (smaller SDNN, SDSD, and pNN50),
and increased LF with decreased HF, which lead to a predominant power of the low-frequency band:
i.e., alarger Ln (LF/HF).

Table 1. Heart rate variability indices evaluated in 30 healthy subjects and 29 end-stage renal disease
(ESRD) patients undergoing hemodialysis treatment regularly. Data are shown as mean + standard
deviation. HF: high frequency, LF: low frequency, meanNN: mean cardiac period.

Healthy ESRD before Hemodialysis =~ ESRD after Hemodialysis

Supine position

meanNN (ms)

0.904 +£0.115*

Statistical indices
0.754 + 0.106 * &

0.740 + 0.143 * &

SDNN (ms) 0.058 + 0.022 * 0.024 +0.012 & 0.025 +0.011 &
SDSD (ms) 0.051 + 0.021 * 0.016 + 0.013 & 0.016 + 0.012 &
PNIN50 (%) 67.2+154* 173+19.4% 206 £228*&
Spectral indices
LF (n.u.) 56.7 +20.7 * 705 +20.1& 66.5+20.0*
HF (n.u.) 438+195* 30.1+195%& 33.7 £204*
LF/HF 239 +352*% 4.88 + 6.62 4.85 + 7.50
Ln (LF/HF) 0.316 + 0.990 * 1.025 + 1.082 * & 0.880 + 1.138 *

Active standing

Statistical indices

meanNN (ms) 0.733 +0.112 0.717 + 0.112 0.616 +0.116 & 1
SDNN (ms) 0.046 + 0.021 0.029 +0.012 & 0.026 + 0.022 &
SDSD (ms) 0.025 + 0.010 0.016 + 0.013 & 0.013 £ 0.014 &
PNNS50 (%) 41.0+17.9 178 £19.4 & 129+199&

Spectral indices
LF (n.u.) 77.0 +15.1 76.4 +16.9 77.8 +14.7
HF (n.u.) 233 +15.1 23.6 +16.9 234 +155
LF/HF 6.32 + 8.45 6.65 + 6.89 6.20 + 5.48
Ln (LF/HF) 1.391 + 0.927 1.421 + 1.030 1.423 + 0.935

* p < 0.05 supine position vs. active standing (same group). & p < 0.05 ESRD group (either before hemodialysis or after
hemodialysis) vs. healthy group (same position). T p < 0.05 before hemodialysis vs. after hemodialysis (same position).

Compared to healthy subjects, while in the supine position, the ESRD patients showed faster heart
rates (i.e., shorter meanNN), reduced variability, and a predominant power of the low-frequency band
either before or after hemodialysis. In response to active standing, ESRD patients before hemodialysis
presented an increment in heart rate (i.e., the mean NN is shorter), a decrement of HF, and an increment
in Ln (LF/HF). After hemodialysis, the response to active standing of ESRD patients showed increased
heart rate, LF and Ln (LF/HF), and decreased pNN50. Compared to indices derived from recordings
before hemodialysis, all linear indices are similar after hemodialysis, except for a faster heart rate
(i.e., shorter meanNN) after hemodialysis during active standing.

3.2. HRV Analysis Based on the Recurrence Plot

Figure 2 shows the recurrence plots corresponding to each RR interval time series from a healthy
subject and an ESRD patient. For the healthy subject, we observe the well-known reduction of the
RR intervals and their variability during active standing. In the corresponding recurrence plot, there
are extended global diagonal lines formed by short diagonals in a regularly spaced pattern covering
the entire surface of the plot during the supine position. In contrast, during active standing, there is
an increment in white zones (i.e., there are less accessible dynamic states).

The lower panels of Figure 2 correspond to a patient before hemodialysis. There was a marked
reduction in RR intervals and their variability, even in the supine position. The corresponding
recurrence plot has less regularly extended diagonals with more concentration around the identity line
and its parallel lines. During active standing, the recurrence plot is almost empty (i.e., there are very
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few accessible dynamical states). After hemodialysis (lower panels), there was a slight increment in
the RR intervals when patients were in the supine position (compared to those before hemodialysis),
which are also reflected in the recurrence plot. Again, during active standing, there is a reduction of
the RR intervals and reachable dynamical states.

Table 2 shows the RQA indices of the RR time series obtained using the subgroup embedding
time delay values described in the Methods section. For the healthy group, the following RQA indices
increased in response to active standing: determinism, mean diagonal length, entropy, laminarity;,
trapping time, longest vertical line, and recurrence time type 2. Compared to healthy subjects,
ESRD patients in the supine position and before hemodialysis show larger laminarity, trapping time,
the longest vertical line, type 1 trapping time, and type 2 trapping time values. In response to active
standing, ESRD patients before hemodialysis present an increment in the trapping time and the
recurrence time type 2. After hemodialysis, ESRD patients exhibit a similar pattern of larger RQA
indices such as that before hemodialysis. Akin to the healthy group, in response to active standing
and after hemodialysis, ESRD patients show increased determinism, mean diagonal length, entropy,
laminarity, trapping time, the longest vertical line, and the recurrence time type 2. Compared to
recordings before hemodialysis, all RQA indices were similar after hemodialysis, except for a larger
trapping time and the longest vertical length during active standing after hemodialysis.

Table 2. Recurrence quantification analysis (RQA) indices of heart rate variability evaluated in 30
healthy subjects and 29 end-stage renal disease (ESRD) patients undergoing hemodialysis treatment.
Data are shown as mean + standard deviation. The recurrence plots were reconstructed with the
subgroup embedding time delays as described in the Methods section.

Healthy ESRD before Hemodialysis = ESRD after Hemodialysis

Supine position

Determinism 0.384 + 0.135 * 0.447 + 0.169 0.446 +0.182 *
Mean diagonal length 2.455 + 0.259 2.535 +0.433 2.513 £ 0.395 *
Longest diagonal line 16.884 +9.148 12.420 + 10.048 14.288 +21.322

Entropy 0.790 + 0.222 * 0.872 + 0.338 0.864 + 0.351 *
Laminarity 0.410 + 0.199 * 0.553 + 0.162 & 0.551 + 0.182 *&
Trapping time 2.308 £ 0.234 * 2.697 +0.486 * & 2.709 + 0.524 * &

Longest vertical line
Recurrence time type 1
Recurrence time type 2

6.868 +£2.714 *
14.120 + 1.500
19.631 +4.885 *

9.354 +2.913 &
15734 + 1571 &
26.856 + 7.351 » &

9.514 + 3479 * &
15.975 + 1.985 &
27.683 +9.075 * &

Determinism
Mean diagonal length
Longest diagonal line

Entropy
Laminarity
Trapping time
Longest vertical line
Recurrence time type 1
Recurrence time type 2

0.541 £+ 0.159
2.618 £ 0.316
19.669 + 11.931
0.991 + 0.284
0.650 + 0.147
2.827 +0.391
10.135 + 2.822
14.985 + 1.256
28.644 + 7.399

Active standing

0.506 + 0.197
2.661 + 0.552
11.626 + 10425 &
0.980 + 0.437
0.610 + 0.183
2921 +0.618 %
9.810 + 2.773
15.555 + 1.769
30.858 + 10.643

0.530 + 0.193
2.843 + 0.736
14.144 + 11.671
1.128 + 0.437
0.629 + 0.170
3.157 £ 0.696 & 1
12.208 + 3.850 & 1
15.322 + 2.677
31.259 + 10.295

* p < 0.05 supine position vs. active standing (same group). & p < 0.05 ESRD group (either before hemodialysis or after
hemodialysis) vs. healthy group (same position). T p < 0.05 before hemodialysis vs. after hemodialysis (same position).

In comparison, the estimated RQA indices, with an overall time embedding delay = 8 for all RR
time series, are also shown in the appendix (Table A1). Most RQA indices indicate similar responses to
active standing (i.e., most RQA indices are incremented during active standing) and present similar
differences between groups (i.e., during the supine position, most RQA indices are larger in ESRD
patients before hemodialysis and after hemodialysis compared to healthy subjects; during active
standing, there were fewer differences between groups).

Table A2 in Appendix A shows that RQA indices estimated with ad hoc embedding delays for
each time series exhibit fewer significant changes in response to active standing (mostly in the healthy
group) and fewer differences between the ESRD patients and the healthy group.
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3.3. Correlation between meanNN and RQA Indices

The bivariate correlation analysis between meanNN and linear HRV indices is shown in Table 3.
The healthy group shows a clear correlation between meanNN and time indices (positive correlation
in SDNN, SDSD, and pNNb50), and spectral indices LFnu (negative correlation), HFnu (positive
correlation), and therefore a negative correlation between meanNN and Ln (LF/HF). The correlation
between meanNN and time indices tend to smaller values in ESRD patients before hemodialysis,
and the statistical significance is lost in HFnu and LF, although the correlation between Ln (LF/HF) and
meanNN does reach statistical significance. The ESRD group after hemodialysis shows, similar to the
healthy group, a correlation between meanNN and all linear indices.

Table 3. Pearson’s correlation coefficients between meanNN and linear indices of heart rate variability
in short-term electrocardiogram (ECG) recordings. The estimation of each correlation coefficient
(r) includes data obtained at both the supine position and during active standing. LFnu: negative
correlation, HFnu: positive correlation.

Healthy ESRD before Hemodialysis ESRD after Hemodialysis
r p-Value R p-Value R p-Value
Statistical indices
SDNN 0.545 <0.001 0.475 <0.001 0.453 <0.001
SDSD 0.764 <0.001 0.448 <0.001 0.665 <0.001
PNN50 0.672 <0.001 0.524 <0.001 0.768 <0.001
Spectral indices
LFnu —-0.366 0.004 -0.223 0.093 —-0.627 <0.001
HFnu 0.385 0.002 0.245 0.063 0.645 <0.001
LF/HF -0.122 0.351 —-0.232 0.079 -0.43 0.001
Ln
(LE/HF) -0.339 0.008 -0.269 0.041 -0.609 <0.001

The bivariate correlation analysis between meanNN and RQA indices is shown in Table 4.
The healthy group shows a negative correlation between meanNN and all RQA indices (determinism,
mean diagonal length, longest diagonal line, entropy, laminarity, trapping time, longest vertical line,
and recurrence time type 2), except for the recurrence time type 1. Fewer correlations between meanNN
and RQA indices are found in the ESRD group before hemodialysis (i.e., mean diagonal length, longest
diagonal line, entropy, trapping time, and longest vertical line). Similar to the healthy group, ESRD
patients after hemodialysis show a correlation between meanNN and all RQA indices, except for the
recurrence time type 1.

The lower panels correspond to a patient before hemodialysis. There was a marked reduction in
RR intervals and their variability, even in the supine position. The corresponding recurrence plot has
less regularly extended diagonals with more concentration around the identity line and its parallel
lines. During active standing, the recurrence plot is almost empty (i.e., there are very few accessible
dynamical states). After hemodialysis (lower panels), there was a slight increment in the RR intervals
during the supine position (compared to those before hemodialysis), which are also reflected in the
recurrence plot. Again, during active standing, there is reduction of the RR intervals and reachable
dynamical states.

The correlation between meanNN and RQA indices estimated with an overall time embedding
delay = 8 for all RR time series are shown in Appendix A (Table A3). Most RQA indices show significant
correlations with meanNN in all groups. Table A4 in the appendix shows that RQA indices estimated
with ad hoc embedding delays for each time series exhibit fewer significant correlations with the
meanNN in all groups in comparison with using the subgroup embedding time delays. For those
RQA indices based on diagonals (determinism and mean diagonal length), there were no significant
correlations with the meanNN in all groups.
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Table 4. Pearson’s correlation coefficients between meanNN and recurrence quantitative analysis
(RQA) indices of short-term ECG recordings. The estimation of each correlation coefficient includes
data obtained at both the supine position and during active standing. The recurrence plots were
reconstructed with the subgroup embedding time delays, as described in the Methods section.

Healthy ESRD before Hemodialysis =~ ESRD after Hemodialysis
R p-Value R p-Value R p-Value

Determinism —-0.452 <0.001 -0.256 0.052 —-0.485 <0.001

Mean diagonal length -0.387 0.002 -0.272 0.039 -0.478 <0.001
Longest diagonal line -0.416 0.001 -0.286 0.029 -0.412 0.001
Entropy —-0.489 <0.001 —0.342 0.009 —-0.619 <0.001
Laminarity —0.485 <0.001 —-0.220 0.097 -0.477 <0.001
Trapping time —-0.574 <0.001 —-0.312 0.017 —0.608 <0.001
Longest vertical line -0.751 <0.001 —0.466 0.000 -0.836 <0.001
Recurrence time type 1 -0.163 0.214 0.080 0.548 0.230 0.082
Recurrence time type 2 —0.447 <0.001 -0.215 0.106 -0.337 0.010

Table 5 shows linear multiple regression analysis with the following selected HRV indices as
predicted variables: one linear HRV index (SDNN) and three RQA indices estimated with subgroup
embedding delays (determinism, trapping time, and recurrence time type 2).

For each predicted variable of Table 5, the model was tested with the combined data from the
healthy group and the ESRD patients (both before and after hemodialysis). Each model considered
four independent variables: meanNN (as a continuous variable), active standing, ESRD condition,
and hemodialysis (introduced as categorical variables). The results show that all dependent variables
(SDNN, determinism, trapping time, and recurrence time type 2) are explained by meanNN,
the body position, and the ESRD condition, while hemodialysis (before or after hemodialysis) had no
significant contribution.

Table 5. Linear stepwise multiple regression analysis with predicted heart rate variability (HRV)
indices, and as independent variables, the meanNN, active standing, end-stage renal disease (ESRD),
and hemodialysis conditions. All models included the same sample size (N = 176).

Variables Standardized 3 B (C.Lgs%) P R?
Predicted HRV index: SDNN 0.411
meanNN 0.584 0.088 (0.070-0.106) < 0.001
Active standing 0.185 0.008 (0.003-0.013) 0.004
ESRD condition -0.213 —0.011 (-0.017-0.005) 0.001
Hemodialysis Excluded variable
Predicted HRV index: Determinism 0.288
meanNN —-0.354 —0.419 (-0.588-0.249) < 0.001
Active standing 0.217 0.074 (0.027-0.120) 0.002
ESRD condition 0.181 0.073 (0.020-0.127) 0.008
Hemodialysis Excluded variable
Predicted HRV index: Trapping time 0.287
meanNN -0.392 -2.162 (-2.952-1.372) < 0.001
Active standing 0.190 0.301 (0.083-0.519) 0.007
ESRD condition 0.142 0.301 (0.083-0.519) 0.035
Hemodialysis Excluded variable
Predicted HRV index: Recurrence time type 2 0.191
—12.745
meanNN -0.264 (~20.129-5.362) 0.001
Active standing 0.219 3.035 (0.998-5.072) 0.004
ESRD condition 0.146 2.412 (0.077 — 4.746) 0.043

Hemodialysis Excluded variable
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4. Discussion

Sympathetic activity increases the mean heart rate and modifies several linear HRV indices, such
as the standard deviation of the mean RR interval, the power of the LF and HF bands, as well as the
LF/HF spectral analysis power ratio [12]. In contrast, the parasympathetic activity generally provokes
the opposite changes [12]. The correlation of these changes with meanNN is well established, as well
as their adaptive changes before and after hemodialysis [4]. We show for the first time in this work
that this correlation also exists with different nonlinear indices derived from the RQA plots. Bivariate
correlations between all RQA indices and meanNN were significant in healthy subjects and ESRD
after hemodialysis and for most RQA indices in ESRD patients before hemodialysis. Multiple linear
regression analyses showed that, in conjunction with meanNN, RQA indices were also dependent on
the position and the ESRD condition.

As we mentioned in the Introduction section, multiple interactions among feedback mechanisms
confer the capacity of adapting to physiological stimuli, such as changes in position or hemodynamic
challenges during hemodialysis, and to cope with pathological conditions (e.g., ESRD) [6]. The common
vision is that the set of adjustments and timing actions at different regulatory levels are oriented to
preserve or recover the homeostasis of an organism. However, more recently, other ideas from the
study of various chronic diseases are considered. For example, there can be a variety of homoeostatic
manifestations or developmental allostasis along the process of getting sick [37-40]. Some regulatory
systems can become modified, or a particularly compensatory output can be lost, so when we study
the dynamical behavior of the system under different stimuli, we need sensitive tools to disclose
these regulatory changes and distinguish the physiological adaptability from drifting homeostatic
modifications. The recurrence dynamical response of HRV (evaluated through the representation
of all state variables in the phase space and the quantitative analysis of its recurrence plot) offers
the possibility of inferring the acute and chronic plasticity of the cardiovascular system both in
healthy subjects [8,41] and ESRD patients [9-11]. The physiological stress during active standing in
healthy subjects increases determinism and entropy, reflecting an intensification of the interactions (or
dependency) between the dynamic states. This is probably also expressed as increased autocorrelation,
predominantly at low frequencies, which would also explain the increment of the recurrence time
type 2, i.e., the system requires a longer time to revisit a state. Simultaneously, the RQA indices based
on vertical lines show that the orthostatic stress bounds the dynamic behavior of the system within
fewer phase space regions [9]. The effect of ESRD upon the cardiovascular dynamics seems to be in
the same direction, acting as a stressor of the system that limits the number of phase space regions
visited by the system (i.e., vertical-based indices are larger compared to those of healthy subjects even
at rest in the supine position) and increasing the time required to revisit a state [9-11]. Given that after
hemodialysis, the RQA indices show changes in the same direction of the response to active standing
observed in healthy subjects, we argue that the RQA indices of ESRD patients evidence a preserved
ability to adjust their cardiovascular dynamics when facing a hemodynamic challenge. In various
physiological contexts, it is often considered that a balanced or fluctuating system reveals healthy
conditions and when the system gets locked into a pattern or state, it is unregulated. However, we
also must consider that ESRD patients with preserved cardiac function, such as those included in
the present study, display a new set of physiological parameters showing a reconfiguration to a new
homeostatic (or “allostatic”) condition.

The insights offered by the RQA indices regarding the cardiovascular dynamical adjustments before
orthostatic stress, renal disease, or hemodialysis have been also discussed in previous work [9-11,41].
The present work evidences that the RQA indices are not only modified by these cardiovascular
challenges, but they are also modified by the mean heart rate (i.e., meanNN). Since the meanNN is
modified by many regulatory mechanisms [42,43], it can be considered as an integrative variable in
itself, which becomes an important contributor to the dynamic behavior of HRV evaluated through
RQA indices, as shown here. Therefore, the influence of mean heart rate (or meanNN) should be
taken into consideration for the interpretation and clinical application of RQA indices, in the same
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way as it has been emphasized for other HRV indices [22,23,26]. Nevertheless, this influence has not
been described yet in some of the current updates [19,28] of HRV guidelines. Overall, the negative
correlations between RQA indices and meanNN indicate that at higher heart rates (i.e., smaller
meanNN), there is an increment of RQA indices that, according to our interpretation in the previous
paragraph, points toward a system that gets locked either by a reduction of the number of phase space
regions visited or by an increment of the time required to revisit a state (i.e., recurrence time type 2
increases significantly as meanNN decreases).

Several approaches involving the concept of entropy have been applied to the analysis of time
series (particularly for HRV time series). Methods such as maximum entropy [44], sample entropy [45],
approximate entropy [46], fuzzy measure entropy [47], multiscale entropy [48], and renormalized
entropy [49] have proven to differentiate pathologies and study physiological processes. Since every
entropy method may have different assumptions, a systematic review with a comprehensive comparison
of these methods and their application is warranted in further investigations. Moreover, the present
work demonstrates the dependence of meanNN on the index of entropy estimated through the
recurrence plot analysis (Shannon’s entropy). In light of this finding, it would be justified to investigate
further the interpretation of the entropy estimated with other methods in relation to its dependence on
the mean heart rate.

By searching the more adequate parameters to embed the HRV time series, we also found here
that once employing the first zero crossing in the autocorrelation function to obtain the delay, we get
remarkable information. The delay obtained for the different conditions explored seems to reveal
a gradual evolution ranging from the healthy state in the supine position up to the ESRD patients
in the supine position before hemodialysis and the patients in standing position after hemodialysis.
Nevertheless, this aspect merits more extended research by itself.

Among the study limitations, we did not evaluate respiration to assess its influence on HRV.
However, given the conditions in the study protocol (i.e., spontaneous breathing, in the supine position,
or active standing without adding any activity that would represent cognitive or emotional effort),
it is unlikely that the breathing rate of the studied subjects was out of the normal range, which
could have affected the estimation of HRV indices (particularly within the high-frequency range) [28].
The study design did not consider repeated measures for the healthy group, which could provide the
measurements in two different time points to compare with the two different time points of the ESRD
patients (i.e., the recordings before and after hemodialysis).

5. Conclusions

By analyzing HRV time series obtained in the supine position and during active standing from
healthy subjects and ESRD patients, we show here that the mean heart rate (or meanNN) also influences
the results of RQA, as it occurs for linear and other HRV indices. Future studies should then consider
the association between RQA indices and meanNN as well as other factors, such as the position and
ESRD condition, for a correct interpretation of HRV.
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Appendix A

Table A1 shows the RQA indices of the RR time series with the embedding time delay = 8. In the
healthy group, the following RQA indices increase in response to active standing: determinism, entropy,
laminarity, trapping time, longest vertical line, and recurrence time type 2. Compared to healthy
subjects, while in the supine position, ESRD patients before hemodialysis show larger determinism,
mean diagonal length, entropy, laminarity, trapping time, vertical line, and type 2 trapping time values.
In response to active standing, ESRD patients before hemodialysis show no difference in RQA indices.
After hemodialysis, ESRD patients exhibit a similar pattern of larger RQA indices compared to healthy
subjects as those obtained before hemodialysis. The response of ESRD patients to active standing after
hemodialysis shows an increase in all RQA indices, except for a decreased recurrence time type 1.
Compared to recordings before hemodialysis, all RQA indices are similar after hemodialysis, except
for a longer vertical length after hemodialysis during active standing.

Table Al. Recurrence quantification analysis (RQA) indices of HRV evaluated in 30 healthy subjects
and 29 end-stage renal disease (ESRD) patients under maintenance hemodialysis. Data are shown as
mean + standard deviation. The recurrence plots were reconstructed with the overall embedding time

delay = 8.
Healthy ESRD before Hemodialysis  ESRD after Hemodialysis
Supine position

Determinism 0.326 +0.126 * 0.459 + 0.167 * & 0.457 +0.180 * &

Mean diagonal length 2.311 + 0.164 2.587 +0.493 * & 2.625 + 0473 * &
Longest diagonal line 7.868 + 4.299 16.323 + 12.944 20.953 + 26.398 * &

Entropy 0.669 + 0.219 * 0.912 + 0327 * & 0.952 + 0.351 * &

Laminarity 0.388 +0.194 * 0.560 + 0.160 * & 0.566 + 0.175 * &

Trapping time 2283 +0.222 % 2.750 + 0.528 * & 2.759 + 0.577 * &

Longest vertical line
Recurrence time type 1

5.996 +2.134 %
15.102 + 1.629
20.602 + 4.642 *

9.687 +2.941 * &
15.253 + 1.572
26.295 + 7.725 % &

9.740 + 3.664 * &
15.174 + 1.716 *
26.717 £ 9.258 * &

Recurrence time type 2
Active standing

Determinism 0.532 £ 0.142 0.538 = 0.202 0.574 + 0.194
Mean diagonal length 2.564 + 0.281 2.867 +0.734 3212+ 1.084 %
Longest diagonal line 13.598 + 8.832 22.361 +18.974 30.540 + 21.585 &

Entropy 0.960 + 0.268 1.095 + 0.446 1.284 +0.517 &
Laminarity 0.643 + 0.140 0.630 + 0.195 0.663 + 0.169
Trapping time 2.787 £ 0.377 3.083 = 0.744 3.445 + 0.925 &
Longest vertical line 9.538 + 2.933 11.029 + 3.431 13.910 + 4.169 & 1

14.230 + 2.069 &
31.079 + 10.214

15.311 £ 1.374
28.748 £ 7.125

14.831 £ 1.299
30.646 + 11.924

Recurrence time type 1
Recurrence time type 2

* p < 0.05 supine position vs. active standing (same group). & p < 0.05 ESRD group (either before hemodialysis or
after hemodialysis) vs. healthy group (same position). T p < 0.05 before hemodialysis vs. after hemodialysis (same
position).

Table A2 shows the RQA indices of the RR time series embedded with ad hoc embedding time
delays estimated for each time series, as described in the Methods section. In the healthy group,
the following RQA indices increase in response to active standing: mean diagonal length, entropy,
laminarity, trapping time, longest vertical line, and recurrence time type 2. Compared to healthy
subjects, while in the supine position, ESRD patients before hemodialysis show larger mean diagonal
length, laminarity, vertical line, and recurrence time type 2 values. In response to active standing,
ESRD patients before hemodialysis show no differences in RQA indices. After hemodialysis, ESRD
patients exhibit a similar pattern of larger RQA indices compared to healthy subjects as those obtained
before hemodialysis. The response of ESRD patients to active standing after hemodialysis shows
an increase in the longest diagonal length.
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Table A2. RQA indices of HRV evaluated in 30 healthy subjects and 29 end-stage renal disease (ESRD)
patients undergoing hemodialysis treatment regularly. Data are shown as mean + standard deviation.
The recurrence plots were reconstructed with ad hoc embedding time delays estimated for each time
series, as described in the Methods section.

Healthy ESRD before Hemodialysis =~ ESRD after Hemodialysis
Supine position

Determinism 0.622 +0.251 0.538 + 0.195 0.495 + 0.210
Mean diagonal length 3.806 + 1.263 * 3.048 + 1.060 & 2.831 + 0.856 &
Longest diagonal line 22.199 + 10.200 20.885 + 15.643 20.108 + 25.741
Entropy 1.548 £ 0.735* 1.165 + 0.581 1.047 + 0.524 &
Laminarity 0.407 £ 0.221 % 0.576 + 0.152 & 0.550 + 0.183 &
Trapping time 2351 +0.219 * 2.771 + 0.548 * & 2738 + 0.579 * &

Longest vertical line 8.118 £3.113 * 10.099 + 2.505 & 9.626 + 3.054 *
Recurrence time type 1 14.010 = 1.727 15.051 + 2.056 15.361 + 2.578
Recurrence time type 2 19.565 + 5.278 * 26.515 + 8.023 & 27.053 +10.137 &

Active standing

Determinism 0.593 + 0.156 0.567 +0.198 0.503 + 0.195

Mean diagonal length 3.100 + 0.831 2.962 + 0.805 2.770 £ 0.572
Longest diagonal line 24.676 + 14.212 22.190 + 20.301 14.261 £ 11.132 &

Entropy 1.191 + 0.451 1.196 + 0.490 1.065 + 0.413

Laminarity 0.663 + 0.153 0.623 £ 0.181 0.610 £ 0.172

Trapping time 2.855 + 0.421 3.027 + 0.659 3.057 + 0.663

Longest vertical line 10.377 + 3.110 10.727 £ 3.176 11.475 + 3.545

Recurrence time type 1

15.006 + 1.912
29.527 + 8.291

14.526 + 1.932
29.841 + 11.568

15.338 £ 3.702
30.522 + 10.708

Recurrence time type 2

* p < 0.05 supine position vs. active standing (same group). & p < 0.05 ESRD group (either before hemodialysis or
after hemodialysis) vs. healthy group (same position).

The correlation analysis between meanNN and RQA indices obtained with the overall embedding
time delay = 8 is shown in Table A3. The healthy group shows a negative correlation between meanNIN
and RQA indices (determinism, mean diagonal length, longest diagonal line, entropy, laminarity,
trapping time, longest vertical line, and recurrence time type 2), except for the type 1 recurrence
time. In comparison with using the subgroup embedding time delays, fewer correlations between
meanNN and RQA indices were found in the ESRD group before hemodialysis (i.e., determinism,
longest diagonal line, entropy, trapping time, and longest vertical line). Similar to the healthy group,
ESRD patients after hemodialysis show a significant correlation between meanNN and all RQA indices,
except for the type 1 recurrence time.

Table A3. Pearson’s correlation coefficients between meanNN and RQA indices of short-term ECG
recordings. The estimation of each correlation coefficient includes data obtained at both the supine
position and during active standing. Recurrence plots were reconstructed with the overall embedding
time delay = 8.

Healthy ESRD before Hemodialysis = ESRD after Hemodialysis
r p-Value r p-Value r p-Value

Determinism -0.530 <0.001 -0.293 0.026 -0.497 <0.001
Mean diagonal length —-0.536 <0.001 —-0.251 0.057 —-0.470 <0.001
Longest diagonal line —0.530 <0.001 -0.376 0.004 —-0.572 <0.001
Entropy -0.575 <0.001 —-0.347 0.008 -0.570 <0.001
Laminarity -0.507 <0.001 -0.231 0.081 —-0.483 <0.001
Trapping time -0.582 <0.001 —-0.284 0.031 -0.570 <0.001
Longest vertical line -0.740 <0.001 —-0.545 <0.001 -0.781 <0.001
Recurrence time type 1 0.019 0.886 0.111 0.405 0.406 0.002
Recurrence time type 2 —-0.432 0.001 -0.227 0.086 -0.310 0.018
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The correlation analysis between meanNN and RQA indices obtained with ad hoc embedding
time delays estimated for each time series, as described in the Methods section, is shown in Table A4.
The healthy group shows negative correlations between meanNN and some RQA indices (mean diagonal
length, laminarity, trapping time, longest vertical line, recurrence time type 1, and recurrence time
type 2). In comparison with using the subgroup embedding time delays, fewer correlations between
meanNN and RQA indices were found in the ESRD group before hemodialysis (i.e., trapping time,
longest vertical line, and recurrence time type 2). ESRD patients show some correlations between
meanNN and RQA indices only after hemodialysis (laminarity, trapping time, longest vertical line,
and recurrence time type 2).

Table A4. Pearson’s correlation coefficients between meanNN and recurrence quantitative analysis
indices of short-term ECG recordings. The estimation of each correlation coefficient includes data
obtained at both the supine position and during active standing. The recurrence plots were reconstructed
with ad hoc embedding time delays estimated for each time series, as described in the Methods section.

Healthy ESRD before Hemodialysis = ESRD after Hemodialysis
r p-Value r p-Value r p-Value

Determinism 0.068 0.603 —-0.211 0.112 -0.051 0.695
Mean diagonal length 0.280 0.030 0.038 0.775 0.047 0.727
Longest diagonal line -0.100 0.448 —-0.195 0.142 -0.114 0.395
Entropy 0.255 0.049 -0.013 0.921 —0.056 0.677
Laminarity —0.441 <0.001 -0.231 0.081 -0.380 0.003
Trapping time -0.496 <0.001 -0.378 0.003 -0.497 <0.001
Longest vertical line -0.447 <0.001 —-0.480 <0.001 -0.620 <0.001
Recurrence time type 1 -0.302 0.019 -0.096 0.473 —0.062 0.644
Recurrence time type 2 —0.488 <0.001 —-0.284 0.031 —-0.361 0.005

References

1. Tonelli, M.; Wiebe, N.; Culleton, B.; House, A.; Rabbat, C.; Fok, M.; McAlister, F.; Garg, A.X. Chronic kidney
disease and mortality risk: A systematic review. J. Am. Soc. Nephrol. 2006, 17, 2034-2047. [CrossRef]
[PubMed]

2. Lerma, C.; Minzoni, A.; Infante, O.; Jose, M.V. A Mathematical Analysis for the Cardiovascular Control
Adaptations in Chronic Renal Failure. Artif. Organs 2004, 28, 398-409. [CrossRef] [PubMed]

3. Neumann, J.; Ligtenberg, G.; Klein, L.I.; Koomans, H.A.; Blankestijn, P.J. Sympathetic hyperactivity in chronic
kidney disease: Pathogenesis, clinical relevance, and treatment. Kidney Int. 2004, 65, 1568-1576. [CrossRef]
[PubMed]

4. Lerma, C.; Gonzalez, H.; Pérez-Grovas, H.; José, M.V.; Infante, O. Preserved autonomic heart rate modulation
in chronic renal failure patients in response to hemodialysis and orthostatism. Clin. Exp. Nephrol. 2015, 19,
309-318. [CrossRef] [PubMed]

5. Zoccali, C.; Mallamaci, F; Parlongo, S.; Cutrupi, S.; Benedetto, FA.; Tripepi, G.; Bonanno, G.; Rapisarda, F;
Fatuzzo, P.; Seminara, G.; et al. Plasma Norepinephrine Predicts Survival and Incident Cardiovascular
Events in Patients With End-Stage Renal Disease. Circulation 2002, 105, 1354-1359. [CrossRef] [PubMed]

6. Kooman, J.P; Katzarski, K.; van der Sande, EM.; Leunissen, K.M.; Kotanko, P. Hemodialysis: A model for
extreme physiology in a vulnerable patient population. Semin. Dial. 2018, 31, 500-506. [CrossRef]

7. Zanutto, B.S.; Valentinuzzi, M.E.; Segura, E.T. Neural set point for the control of arterial pressure: role of the
nucleus tractus solitarius. Biomed. Eng. Online 2010, 9, 4. [CrossRef]

8.  Javorka, M.; Turianikova, Z.; Tonhajzerova, I; Javorka, K.; Baumert, M. The effect of orthostasis on recurrence
quantification analysis of heart rate and blood pressure dynamics. Physiol. Meas. 2009, 30, 29-41. [CrossRef]

9.  Gonzalez, H.; Infante, O.; Pérez-Grovas, H.; Jose, M.V.; Lerma, C. Nonlinear dynamics of heart rate variability
in response to orthostatism and hemodialysis in chronic renal failure patients: Recurrence analysis approach.
Med. Eng. Phys. 2013, 35, 178-187. [CrossRef]

10. Gonzalez, H.; Infante, O.; Lerma, C. Response to active standing of heart beat interval, systolic blood volume
and systolic blood pressure: Recurrence plot analysis. In Translational Recurrences; Marwan, N., Riley, M.,


http://dx.doi.org/10.1681/ASN.2005101085
http://www.ncbi.nlm.nih.gov/pubmed/16738019
http://dx.doi.org/10.1111/j.1525-1594.2004.47162.x
http://www.ncbi.nlm.nih.gov/pubmed/15084202
http://dx.doi.org/10.1111/j.1523-1755.2004.00552.x
http://www.ncbi.nlm.nih.gov/pubmed/15086894
http://dx.doi.org/10.1007/s10157-014-0990-1
http://www.ncbi.nlm.nih.gov/pubmed/24874248
http://dx.doi.org/10.1161/hc1102.105261
http://www.ncbi.nlm.nih.gov/pubmed/11901048
http://dx.doi.org/10.1111/sdi.12704
http://dx.doi.org/10.1186/1475-925X-9-4
http://dx.doi.org/10.1088/0967-3334/30/1/003
http://dx.doi.org/10.1016/j.medengphy.2012.04.013

Entropy 2020, 22, 114 16 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

Giuliani, A., Webber, C.L., Eds.; Springer International Publishing: Cham, Switzerland, 2014; Volume 103,
pp. 109-123.

Gonzalez, G.H.; Infante, O.; Martinez-Garcia, P.; Pérez-Grovas, H.; Saavedra, N.; Caviedes, A.; Becerra, B.;
Lerma, C. Dynamical interaction between heart rate and blood pressure of end-stage renal disease patients
evaluated by cross recurrence plot diagonal analysis. J. Appl. Physiol. 2019. [CrossRef]

Camm, A.J.; Malik, M.; Bigger, ]J.T.; Breithardt, G.; Cerutti, S.; Cohen, R.J.; Coumel, P; Fallen, E.L.;
Kennedy, H.L.; Kleiger, RE.; et al. Task Force of the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology Heart rate variability. Standards of measurement, physiological
interpretation, and clinical use. Circulation 1996, 93, 1043-1065.

Chou, Y.H.; Huang, W.L.; Chang, C.H.; Yang, C.C.H.; Kuo, T.B.J.; Lin, S.L.; Chiang, W.C.; Chu, T.S. Heart rate
variability as a predictor of rapid renal function deterioration in chronic kidney disease patients. Nephrology
2019, 24, 806-813. [CrossRef] [PubMed]

Assimon, M.M_; Flythe, J.E. Intradialytic Blood Pressure Abnormalities: The Highs, the Lows and All That
Lies between. Am. J. Nephrol. 2015, 42, 337-350. [CrossRef] [PubMed]

Park, S.; Kim, W.J.; Cho, N.J.; Choi, C.Y.;; Heo, N.H.; Gil, HW.; Lee, E.Y. Predicting intradialytic hypotension
using heart rate variability. Sci. Rep. 2019, 9, 2574. [CrossRef] [PubMed]

Chen, S.C.; Huang, ]J.C.; Tsai, Y.C.; Hsiu-Chin Mai, R.N.; Jui-Hsin Chen, R.N.; Kuo, PL.; Chang, ].M.;
Hwang, S.J.; Chen, H.C. Heart Rate Variability Change before and after Hemodialysis is Associated with
Overall and Cardiovascular Mortality in Hemodialysis. Sci. Rep. 2016, 6, 20597. [CrossRef]

Porta, A.; Rienzo, M.D.; Wessel, N.; Kurths, ]. Addressing the complexity of cardiovascular regulation. Philos.
Trans. R. Soc. A Math. Phys. Eng. Sci. 2009, 367, 1215-1218. [CrossRef]

Huikuri, H.V.; Perkiomaki, J.S.; Maestri, R.; Pinna, G.D. Clinical impact of evaluation of cardiovascular
control by novel methods of Heart rate dynamics. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 2009, 367,
1223-1238. [CrossRef]

Sassi, R.; Cerutti, S.; Lombardji, F.; Malik, M.; Huikuri, H.V; Peng, C.K; Schmidt, G.; Yamamoto, Y. Advances
in heart rate variability signal analysis: Joint position statement by the e-Cardiology ESC Working Group
and the European Heart Rhythm Association co-endorsed by the Asia Pacific Heart Rhythm Society. Europace
2015, 17, 1341-1353. [CrossRef]

Marwan, N.; Carmen Romano, M.; Thiel, M.; Kurths, J. Recurrence plots for the analysis of complex systems.
Phys. Rep. 2007, 438, 237-329. [CrossRef]

Marwan, N.; Wessel, N.; Meyerfeldt, U.; Schirdewan, A.; Kurths, J. Recurrence-plot-based measures of
complexity and their application to heart-rate-variability data. Phys. Rev. E 2002, 66, 026702. [CrossRef]
Monfredi, O.; Lyashkov, A.E.; Johnsen, A.-B.; Inada, S.; Schneider, H.; Wang, R.; Nirmalan, M.; Wisloff, U.;
Maltsev, V.A.; Lakatta, E.G.; et al. Biophysical characterization of the underappreciated and important
relationship between heart rate variability and heart rate. Hypertension 2014, 64, 1334-1343. [CrossRef]
[PubMed]

Sacha, J. Why should one normalize heart rate variability with respect to average heart rate. Front. Physiol.
2013, 4, 306. [CrossRef]

Echeverria, ].C.; Infante, O.; Pérez-Grovas, H.; Gonzalez, H.; José, M.V.; Lerma, C. Effects of Orthostatism
and Hemodialysis on Mean Heart Period and Fractal Heart Rate Properties of Chronic Renal Failure Patients.
Artif. Organs 2017, 41, 1026-1034. [CrossRef] [PubMed]

Penttild, J.; Helminen, A.; Jartti, T.; Kuusela, T.; Huikuri, H.V.; Tulppo, M.P,; Scheinin, H. Effect of cardiac vagal
outflow on complexity and fractal correlation properties of heart rate dynamics. Auton. Autacoid Pharmacol.
2003, 23, 173-179. [CrossRef] [PubMed]

Lerma, C.; Echeverria, ].C.; Infante, O.; Pérez-Grovas, H.; Gonzalez-Gémez, H. Sign and magnitude scaling
properties of heart rate variability in patients with end-stage renal failure: Are these properties useful to
identify pathophysiological adaptations? Chaos An Interdiscip. ]. Nonlinear Sci. 2017, 27, 093906. [CrossRef]
[PubMed]

Charra, B. Fluid balance, dry weight, and blood pressure in dialysis. Hemodial. Int. 2007, 11,21-31. [CrossRef]
Laborde, S.; Mosley, E.; Thayer, J.FE. Heart rate variability and cardiac vagal tone in psychophysiological
research—Recommendations for experiment planning, data analysis, and data reporting. Front. Psychol.
2017, 8, 1-18. [CrossRef]


http://dx.doi.org/10.1152/japplphysiol.00364.2019
http://dx.doi.org/10.1111/nep.13514
http://www.ncbi.nlm.nih.gov/pubmed/30328166
http://dx.doi.org/10.1159/000441982
http://www.ncbi.nlm.nih.gov/pubmed/26584275
http://dx.doi.org/10.1038/s41598-019-39295-y
http://www.ncbi.nlm.nih.gov/pubmed/30796327
http://dx.doi.org/10.1038/srep20597
http://dx.doi.org/10.1098/rsta.2008.0292
http://dx.doi.org/10.1098/rsta.2008.0294
http://dx.doi.org/10.1093/europace/euv015
http://dx.doi.org/10.1016/j.physrep.2006.11.001
http://dx.doi.org/10.1103/PhysRevE.66.026702
http://dx.doi.org/10.1161/HYPERTENSIONAHA.114.03782
http://www.ncbi.nlm.nih.gov/pubmed/25225208
http://dx.doi.org/10.3389/fphys.2013.00306
http://dx.doi.org/10.1111/aor.12887
http://www.ncbi.nlm.nih.gov/pubmed/28548688
http://dx.doi.org/10.1046/j.1474-8673.2003.00293.x
http://www.ncbi.nlm.nih.gov/pubmed/14690492
http://dx.doi.org/10.1063/1.4999470
http://www.ncbi.nlm.nih.gov/pubmed/28964157
http://dx.doi.org/10.1111/j.1542-4758.2007.00148.x
http://dx.doi.org/10.3389/fpsyg.2017.00213

Entropy 2020, 22, 114 17 of 17

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Lerma, C.; Infante, O.; Perez-Grovas, H.; Jose, M.V. Development and validation of a graphical user interface
for assessment of cardiorespiratory coupling. Electronic 2000, 22, 63-67.

Figuerola, S.; Quintanar, E.; Lerma, C. Development and validation of a graphical user interface for assessment
of cardiorespiratory coupling. Electronic 2019, 41, 1-9.

Infante, O.; Valenzuela, F; Polo, S. Algorithm that uses the second derivative to identify the QRS complex in
real time. Rev Mex Ing. 1992, 13, 23-32.

Mestivier, D.; Dabiré, H.; Chau, N.P. Effects of autonomic blockers on linear and nonlinear indexes of blood
pressure and heart rate in SHR. Am. J. Physiol. Circ. Physiol. 2001, 281, H1113-H1121. [CrossRef] [PubMed]
Javorka, M.; Trunkvalterova, Z.; Tonhajzerova, I.; Lazarova, Z.; Javorkova, J.; Javorka, K. Recurrences in
heart rate dynamics are changed in patients with diabetes mellitus. Clin. Physiol. Funct. Imaging 2008, 28,
326-331. [CrossRef] [PubMed]

Webber, C.L.; Zbilut, J.P. Dynamical assessment of physiological systems and states using recurrence plot
strategies. J. Appl. Physiol. 1994, 76, 965-973. [CrossRef] [PubMed]

Gao, ].B.; Cao, Y,; Gu, L.; Harris, ].G.; Principe, ].C. Detection of weak transitions in signal dynamics using
recurrence time statistics. Phys. Lett. A 2003, 317, 64-72. [CrossRef]

Shannon, C.E. A Mathematical Theory of Communication. Bell Syst. Tech. ]. 1948, 27, 379-423. [CrossRef]
Thayer, J.F,; Sternberg, E. Beyond heart rate variability: Vagal regulation of allostatic systems. Ann. N. Y.
Acad. Sci. 2006, 1088, 361-372. [CrossRef]

Kuster, D.W.D.; Merkus, D.; Van Der Velden, J.; Verhoeven, A.].M.; Duncker, D.J. “Integrative Physiology 2.0”:
Integration of systems biology into physiology and its application to cardiovascular homeostasis. J. Physiol.
2011, 589, 1037-1045. [CrossRef]

Mravec, B. The role of the vagus nerve in stroke. Auton. Neurosci. Basic Clin. 2010, 158, 8-12. [CrossRef]
Sterling, P. Allostasis: A model of predictive regulation. Physiol. Behav. 2012, 106, 5-15. [CrossRef]
Gonzalez-Gémez, G.H.; Infante, O.; Martinez-Garcia, P.; Lerma, C. Analysis of diagonals in cross recurrence
plots between heart rate and systolic blood pressure during supine position and active standing in healthy
adults. Chaos 2018, 28, 085704. [CrossRef]

Draghici, A.E.; Taylor, J.A. The physiological basis and measurement of heart rate variability in humans.
J. Physiol. Anthropol. 2016, 35, 22. [CrossRef] [PubMed]

Heesch, C.M. Reflexes that control cardiovascular function. Am. J. Physiol. 1999, 277, 5234-5243. [CrossRef]
[PubMed]

Shiraishi, Y.; Katsumata, Y.; Sadahiro, T.; Azuma, K.; Akita, K; Isobe, S.; Yashima, F; Miyamoto, K;
Nishiyama, T.; Tamura, Y.; et al. Real-time analysis of the heart rate variability during incremental exercise
for the detection of the ventilatory threshold. J. Am. Heart Assoc. 2018, 7, 1-12. [CrossRef] [PubMed]

Lake, D.E.; Richman, J.S.; Pamela Griffin, M.; Randall Moorman, J. Sample entropy analysis of neonatal heart
rate variability. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2002, 283, 789-797. [CrossRef] [PubMed]
Valenza, G.; Allegrini, P,; Lanata, A.; Scilingo, E.P. Dominant Lyapunov exponent and approximate entropy in
heart rate variability during emotional visual elicitation. Front. Neuroeng. 2012, 5, 1-7. [CrossRef] [PubMed]
Liu, C; Li, K,; Zhao, L.; Liu, E; Zheng, D.; Liu, C.; Liu, S. Analysis of heart rate variability using fuzzy
measure entropy. Comput. Biol. Med. 2013, 43, 100-108. [CrossRef]

Ho, Y.L.; Lin, C,; Lin, Y.H.; Lo, M.T. The prognostic value of non-linear analysis of heart rate variability in
patients with congestive heart failure-a pilot study of multiscale entropy. PLoS ONE 2011, 6, 4-9. [CrossRef]
Wessel, N.; Voss, A.; Kurths, J.; Schirdewan, A.; Hnatkova, K.; Malik, M. Evaluation of renormalised entropy
for risk stratification using heart rate variability data. Med. Biol. Eng. Comput. 2000, 38, 680-685. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1152/ajpheart.2001.281.3.H1113
http://www.ncbi.nlm.nih.gov/pubmed/11514277
http://dx.doi.org/10.1111/j.1475-097X.2008.00813.x
http://www.ncbi.nlm.nih.gov/pubmed/18507669
http://dx.doi.org/10.1152/jappl.1994.76.2.965
http://www.ncbi.nlm.nih.gov/pubmed/8175612
http://dx.doi.org/10.1016/j.physleta.2003.08.018
http://dx.doi.org/10.1002/j.1538-7305.1948.tb01338.x
http://dx.doi.org/10.1196/annals.1366.014
http://dx.doi.org/10.1113/jphysiol.2010.201533
http://dx.doi.org/10.1016/j.autneu.2010.08.009
http://dx.doi.org/10.1016/j.physbeh.2011.06.004
http://dx.doi.org/10.1063/1.5024685
http://dx.doi.org/10.1186/s40101-016-0113-7
http://www.ncbi.nlm.nih.gov/pubmed/27680542
http://dx.doi.org/10.1152/advances.1999.277.6.S234
http://www.ncbi.nlm.nih.gov/pubmed/10644250
http://dx.doi.org/10.1161/JAHA.117.006612
http://www.ncbi.nlm.nih.gov/pubmed/29307865
http://dx.doi.org/10.1152/ajpregu.00069.2002
http://www.ncbi.nlm.nih.gov/pubmed/12185014
http://dx.doi.org/10.3389/fneng.2012.00003
http://www.ncbi.nlm.nih.gov/pubmed/22393320
http://dx.doi.org/10.1016/j.compbiomed.2012.11.005
http://dx.doi.org/10.1371/journal.pone.0018699
http://dx.doi.org/10.1007/BF02344875
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Participants 
	Hemodialysis Prescription 
	Study Protocol 
	ECG Signal Processing and Linear HRV Indices Estimation 
	Recurrence Plot-Based Indices 
	Statistical Analysis 

	Results 
	HRV Analysis with Linear Methods 
	HRV Analysis Based on the Recurrence Plot 
	Correlation between meanNN and RQA Indices 

	Discussion 
	Conclusions 
	
	References

