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Abstract: The study of heart autonomic control (HAC) in 
patients with chronic kidney disease (CKD) undergoing 
dialysis treatment has been carried out, however, there 
are no studies reporting the reliability of measurements 
of HAC parameters involving the mentioned samples and 
conditions. The reliability of many HAC parameters was 
evaluated from patients with CKD during two sessions of 
hemodialysis. The successive R-R intervals were recorded 
during two sessions of hemodialysis from 14 CKD patients 
that were undergoing dialysis for at least 6 months and with 
no history of recurrent hypotensive events. HAC parame-
ters were obtained with time and frequency domain analy-
sis, as well as with nonlinear methods. The reliability was 
measured with the intraclass correlation coefficient (ICC). 
The results showed excellent reliability (ICC = 0.90–0.98) 
for most heart rate variability (HRV) parameters, especially 
the parameters obtained in the time domain [square root 
of the mean squared differences between successive R-R 

intervals (RMSSD), percentage of adjacent R-R intervals 
that differ by more than 50 ms (pNN50), mean of the 5-min 
standard deviations of R-R intervals (SDNNi), and triangu-
lar index] and with non-linear methods [standard deviation 
of the instantaneous variability beat-to-beat (SD1), stand-
ard deviation in long-term continuous R-R intervals (SD2), 
detrended fluctuation analysis (DFA) α1 and α2, approxi-
mate and sample entropies, and correlation dimension 
(D2): ICC = 0.86–0.96]. Among the parameters obtained in 
the frequency domain (normalized magnitude from the 
spectrum of low-frequency components (LFnu), normal-
ized magnitude from the spectrum of high-frequency com-
ponents (HFnu), and LF/HF ratio), the LF/HF ratio showed 
better reliability (ICC = 0.96 vs. ICC = 0.70). Measurements of 
HAC parameters have excellent test-retest reliability for the 
studied samples and conditions.

Keywords: chronic renal insufficiency; heart rate 
variability; hemodynamics.

Introduction
Analysis of reliability of biological variables is common, 
and an important step, in many areas of research. The reli-
ability from variables collected with repeated measures 
(e.g. repeated measurements of blood pressure, heart rate, 
body temperature, etc.) is critical to the knowledge about 
the consistency of the data, which impacts directly in sta-
tistical inferential methods.

Variables with great inter and intra-subject variability, 
such as parameters of heart autonomic control (HAC), may 
require a large sample size in order to achieve good reli-
ability of measures, especially when it involves complex 
samples or complex experimental conditions. Sacre et al. 
[23] claims that the reliability of the HAC measures tends 
to decline as the subject’s clinical status becomes worse. 
Likewise, cardiovascular stress conditions, such as hypo-
volemic conditions, may also increase the inter- and intra-
subject variability of HAC.

The study of HAC through analysis of the variability of 
R-R intervals has been widely used in researches involving 
patients with chronic kidney disease (CKD) during daily 
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activities [4, 5, 8, 28] and during hemodialysis sessions [3, 
5, 22], which is justified by the autonomic dysfunction com-
monly observed in this population [5, 22] and the increased 
risk of sudden death from cardiac complications in these 
patients [1, 8, 11, 32]. Although widely used in scientific 
research, to our knowledge, there are no studies evaluat-
ing the reliability of the parameters of HAC from patients 
with chronic kidney disease during hemodialysis sessions.

In this context, it is plausible to hypothesize that the 
HAC of patients with CHD during hemodialysis sessions 
are poorly reliable, because it involves a complex clini-
cal condition, combined with a stressor procedure to the 
cardiovascular system, which would limit the use of this 
variable in scientific research by compromising data con-
sistency, especially when involving a small sample size. 
Thus, the aim of this study was to evaluate the test-retest 
reliability of HAC parameters from patients with CKD 
during two hemodialysis sessions.

Materials and methods
Sample

The sample consisted of 14 patients, eight women and six men 
(33±9  years old), diagnosed with CKD, undergoing hemodialy-
sis treatment for at least 6  months and without history of recur-
rent hypotensive crises during hemodialysis sessions. Exclusion 
criteria were diabetes mellitus (DM), since DM is a major cause 
of autonomic dysfunction, uncontrolled hypertension [systolic 
blood pressure (SBP) ≥ 200 mm Hg and/or diastolic blood pressure 
(DBP) ≥ 120 mm Hg], and previous diagnosis of cardiac arrhythmia. 
Table 1 presents a sample description.

Proceedings and measurements

All data were recorded in the Kidney Disease Center of Jequie (CDRJ), 
Bahia, Brazil, from December 2012 to June 2013. The sample consisted 
of patients with CKD and undergoing hemodialysis treatment. Only 
patients submitted to hemodialysis in the morning were included, 
owing to the influence of circadian rhythm on HAC.

Participants were invited to take part in the study and were 
informed about the study procedures; those who agreed to par-
ticipate in the study signed an informed consent. The study was 
approved by the Research Ethics Committee of the State University of 
Southwest Bahia (protocol#: 09635912.3.0000.0055).

R-R interval recording

All patients who met the sample selection criteria and agreed to 
participate were subjected to recording R-R intervals through a 
heart rate monitor (Polar® RS800CX, Finland) with a sampling fre-
quency of 1000 Hz, providing a temporal resolution of 1 ms for each 
R-R interval, in two hemodialysis sessions with a window of at least 
48 h between them. The hemodialysis sessions lasted for 233±10 and 
235±6 min, for the first and second session, respectively. The mean 
weight loss in the sessions (2.61±0.89 and 2.45±0.89 kg for the first 
and second session, respectively) exhibited an excellent reliability 
between sessions, measured through the intraclass correlation coef-
ficient ICC [ICC = 0.94 (95% confidence interval: 0.80–0.98); standard 
error of mean (SEM) = 0.31 kg].

Heart rate monitors were previously validated for analysis of 
HAC [9]. The RR interval data were analyzed in the time and frequency 
domain and with nonlinear analysis methods, and all analyses were 
performed with the Kubios HRV analysis software 2.1 (Department 
of Applied Physics, University of Eastern Finland) [31]. The recorded 
data were pre-processed using a smoothing procedure with a cut-off 
frequency of 0.035  Hz to remove disturbing low-frequency baseline 
trend components as used and suggested by Luque-Casado et al. [13]. 
The smoothness priors method is basically a time-varying high-pass 

Table 1: Etiology of CKDa/primary disease, comorbidities, dialysis time (months), urea, and parameters of hemodialysis adequacy (URR and 
Kt/V) for each patient included in the study.

Patient   Sex  Etiology of CKDa/primary disease  Comorbidity   Dialysis time (months)   Urea (mg/dl)b   URR (%)c   Kt/Vd

1   F   Hypertensive nephrosclerosis   Hypertension   66   138   72   1.37
2   F   CKD with unknown etiology   –   50   126   74   1.41
3   F   Hypertensive nephrosclerosis   Hypertension   8   114   74   1.42
4   M   CKD with unknown etiology   Hypertension   63   105   69   1.30
5   M   CKD with unknown etiology   –   34   142   59   1.06
6   F   Chronic glomerulonephritis   Hypertension   78   119   76   1.46
7   F   Lupus nephropathy   Hypertension   17   148   72   1.37
8   M   Chronic glomerulonephritis   Hypertension   143   93   63   1.17
9   F   CKD with unknown etiology   Hypertension   106   104   68   1.30
10   M   CKD with unknown etiology   Hypertension   72   127   68   1.28
11   M   Chronic glomerulonephritis   –   66   101   71   1.34
12   M   Hypertensive nephrosclerosis   Hypertension   7   108   63   1.10
13   F   Chronic glomerulonephritis   Hypertension   228   110   76   1.45
14   F   CKD with unknown etiology   –   82   168   75   1.43

aCKD, Chronic kidney disease; baverage from the last 12 months; cURR, urea reduction rate; dKt/V, fractional clearance of body water for urea.
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filter and its cut-off frequency can be adjusted with the Lambda 
parameter (i.e. the bigger the value of lambda, the smoother is the 
removed trend) as exposed by Tarvainen et al. [31]. Then, the used cut-
off frequency was below the frequency ranges examined in this study.

The analysis procedures followed the recommendations of the 
Task Force of the European Society of Cardiology and the North 
American Society of Pacing and Electrophysiology [32] and Tarvainen 
et al. [31]. It is important to note that the number of data points (i.e. 
the number of recorded R-R intervals) obtained in each hemodialysis 
session was not significantly different (1st session = 13913±956 data 
points; 2nd session = 13962±567 data points).

Time domain analysis

The time domain analysis was performed to obtain the following 
parameters: square root of the mean squared differences between 
successive R-R intervals (RMSSD), percentage of adjacent R-R inter-
vals that differ more than 50 ms (pNN50), standard deviation of the 
average R-R intervals calculated over the 5-min segments (SDANN), 
the mean of the 5-min standard deviations of R-R intervals (SDNNi), 
and triangular index, calculated by dividing the area (corresponding 
to the total number of RR intervals used in the histogram construc-
tion) by the height (corresponding to the number of RR intervals with 
modal frequency) of the triangle.

Frequency domain analysis

The analysis of the frequency domain was performed using the fast 
Fourier transform (FFT) to obtain the following parameters: normal-
ized magnitude from the spectrum of the low frequency components 
(LFnu) and the high frequency (HFnu), and LF/HF ratio. The low- and 
high-frequency power was set as 0.04–0.15 and 0.15–0.4 Hz, respec-
tively. The window width was set to 256 s and overlapped to 50%.

Nonlinear methods

The analysis of Poincaré plot allowed obtaining the standard devia-
tion of the instantaneous variability beat to beat (SD1) and standard 
deviation in long-term continuous RR intervals (SD2) parameters as 
proposed by the Task Force of the European Society of Cardiology 
and the North American Society of Pacing and Electrophysiology 
[32] and Voss et  al. [35]. The detrended fluctuation analysis (DFA) 
(α1 and α2), correlation dimension (D2), approximate entropy, and 
sample entropy were also obtained in accordance with the proposal 
by the Task Force of the European Society of Cardiology and the 
North American Society of Pacing and Electrophysiology [32], Voss 
et al. [35], Wagner and Persson [36], Zurek et al. [39] and Tarvainen 
et al. [31].

Statistical analysis

Data were analyzed descriptively as mean±standard deviation. The 
reliability of the HAC parameters were determined from the ICCs by 
means of the two-way model (ICC2,1 – a two-way repeated-measures 
analysis of variance) [12, 27].

The ICC is a suitable method to measure the reliability of two or 
more measures and is interpreted as the proportion of the total variabil-
ity attributed to the measured variable [25]. Among the available meth-
ods to infer the reliability of variables with repeated measurements, 
the ICC is referred as the preferable method, mainly because it can be 
applied to small samples [12, 27]. Additionally, this statistical approach 
has been widely used to evaluate reliability from data with stochastic 
characteristics, as HAC parameters [19, 20]. ICC was used to express 
relative reliability of the measures because it expresses the ratio of 
between-subject variance to total variability with a unitless value [27].

The reliability was defined as excellent for ICC values between 
0.80 and 1.00, good between 0.60 and 0.80, and low when  < 0.60, as 
proposed by Shrout and Fleiss [27]. In addition, we calculated the 
average standard error of repeated measurements (SEM = square root 
of the mean square error term from the ANOVA) as proposed by Weir 
[37]. SEM was used to express absolute reliability of the measure, 
where smaller values of SEM reflect more reliable measures. All sta-
tistical procedures were performed using SPSS 21.0 (SPSS Inc., IBM, 
Chicago, IL, USA).

The SEM can be estimated as the square root of the mean square 
error term from the ANOVA.

Results

Figure 1 presents the R-R intervals behavior, from a vol-
unteer, along the first and second hemodialysis sessions.

All HAC parameters obtained with the nonlinear 
methods showed excellent reliability, with ICC values 
above 0.85. Among the parameters obtained with the 
analysis in frequency domain, the LF/HF showed excel-
lent reliability, while the results of LFnu and HFnu 
were only good (ICC = 0.70). The majority of parameters 
obtained with analysis in the time domain showed excel-
lent reliability, except the SDANN, which showed very low 
ICC (ICC = 0.53). All ICC values, as well as mean±standard 
deviation of each parameter are presented in Table 2.

Figure 2 shows the correlation between the first and 
second hemodialysis sessions from the HAC parameters 
with best (pNN50 and DFA α1) and worst (LFnu and 
SDANN) reliability.

Discussion

This study aimed to assess the test-retest reliability of HAC 
parameters from patients with CKD in two hemodialysis 
sessions, and the results showed great consistency for the 
most of the studied parameters, especially those obtained 
through analysis in the time domain and with nonlinear 
methods.

Previous studies shown the impairment of the heart 
autonomic control from CKD patients when RR intervals 
are recorded from 24 h (i.e. during the daily routine) [4, 5]; 



626      D.M. da Silva et al.: Heart rate variability during hemodialysis sessions

0.85A

B

0.80

0.75

0.70

0.65

0.60

R
-R

 in
te

rv
al

s 
(s

)

0.55

0.50

0.45

0.85

0.80

0.75

0.70

0.65

0.60

R
-R

 in
te

rv
al

s 
(s

)

0.55

0.50

0.45

0 2000 4000 6000

Time (s)

8000 10,000 12,000 14,000

0 2000 4000 6000

Time (s)

8000 10,000 12,000 14,000

Figure 1: R-R intervals from a patient during two hemodialysis sessions.

Table 2: Mean±standard deviation, intraclass correlation coefficient (ICC) with 95% confidence interval, and standard error of mean (SEM) 
of the heart autonomic control parameters obtained in two hemodialysis sessions.

Analysis method   Variable   1st session   2nd session   SEM   ICC [95% CI]

Time domain   RMSSD (ms)   19.58±13.08   23.03±12.22   5.08   0.90 [0.68–0.97]
  pNN50 (%)   4.54±8.01   5.04±7.86   1.75   0.98 [0.93–0.99]
  SDANN (ms)   56.30±26.59   55.59±22.32   19.84   0.53 [0.00–0.85]
  SDNNi (ms)   32.15±10.60   36.04±11.77   4.07   0.90 [0.62–0.97]
  Triangular index (ms)   5.62±2.76   6.50±2.96   0.80   0.94 [0.70–0.98]

Frequency domain   LF n.u.   66±21   58±23   14.80   0.70 [0.10–0.89]
  HF n.u.   34±20   42±23   14.45   0.70 [0.10–0.89]
  LF/HF ratio   3.61±4.37   2.91±4.45   1.18   0.96 [0.87–0.99]

Nonlinear methods  SD1 (ms)   13.84±9.25   16.29±8.64   3.59   0.90 [0.68–0.97]
  SD2 (ms)   27.31±10.85   31.46±12.04   5.16   0.86 [0.54–0.96]
  DFA α1   1.19±0.30   1.15±0.30   0.08   0.96 [0.88–0.99]
  DFA α2   0.61±0.14   0.55±0.11   0.04   0.90 [0.32–0.98]
  Correlation dimension (D2)  0.57±0.84   0.69±1.06   0.30   0.95 [0.84–0.98]
  Approximate entropy   1.39±0.12   1.37±0.16   0.05   0.93 [0.77–0.97]
  Sample entropy   1.53±0.20   1.50±0.25   0.08   0.94 [0.80–0.98]

however, analysis of HAC during hemodialysis sessions is 
of great importance from a clinical point of view, since it 
is a cardiovascular stress condition owing to the volume 
withdrawal that can induce hypovolemia [2].

Previous studies have shown a clear trend to 
increased sympathetic activity along the hemodi-
alysis session [3,  6], which is justified by the volume 
withdrawal during the dialysis session. The failure to 
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Figure 2: Scatter plot showing the correlation from the best (pNN50 and DFA α1) and worst (LFnu and SDANN) reproducibility and reliability 
of heart autonomic control parameters during the first and second hemodialysis sessions. 
Arrows indicate the patient with discrepant behavior at LFnu, but normal behavior at DFAα1 and pNN50.

respond to the blood volume reduction by the increase 
of sympathetic activity may predispose to hypoten-
sion, which is the most frequent complication during 
hemodialysis sessions [6,  24, 26, 33]. Notwithstanding, 
the reduced vagal activity, common in patients with 
CKD, predisposes these patients to an increased risk of 
sudden death [1, 8, 11, 34].

The predominance of a low-frequency spectral band 
has been related to sympathetic activity, and therefore, a 
more stable hemodynamic behavior during hemodialysis 
sessions [3, 24]. Our results showed a predominance of 
this spectral band in both sessions, which may explain the 
hemodynamic stability of included patients, as an inclu-
sion criterion was the absence of recurrent hypotensive 
crisis during hemodialysis sessions.

Although the known results about the HAC during 
hemodialysis sessions are based mainly on analysis in 
the frequency domain [3, 16], our results showed that the 

HF and LF spectral bands had poorer reliability when 
compared to the results of analysis in the time domain 
or obtained by nonlinear methods. Figure 2 allows iden-
tifying a volunteer with discrepant behavior for spectral 
parameters between the first and second sessions. This 
is a young woman (27 years old), the single patient with 
the diagnosis of lupus nephropathy, an immunologi-
cal renal disease, which is a complex clinical condition 
and may present exacerbations and remissions. Inter-
estingly, despite of this and differently of the spectral 
parameters, the results from nonlinear methods were 
reliable and not influenced by the primary disease, as 
discussed below.

The LF/HF ratio, reported in the literature as a sympa-
thovagal balance indicator [32] showed excellent reliabil-
ity, and is therefore preferable when wanting to include 
parameters obtained in the frequency domain. The high 
levels of LF/HF ratio obtained in both hemodialysis 
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sessions could indicate a clear sympathetic predominance, 
necessary to offset the falling blood pressure, induced by 
volume withdrawal. However, the analysis of dynamical 
changes in time series, as R-R intervals, using time and 
frequency methods are often not sufficient to describe 
physiological events, especially in complex conditions or 
in diseases [14, 38]. For example, breathing rate, what is 
hard to control during hemodialysis sessions, may influ-
ence heart rate fluctuations [17, 38], and then, the para-
meters obtained with frequency domain analysis. Instead 
of this, nonlinear methods involve robust mathematical 
concepts and proceedings, which may be more suitable to 
categorize and understand complex behavior of the car-
diovascular system [38].

The reliability of HAC parameters from healthy sub-
jects was evaluated by Schroeder et  al. [25] and Pinna 
et  al. [20], and as well as in our study, the results show 
better ICC for the parameters obtained in the time domain 
compared to those obtained in the frequency domain, 
which can be explained by the significant influence of 
external stimuli (e.g. pain, breathing rate, menstruation, 
etc) over the parameters obtained with frequency domain 
analysis [10].

The analysis in the time domain has the advan-
tage of being obtained through simple mathematical 
procedures, allowing obtaining statistical and geomet-
ric indices easy to apply and interpret [32]. This fact, 
coupled to an excellent reliability obtained with this 
method of analysis leads us to recommend the use of 
these statistical and geometric indexes to study HAC 
during hemodialysis sessions, instead of frequency 
domain-based parameters. However, as explained previ-
ously, both, the analysis methods (i.e. in the time and 
frequency domains), could not be suitable to describe 
complex physiological events, what may be achieved 
with nonlinear methods. The large time series (i.e. 4-h 
recordings) favors the time domain parameters, owing to 
the statistical and geometric methods used. It is clear for 
pNN50, which is a statistical parameter at a large time 
series, but not applicable to SDANN, which is the stand-
ard deviation of the average 5-min RR intervals along the 
recorded time series. Figures 1 and 2 help to understand 
the poor reliability of SDANN; it is plausible to think that 
the same trend isn’t present for all subjects when this 
time window (intervals of 5 min) is used for R-R intervals 
recorded during the hemodialysis sessions.

The analysis of R-R intervals with nonlinear methods 
have been widely used and recommended in literature [7, 
15, 18, 21, 30]. Owing to its complex and dynamic nature, 
biological phenomena, such as the variation of successive 

R-R intervals, are better described through analysis with 
nonlinear methods [32, 38]. The fact that we obtained 
excellent reliability (ICC = 0.86–0.96) with the nonlinear 
parameters of HAC supports the use of these parameters in 
studies aiming to evaluate the autonomic behavior during 
hemodialysis sessions. It is important to note that, differ-
ently from the time and frequency domain methods, all 
the nonlinear parameters quantified the complexity of the 
time series in a global way, showing up more stable and 
less influenced by factors as breathing rate and primary 
disease, among others factors. Thus, we state that this is 
the most reliable approach to study the HAC during hemo-
dialysis sessions.

Additionally, nonlinear parameters are reported as 
important predictors of cardiac events, such as ventricular 
fibrillation and sudden death, in studies with animals and 
humans [15, 28–30].

Suzuki et  al. [30] showed that the analysis with 
detrended fluctuations, specifically the parameter α1, 
increases the risk stratification capacity for mortality 
in patients requiring hemodialysis. The cited study was 
carried out with electrocardiogram recordings for 24 h, 
and unfortunately, we have not identified in the litera-
ture studies using this parameter during hemodialysis 
sessions. Our results provide support for future studies 
aimed to investigate the predictor power of nonlinear 
parameters, obtained during hemodialysis, to outcomes 
as mortality and cardiovascular complications, since an 
excellent reliability of the parameters in this condition 
was found.

In conclusion, our study indicates that despite the 
cardiovascular stress resulting from volume withdrawal 
induced by hemodialysis in clinically critical patients, the 
test-retest reliability from the HAC parameters is great for 
most of the parameters obtained in the time domain and 
by nonlinear methods, especially the ones obtained with 
nonlinear methods, which provides reliability to use these 
variables in studies with similar samples and conditions 
as used here. One major limitation of our study is the rela-
tive small sample size; further prospective studies have to 
be conducted to validate the results we obtained.

Acknowledgments: The authors thank the doctors, nurses, 
auxiliary nurses, and patients from the CDRJ for their help 
in data collection. Murilo Carneiro Macedo and Helder 
Andrade Brito thank the State of Bahia Research Founda-
tion (FAPESB; BOL1751/2013 and BOL0114/2014) for the 
scientific scholarship. Uanderson Silva Pirôpo thanks the 
National Council for Scientific and Technological Devel-
opment (CNPq) for scientific scholarships.



D.M. da Silva et al.: Heart rate variability during hemodialysis sessions      629

References
[1]	 Cashion AK, Holmes SL, Arheart KL, Acchiardo SR, Hathaway DK. 

Heart rate variability and mortality in patients with end stage 
renal disease. Nephrol Nurs J 2005; 32: 173–184.

[2]	 Cavalcanti S, Cavani S, Santoro A. Role of short-term regulatory 
mechanisms on pressure response to hemodialysis-induced 
hypovolemia. Kidney Int 2002; 61: 228–238.

[3]	 Cavalcanti S, Severi S, Enzmann G. Analysis of oscillatory com-
ponents of short-term heart rate variability in hemodynamically 
stable and unstable patients during hemodialysis. Artif Organs 
1998; 22: 98–106.

[4]	 Chan CT, Chertow GM, Daugirdas JT, et al. Effects of daily hemo-
dialysis on heart rate variability: results from the Frequent 
Hemodialysis Network (FHN) Daily Trial. Nephrol Dial Transplant 
2014; 29: 168–178.

[5]	 Chan CT, Levin NW, Chertow GM, Larive B, Schulman G, 
Kotanko P. Determinants of cardiac autonomic dysfunction in 
ESRD. Clin J Am Soc Nephrol 2010; 5: 1821–1827.

[6]	 Chesterton LJ, Selby NM, Burton JO, Fialova J, Chan C, 
McIntyre CW. Categorization of the hemodynamic response to 
hemodialysis: the importance of baroreflex sensitivity. Hemo-
dial Int 2010; 14: 18–28.

[7]	 D’Addio G, Acanfora D, Pinna G, et al. Reproducibility of 
short-and long-term Poincare plot parameters compared with 
frequency-domain HRV indexes in congestive heart failure. 
Comput Cardiol 1998; 25: 381–384.

[8]	 Fukuta H, Hayano J, Ishihara S, et al. Prognostic value of heart 
rate variability in patients with end-stage renal disease on 
chronic haemodialysis. Nephrol Dial Transplant 2003; 18: 
318–325.

[9]	 Gamelin FX, Berthoin S, Bosquet L. Validity of the polar S810 
heart rate monitor to measure RR intervals at rest. Med Sci 
Sports Exerc 2006; 38: 887–893.

[10]	 Huhle R, Burghardt M, Zaunseder S, et al. Effects of awareness 
and nociception on heart rate variability during general anaes-
thesia. Physiol Meas 2012; 33: 207–217.

[11]	 Kotanko P. Cause and consequences of sympathetic hyperactiv-
ity in chronic kidney disease. Blood Purif 2006; 24: 95–99.

[12]	 Lexell JE, Downham DY. How to assess the reliability of meas-
urements in rehabilitation. Am J Phys Med Rehabil 2005; 84: 
719–723.

[13]	 Luque-Casado A, Zabala M, Morales E, Mateo-March M, 
Sanabria D. Cognitive performance and heart rate variability: 
the influence of fitness level. PLoS One 2013; 8: e56935.

[14]	 Mackey MC, Glass L. Oscillation and chaos in physiological 
control systems. Science 1977; 197: 287–289.

[15]	 Mäkikallio TH, Hoiber S, Kober L, et al. Fractal analysis of 
heart rate dynamics as a predictor of mortality in patients 
with depressed left ventricular function after acute myocardial 
infarction. TRACE Investigators. Trandolapril Cardiac Evalua-
tion. Am J Cardiol 1999; 83: 836–839.

[16]	 Mylonopoulou M, Tentolouris N, Antonopoulos S, et al. Heart 
rate variability in advanced chronic kidney disease with or 
without diabetes: midterm effects of the initiation of chronic 
haemodialysis therapy. Nephrol Dial Transplant 2010; 25: 
3749–3754.

[17]	 Nemati S, Edwards BA, Lee J, Pittman-Polletta B, Butler JP, 
Malhotra A. Respiration and heart rate complexity: effects of 

age and gender assessed by band-limited transfer entropy. 
Respir Physiol Neurobiol 2013; 189: 27–33.

[18]	 Nicolini P, Ciulla MM, De Asmundis C, Magrini F, Brugada P. The 
prognostic value of heart rate variability in the elderly, chang-
ing the perspective: from sympathovagal balance to chaos 
theory. Pacing Clin Electrophysiol 2012; 35: 622–638.

[19]	 Nunan D, Donovan G, Jakovljevic D, Hodges L, Sandercock G, 
Brodie D. Validity and reliability of short-term heart-rate vari-
ability from the Polar S810. Med Sci Sports Exerc 2009; 41: 
243–250.

[20]	 Pinna GD, Maestri R, Torunski A, et al. Heart rate variabil-
ity measures: a fresh look at reliability. Clin Sci 2007; 113: 
131–140.

[21]	 Pivatelli FC, Santos MA, Fernandes GB, et al. Sensitivity, 
specificity and predictive values of linear and nonlinear indices 
of heart rate variability in stable angina patients. Int Arch Med 
2012; 5: 31.

[22]	 Reed MJ, Robertson CE, Addison PS. Heart rate variability 
measurements and the prediction of ventricular arrhythmias. 
QJM 2005; 98: 87–95.

[23]	 Sacre JW, Jellis CL, Marwick TH, Coombes JS. Reliability of heart 
rate variability in patients with type 2 diabetes mellitus. Diabet 
Med 2012; 29: 33–40.

[24]	 Sandberg F, Bailón R, Hernando D, et al. Prediction of hypo-
tension in hemodialysis patients. Physiol Meas 2014; 35: 
1885–1898.

[25]	 Schroeder EB, Whitsel EA, Evans GW, Prineas RJ, Chambless LE, 
Heiss G. Repeatability of heart rate variability measures. 
J Electrocardiol 2004; 37: 163–172.

[26]	 Shoji T, Tsubakihara Y, Fujii M, Imai E. Hemodialysis associated 
hypotension as an independent risk factor for two-year mortal-
ity in hemodialysis patients. Kidney Int 2004; 66: 1212–1220.

[27]	 Shrout PE, Fleiss JL. Intraclass correlations: uses in assessing 
rater reliability. Psychol Bull 1979; 86: 420–428.

[28]	 Skinner JE, Carpeggiani C, Landisman CE, Fulton KW. Correla-
tion dimension of heartbeat intervals is reduced in conscious 
pigs by myocardial ischemia. Circ Res 1991; 68: 966–976.

[29]	 Skinner JE, Pratt CM, Vybiral T. A reduction in the correlation 
dimension of heartbeat intervals precedes imminent ventricular 
fibrillation in human subjects. Am Heart J 1993; 125: 731–743.

[30]	 Suzuki M, Hiroshi T, Aoyama T, et al. Nonlinear measures 
of heart rate variability and mortality risk in hemodialysis 
patients. Clin J Am Soc Nephrol 2012; 7: 1454–1460.

[31]	 Tarvainen MP, Niskanen JP, Lipponen JA, Ranta-aho PO, 
Karjalainen PA. Kubios HRV: heart rate variability analysis soft-
ware. Comput Methods Programs Biomed 2014; 113: 210–220.

[32]	 Task Force of the European Society of Cardiology and the North 
American Society of Pacing and Electrophysiology. Heart rate 
variability. Standards of measurement, physiological interpre-
tation, and clinical use. Eur Heart J 1996; 17: 354–381.

[33]	 Tislér A, Akócsi K, Borbás B, et al. The effect of frequent or 
occasional dialysis-associated hypotension on survival of 
patients on maintenance haemodialysis. Nephrol Dial Trans-
plant 2003; 18: 2601–2605.

[34]	 Tory K, Süveges Z, Horváth E, et al. Autonomic dysfunction 
in uremia assessed by heart rate variability. Pediatr Nephrol 
2003; 18: 1167–1171.

[35]	 Voss A, Schroeder R, Truebner S, Goernig M, Figulla HR, 
Schirdewan A. Comparison of nonlinear methods symbolic 
dynamics, detrended fluctuation, and Poincaré plot analysis 



630      D.M. da Silva et al.: Heart rate variability during hemodialysis sessions

in risk stratification in patients with dilated cardiomyopathy. 
Chaos 2007; 17: 015120.

[36]	 Wagner CD, Persson PB. Chaos in the cardiovascular system: 
an update. Cardiovasc Res 1998; 40: 257–264.

[37]	 Weir JP. Quantifying test-retest reliability using the intraclass 
correlation coefficient and the SEM. J Strength Cond Res 2005; 
19: 231–240.

[38]	 Wessel N, Riedl M, Kurths J. Is the normal heart rate “chaotic” 
due to respiration? Chaos 2009; 19: 028508.

[39]	 Zurek S, Guzik P, Pawlak S, Kosmider M, Piskorski J. On 
the relation between correlation dimension, approximate 
entropy and sample entropy parameters, and a fast algo-
rithm for their calculation. Physica A 2012; 391:  
6601–6610.


