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Abstract 

In this paper we employed joint symbolic dynamics 

(JSD) approach to study reproducibility of heart rate 

variability characteristics measured on 2 randomly 

selected 10-second segments within 3-minute resting 

orthogonal ECG in 170 healthy participants. First, the 

ECG R-peaks were detected using parabolic fitting. 

Second, the respiratory signal was derived from 

orthogonal ECG X-lead using QRS slopes. Third, time 

series’ of R-R intervals and respiratory phases 

(calculated using Hilbert transform), were transformed 

into tertiary symbol vectors based on their successive 

changes and words of length ‘3’ were formed. Bland-

Altman analysis was used to assess the agreement 

between measured log-transformed JSD characteristics of 

HRV, and their reproducibility. Traditional HRV 

measures such as RR’ interval changes showed a very 

high reproducibility. However, agreement between two 

10-second JSD indices of HRV was low. Interestingly, a 

significant decrease in low-high alterations of HRV 

dynamics measured using JSD was observed when 

respiratory phase transition intervals were excluded (10s: 

4.7±9.4 vs. 24.8±21.0%, p<0.0001; 3min: 9.8±8.1 vs. 

24.8±12.3%, p<0.0001).         

 

1. Introduction 

The study of heart rate variability (HRV) provides 

clinically relevant information about autonomic control 

[1]. Compared to conventional signal-processing 

approaches which are inadequate for characterizing 

complex system dynamics, joint symbolic dynamics 

(JSD) has been shown to be an effective technique to 

provide enhanced information by employing a coarse-

graining procedure to preserve the robust properties of the 

system’s complex dynamics [2,3]. Symbolic dynamics 

has been widely used to study HRV dynamics and is 

suggested to provide improved performance for the 

analysis of respiratory data and cardiorespiratory 

interaction [3,4].         

Standard short-term HRV analysis traditionally 

requires 5-minutes of continuous ECG recording. 

Recently, it has been shown that the quantitative 

estimation of HRV parameters is not significantly 

affected by shortening the duration of analyzed ECG to 

30-60 second segments [5]. In clinical practice, 10-second 

ECG recording is routinely available and therefore could 

provide clinical studies with the opportunity to investigate 

clinical utility of HRV characteristics for risk assessment 

in patients. However, reproducibility of HRV indices 

using JSD has never been studied.  

Increased repetitive low-high alterations between 

intervals of major near-field deflections on right 

ventricular intracardiac electrogram analyzed using 

tertiary symbolization for JSD has been shown to be 

associated with mortality [6]. Respiratory sinus 

arrhythmia is modulated by vagal tone, and is 

characterized by heart rate accelerations/decelerations 

that occur in phase with inhalation and exhalation during 

respiratory cycle. Consequently, low-high alterations in 

HRV symbolic dynamics may occur during the 

inhalation-exhalation phase transition. The aim of this 

study was to evaluate reproducibility and to determine the 

effect of respiratory phase transition on HRV 

characteristics measured using JSD. We hypothesize that 

HRV symbolic characteristics are affected by respiratory 

phase transitions.       

 

2. Methods 

The study conformed to principles outlined in the 

Declaration of Helsinki and was approved by the local 

ethics committee. Each participant provided written 

informed consent.  

 

2.1. Subjects 

This study population was composed of 170 healthy 

participants of the prospective cohort Intercity Digital 

Electrogram Alliance (IDEAL) study, provided by the 

NIH-funded The Telemetric and Holter ECG Warehouse 

initiative [7]. Mean age was 38.1±15.2 years, 50% were 

male and 94% were white. The participants had normal 



echocardiogram, physical examination and stress test, 12-

lead ECG in sinus rhythm, and no history of any chronic 

illness.  

 

2.2. Data recording 

High resolution (1000Hz) modified (5th intercostal 

space) Frank orthogonal ECG (XYZ) was recorded by the 

SpaceLab-Burdick digital Holter recorder (SpaceLab-

Burdick, Inc. Deerfield, WI) at rest in the supine position 

for at least 3 minutes.  

 

2.3. Processing of ECG, derivation of 

respiratory signal and HRV analysis 

Two non-adjacent 10-second ECG segments were 

selected from all ECG recordings. Custom-written 

computer software developed in MATLAB® was used 

for the detection of QRS onsets and offsets, and R-peaks 

on orthogonal X-lead. All ECG segments were visually 

scanned for presence of noise distortion or irregular beats. 

 

 
Figure 1. Illustration of changes in RR’ intervals and 

changes in phases of ECG derived respiratory signal. 

 

Respiratory signal was derived from the orthogonal X-

lead using a recent method presented by Lazaro et al. [8]. 

For each QRS complex, the upward slope and the 

downward slope of the R-wave were measured. From the 

sample point associated with the maximum slope, a 

straight line of 8ms interval was fitted to each side of the 

R-wave. The slopes of the lines were the required QRS 

slopes. By adding the series of the QRS slopes an 

unevenly sampled respiratory signal was obtained. This 

signal was then interpolated at 4Hz using cubic-splines 

interpolation technique to obtain an evenly sampled ECG-

derived respiratory signal (Fig.1). The Hilbert transform 

was used to calculate the phases of the respiratory signal. 

For the analysis of traditional HRV, the following 

indices were calculated: meanNN (mean value of sinus 

RR’ time series), sdNN (standard deviation of sinus RR’ 

time series), rMSSD (square root of the mean squared 

differences of successive RR’ intervals) and PPA_S1S2 

(ratio of the standard deviation of the short-term RR’ 

interval variability to the standard deviation of the long-

term RR’ interval variability in the Poincare plot). 

 

2.4. Joint symbolic dynamics  

From the vectors of R-R time series and respiratory 

phases, RP (taken at the instants of R-peaks), we 

established two symbolic sequences, sRR and sRP, using 

the transformation rules below, respectively. They are 

based on the differences between successive R-R 

intervals (an increase in RR’ was represented by “+1”, 

decrease by “-1” and no change by “0”) and R-instant 

respiratory phases (inspiratory phase was represented by 

“+1”, expiratory phase by “-1” and transition from 

inspiratory to expiratory phase and vice versa by “0”), as 

described previously [3].  
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Here, Th represents a defined threshold value which 

allows distinguishing high beat-to-beat variability from 

small changes that might be within the noise floor. For 

this study Th=2 was used. Subsequently, series of words, 

wRR and wRP of length three were constructed. 

Consequently, eight different word types were obtained 

for each vector [3].  

By evaluating the probability distribution of the 27 (33) 

possible word pattern types, the following indices were 

calculated by grouping individual word patterns into 

various families [9]: R0 (three successive symbols are 

equal), R1 (two successive symbols are equal and the 

remaining one symbol is different), LR2 (three successive 

symbols are in ascending or descending order), UR2 

(second symbol is larger or smaller compared to the first 

and third symbol) and ALT (three successive symbols are 

alternating between “+1” and “-1”). Subsequently, the 

percentage of occurrence of each word type was 

determined by dividing the total count of a particular 

word pattern divided by the total count of all words. 

For the analysis of effect of respiratory inhalation-

exhalation phase transition on low-high alterations in 

HRV symbolic dynamics, we calculated ALT: (a) 

including all the word types with alternating symbolic 

sequences, and (b) same as (a) but excluding the words 

that occur during respiratory phase transitions.   

 

2.5. Statistical analysis 



GraphPad Prism version 6.05 for Windows (GraphPad 

Software, San Diego, California, USA) was used for 

statistical analysis. HRV symbolic parameters were log-

transformed to achieve normal distribution of data. 

Bradley-Blackwood test (which simultaneously compares 

the means and variances of two measurements), Lin’s 

concordance correlation coefficient and Bland-Altman 

analysis [10] was used for the assessment of 

reproducibility of HRV parameters measured on random 

10-second segments.  

 

3. Results  

Mean height of the study population was 169.6±10.4 cm, 

mean weight was 69.8±15.2 kg, and BMI was 24.2±4.6 

cm/kg2. Two participants (1.2%) were on beta-blockers. 

The average number of beats analyzed in both the 10-

second intervals was 11.25±1.79 (Tables 1&2).    

 

3.1. Reproducibility of traditional HRV 

measures 

The RR’ interval changes (meanNN) showed a very 

high reproducibility when comparing two random 10-

second ECG segments (Table 1). The sdNN, rMSSD and 

Poincare’s PPA_S1S2 also showed high reproducibility 

but with a wider range of 95% limits of agreement (Table 

1). The Lin’s concordance coefficient was >0.75 for all 

the variables.  

 

Table 1. Reproducibility agreement of two 10-second 

ECG HRV characteristic measures (n=170). 
 

 Parameter ECG 

10s #1 

ECG 

10s #2 

Bias 95% 

limits of 
agreement 

 Bradley- 

 Blackwood 
 F (P) 

 Beats, n 11.25 

±1.79 

11.25 

±1.79 

0.000 [-1.210; 

1.210] 

 0.003(0.99) 

 meanNN, 
 ms 

944.2 
±152.9 

946.4 
±155.9 

-2.17 [-80.08; 
75.75] 

 0.76(0.47) 

 Log 

 sdNN 

1.394 

±0.284 

1.378 

±0.274 

0.017 [-0.355; 

0.388] 

 0.90(0.41) 

 Log 
 rMMSD 

1.457 
±0.315 

1.442 
±0.297 

0.015 [-0.380; 
0.410] 

 1.17(0.31) 

 Log 

 PPA_S1S2 

-0.887 

±0.363 

-0.904 

±0.353 

0.017 [-0.395; 

0.429] 

 0.74(0.48) 

 

3.2. Reproducibility of HRV indices 

calculated using JSD 

The HRV symbolic dynamics calculated using JSD 

showed low agreement between the two random 10-

second segments (Table 2). The Lin’s concordance 

coefficient was <0.3 for all the JSD indices. The Bland-

Altman plot in Fig.2 shows the limits of agreement for the 

JSD variable, R1, measured at two random 10-second 

segments. 

Table 2. Reproducibility agreement of two 10-second 

HRV measures using JSD (n=170). 
 

 Parameter ECG 

10s #1 

ECG 

10s #2 

Bias 95% 

limits of 

agreement 

 Bradley- 

 Blackwood 

 F (P) 

 Beats, n 11.25 

±1.79 

11.25 

±1.79 

0.000 [-1.210; 

1.210] 

 0.003(0.99) 

 LogR0 1.305 

±0.224 

1.303 

±0.210 

0.047 [-0.489; 

0.583] 

 0.80(0.45) 

 LogR1 1.719 

±0.199 

1.741 

±0.174 

-0.020 [-0.460; 

0.420] 

 0.78(0.46) 

 LogLR2 1.135 

±0.136 

1.134 

±0.146 

-0.031 [-0.397; 

0.316] 

 0.17(0.84) 

 LogUR2 1.502 

±0.274 

1.468 

±0.253 

0.025 [-0.594; 

0.644] 

 1.09(0.34) 

 LogALT 1.468 

±0.291 

1.431 

±0.253 

0.024 [-0.612; 

0.661] 

 0.57(0.57) 

 

 
Figure 2. Bland-Altman plot demonstrating agreement of 

log-transformed symbolic R1 (logR1) at 2 random 10-

second segments.   

 

3.3. Effect of respiratory phase changes on 

HRV symbolic characteristics  

Percentage of low-high alterations in HRV symbolic 

dynamics (ALT) after excluding the words that occur 

during respiratory phase transitions showed a significant 

decrease as compared to ALT calculated without taking 

respiratory phases into account (10s: 4.7±9.4 vs. 

24.8±21.0%, p<0.0001; 3min: 9.8±8.1 vs. 24.8±12.3%, 

p<0.0001, respectively) as seen in Fig.3. 

 

4. Discussion 

This is the first paper to investigate reproducibility of 

HRV characteristics using symbolic dynamic approach 

measured on 10-second of ECG. Our results indicate that 

while traditional HRV measures such as meanNN, 

Poincare plot show high reproducibility, limits of 

agreement of HRV parameters calculated using JSD are 

wider. In addition, the alternans phenomenon of HRV 

symbolic dynamics is associated with the respiratory 

phase transitions.  

 



 
Figure 3. Comparison of percentage of HRV alternans 

(ALT) calculated using JSD on, A: 10-second segments 

and B: 3-minute segments, including and excluding 

respiratory phase transitions. 

 

Robust reproducibility of a method is necessary for its 

clinical use and appropriate interpretation of results. In 

this study, although we observed high agreement of 

traditional HRV characteristic measures, the HRV 

symbolic measures using JSD showed low agreement 

between two random 10-second recordings. However, the 

number of beats analysed in both the 10-second 

recordings were highly correlated in each subject, thus 

implying similar heart rate for both the segments. This 

suggests that a longer than 10-second ECG recording 

would be more appropriate. However, the 10-second ECG 

is widely available and utilizing the JSD approach could 

help characterize the phenomenon of HRV dynamics. In 

addition, a 10-second recording is considered to be 

stationary and hence is less likely to be affected by factors 

such as noise compared to a longer recording. Further 

investigations are needed to find the best JSD approach.  

Beat-to-beat variations within a repetitive alternation 

of measurement parameters such as heart rate are 

considered to be important in the functional assessments 

of patients. The quantification of HRV for predefined 

sections of the respiratory cycle improves risk 

stratification of post-myocardial infarction (MI) death. 

Bivariate phase-rectified signal averaging method showed 

a strong association between expiration-triggered 

shortening of RR intervals and death after MI [11]. In this 

study we observed a significant decrease in low-high 

alterations of HRV symbolic dynamics after exclusion of 

respiratory phase transitions in both 10-second and the 

whole 3-minute recordings. This suggests that alterations 

in HRV occurring during respiratory phase transitions 

must be excluded to study the true phenomenon of HRV 

symbolic dynamics. Further clinical studies are required 

to understand the phenomenon of HRV symbolic 

dynamics and their clinical implications.              

 

5. Conclusion 

The HRV parameters calculated using JSD have low 

reproducibility on 10-second ECG. Respiration-induced 

ECG changes should be considered for the study of HRV 

symbolic dynamics.       
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