
 

 

   
Abstract— Although cardiac automaticity is intrinsic to various 

pacemaker tissues, heart rate and rhythm are largely under the control 
of the autonomic nervous system. Cardiovascular oscillations 
following spontaneous ventricular premature complexes (VPC) are 
characterized by a short-term heart rate fluctuation known as heart 
rate turbulence described by the so-called turbulence onset (TO) and 
slope (TS). Despite a recent written consensus on the standard of 
heart rate turbulence measurement, reproducibility data are lacking. 
Aim of the paper was a reproducibility study of heart rate turbulence 
indexes in heart failure patients. Eleven heart failure patients 
underwent two 24h ECG Holter recordings, spaced 7±5 days. A 
paired t test was used to assess the clinical stability of patients during 
the study period and the number of PVC in Holter recordings’ 
couples. Both TO and TS indexes were calculated for each isolated 
VPC, and due to their skewed distribution, reproducibility of median 
and mean TO and TS was studied by Bland-Altman technique. 
Results showed that median heart rate turbulence indexes might be 
preferred to commonly suggested mean values and that, although TO 
showed lower bias value than TS, TS can be considered much more 
reproducible than TO, comparing limits of agreements with normal 
values. This preliminary results suggest the use of medians instead of 
mean heart rate turbulence indexes values and a reliability of the 
turbulence slope greater than the turbulence onset index. 
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I. INTRODUCTION 
lthough cardiac automaticity is intrinsic to various 
pacemaker tissues, heart rate and rhythm are largely 

under the control of the autonomic nervous system. 
Abnormalities of the autonomic nervous system are 

recognized to be part of the syndrome of heart failure.  
Despite recent advances in the clinical, diagnostic tools, and 

therapy of Heart Failure, the incidence and prevalence of this 
syndrome show a steady increase [1]. 
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The number of any-mention deaths attributable to heart 

failure was approximately as high in 1995 as it was in 2009. 
Additionally, hospital discharges for heart failure remained 
essentially unchanged from 2000 to 2010 [2].  

The progressive aging of the population, the decline of 
mortality in the acute phase of many cardiovascular diseases 
(CVD) and prolonged survival of patients with HF contribute 
to determine this epidemiological reality.  

Based on population projections, it is estimated that over the 
next 30 years the incidence of HF will quadruplicate and that 
50% of patients will be over eighty [1]. 

At 40 years of age, the lifetime risk of developing HF for 
both men and women is 1 in 5, and it also remains at 20% for 
80 years old men and women.  

Whereas survival after HF diagnosis has improved over 
time [3] the death rate remains high, with a mortality of about 
50% within 5 years in people with diagnosed HF [4,5].  

In the elderly, data from Kaiser Permanente indicate that 
survival after the onset of HF has also improved [6]. 

Among Medicare beneficiaries, the overall 1-year mortality 
rate declined slightly over the past decade but remains high 
[7].  

Activation of the sympathetic nervous system, decreased 
activity of the parasympathetic nervous system, and depressed 
baroreceptor function are early features that may precede the 
onset of clinically obvious symptoms and signs of heart failure 
[8–11]. 

Furthermore, these abnormalities of the autonomic nervous 
system and neuroendocrine activation in general have an 
important impact on the progression and prognosis in patients 
with heart failure. 

In fact heart failure is characterized by neurohumoral 
activation with sympathetic overdrive and progressive 
hemodynamic deterioration, with a significantly reduced heart 
rate variability and impaired baroreflex sensitivity [12], and 
these changes constitute the main feature of heart failure 
independently of its etiology [13]. Even though diagnosis of 
heart failure is based on symptoms with supporting evidence 
from imaging techniques, the electrocardiographic 
abnormalities significantly contribute to overall clinical picture 
and clinical decisions. 
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 Continuous ambulatory Holter ECG monitoring is not 
considered a basic diagnostic method in the diagnosis of heart 
failure, whereas it has widely demonstrated to be a valuable 
tool in risk stratification.  

Recently it has been demonstrated an increased interest in 
evaluation of dynamic Holter-derived ECG markers reflecting 
changes in heart rate and ventricular repolarization behavior 
[14]. 

Since changes in the sympathetic and vagal traffic to the 
sinoatrial node alter the natural frequency of the cardiac 
pacemaker inducing a corresponding change in heart rate, the 
measurement of the latter would be the simplest way of  
appraising the autonomic control of the heart and, more 
specifically, the sympatho-vagal balance.  

The interaction between heart rate, the intrinsic frequency of 
the pacemaker and the levels of vagal and sympathetic 
outflows to the heart has been model as a multiplicative 
relationship. Hence, given the intrinsic frequency, the net 
effect of the sympatho-vagal balance at any instance is 
expressed by the current heart rate. However, many ECGs 
variations has been the subject of numerous clinical studies 
investigating a wide spectrum of cardiological and non-
cardiological diseases and clinical conditions, that can be 
modified by several factors [15]. 

Unfortunately, however, the intrinsic frequency changes 
between individuals and its measurement requires a complete 
autonomic blockade. As a consequence, the measurement of 
heart rate provides only an uncalibrated quantification of the 
sympatho-vagal balance. 

 Beat-to-beat spontaneous fluctuations of heart rate do 
occur continuously in every human subject with an intact heart 
and reflect corresponding fluctuations in neural traffic of 
efferent vagal and sympathetic nerves. The fluctuation of heart 
rate around its mean has commonly been referred to as heart 
rate variability (HRV).  

In fact the analysis of heart rate variability is a well 
recognized non-invasive tool to investigate the cardiovascular 
autonomic control especially in HF patients [16-18], but also 
in other clinical conditions [19-23].  

Between different methods to evaluate the HRV [24,25] an 
indirect and noninvasive baroreflex sensitivity assessment is 
represented by heart rate turbulence technique, consisting on 
the study of short-term sinus cycle length fluctuations 
following spontaneous isolated ventricular premature 
complexes (VPCs) [26]. 

In recent years many methods have been used to facilitate 
the identification of patients at risk especially after myocardial 
infarction or heart failure. However, even the two most 
commonly used methods, such as the analysis of heart rate 
variability and the study of baroreflex sensitivity, have often 
shown difficulties in application that have limited their use. 

For these and other reasons, often the risk stratification 
arrhythmic and the consequent choice of therapy are based on 
the evaluation of a single parameter such as the left ventricular 
ejection fraction, that, if on the one hand is able to identify 

patients at high mortality, on the other hand it is not so 
effective in identifying patients at high risk of sudden cardiac 
death. 

In this regard, among the most innovative methods that have 
been developed to identify patients at risk, has recently 
emerged attention of researchers studying the heart rate 
turbulence, a method which is based on the analysis of the 
fluctuations of the cardiac cycle after a ventricular premature 
beat. 

Heart rate turbulence has been described recently as an 
independent predictor of mortality in patients with chronic 
heart failure [27-33]. 

The physiologic pattern of heart rate turbulence consists of a 
brief heart rate acceleration followed by a more gradual heart 
rate deceleration before the rate returns to a pre-ectopic level. 
Available physiologic investigations confirm that the initial 
heart rate acceleration is triggered by transient vagal inhibition 
in response to missed baroreflex afferent input caused by 
hemodynamically inefficient ventricular contraction. A 
sympathetically mediated overshoot of arterial pressure is 
responsible for the subsequent heart rate deceleration through 
vagal recruitment. Hence, the heart rate turbulence pattern is 
blunted in patients with reduced baroreflex [34]. 

In the last years several trials confirm a growing interest in 
this technique, reporting heart rate turbulence indexes strongly 
correlated with the severity of heart failure [28,35] and as 
powerful independent predictor of decompensation and sudden 
death in this pathology [29,30,34]. 

Despite a recent written consensus on the standard of heart 
rate turbulence measurement and clinical use has been reached 
[36], a number of issues still remain poorly understood and 
need further investigation [37]. Particularly reproducibility 
data are lacking and would be of clear interest [35].  

Aim of the paper was the evaluation of short-term 
reproducibility of heart rate turbulence indexes in patients with 
stabilized heart failure. Reproducibility represents a basic 
methodological study for clinical settings and this is the first 
paper addressing such issue. 

 

II. STUDY POPULATION 
Eleven patients (62 ± 10 years old, males) with clinically 

stable heart failure in New York Heart Association functional 
class II-III, in sinus rhythm, admitted to the “Heart Failure 
Unit of “Maugeri Foundation Institute of Telese Terme" were 
studied. 

All patients underwent two 24 hours ECG Holter recordings 
spaced 7±5 days.  

The day after the Holter recording, were performed clinical 
and laboratory examinations, including 2D echocardiography 
for left ventricular ejection fraction (LVEF) evaluation, ECG 
stress test for maximal oxygen consumption (VO2max) 
estimation and a blood sample for plasma norepinephrine 
assay (NPE), assessed by a single-isotope radioenzymatic 
method, in all selected subjects. 
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III. HOLTER ANALYSIS 
The study population underwent to a 24-hour Holter ECG 

recording by a portable three-channel tape recorder, processed 
by a Marquette 8000 T system with a sampling frequency of 
128 Hz. 

All recordings were performed at admission: after the 
preparation of the skin, self-adhesive electrodes were placed in 
the positions usually used for three-leads Holter monitoring, 
and recording was started between 9.00 and 9.30 AM.  

During the recording period the patients were allowed to 
standing or sitting next to their beds, while other activities 
were not allowed. 

In order to be considered eligible for the study, each 
recording had to have at least 12 hours of analyzable RR 
intervals in sinus rhythm. Moreover, this period had to include 
at least half of the nighttime (from 00:00 AM trough to 5:00 
AM) and half of the daytime (from 7:30 AM trough to 11:30 
PM) analyzable periods [38].  

Each beat was labeled as normal, VPCs or aberrant 
according to recognition by the algorithm for tape analysis and 
after an investigator's verification. 

 

IV. HEART RATE TURBULENCE ANALYSIS 
By the term heart rate turbulence indicates a method that 

quantifies the oscillations of the cardiac cycle following the 
compensatory pause induced by a ventricular premature beat. 

The sinus cardiac cycles that follow the compensatory pause 
associated with a ventricular premature beat have a biphasic 
framework characterized by an initial acceleration followed by 
a deceleration, such as to return the duration of the cardiac 
cycle to the one immediately preceding the ventricular 
extrasystoles. 

The initial acceleration takes the name of turbulence onset 
(TO) and is quantified by the relative ratio between the 
duration of the two cardiac cycles (expressed in msec and 
measured on RR intervals) immediately preceding and the two 
cardiac cycles immediately following the compensatory pause, 
multiplied by 100. The parameter is measured on cardiac 
cycles preceding and following each ventricular premature 
beat and expressed as the mean value for each individual 
patient. Values of TO> 0% correspond to a deceleration after a 
ventricular premature beat, while values <0% corresponds to 
an acceleration. 

With the term of turbulence slope (TS) indicates instead a 
measure of the slope of the linear regression of RR intervals 
after the compensatory pause. The value of TS is calculated on 
the steepest slope of a sequence of five cardiac cycles 
comprised between 20 RR intervals that follow the 
compensatory pause induced ventricular extrasystole. 

In a normal subject a ventricular premature beat induces a 
biphasic response in the duration of sinus cardiac cycles 
following the compensatory pause: first acceleration is 
observed followed by a gradual lengthening of RR intervals up 
to values similar to those observed before the premature beat 

ventricular. 
Accordingly to standards of measurements [22], heart rate 

turbulence was estimated by the two numerical descriptors: 
turbulence onset (TO), reflecting the initial phase of sinus 
rhythm acceleration and turbulence slope (TS), describing 
deceleration phase. With regard to the clinical application of 
this method, it was proposed to use as the threshold values for 
the parameter discriminating 0% TO and> 2.5 msec / RR for 
the parameter TS. 

TO was defined as a percentage difference between the 
mean of the first two RR intervals following the compensatory 
pause after a VPCs and the last two sinus RR intervals before a 
VPCs.  

TS was described as the maximum positive slope of a 
regression line assessed over any of 5 consecutive RR intervals 
within the first 15 sinus RR intervals after a VPCs. 

Both indexes were separately calculated for each isolated 
VPCs. 

Filtering algorithms were used to eliminate inappropriate 
RR intervals and VPCs with overly long coupling intervals or 
overly short compensatory pauses.  

Filtering algorithms excluded from the heart rate turbulence 
calculation RR intervals with the following characteristics: 
<300 ms, >2000 ms, >200 ms difference to the preceding sinus 
interval, and >20% difference to the reference interval (mean 
of the 5 last sinus intervals) [36].  

In addition, heart rate turbulence calculation has been 
limited to VPCs with a minimum prematurity of 20% and a 
post-extrasystole interval that is at least 20% longer than the 
reference interval (mean of last 5 sinus RR intervals) [36]. 

All analyses were performed by HRT-LAB, a customized 
Matlab [38] software toolbox developed by the authors. 

 

V. STATISTICAL ANALYSIS 
A paired t test has been used to assess the clinical stability 

of patients during the study period and the number of PVCs in 
Holter recordings’ couples. Since estimation of heart rate 
turbulence indexes is sensitive to the number of VPC [40], 
effectiveness of pairing between number of studied VPC for 
each patient in the two studies was assessed by calculating the 
Pearson correlation coefficient, r, and a corresponding P value. 

The variables describing the hemodynamic status, 
neurohormonal activation and exercise performance were 
analyzed by repeated measures ANOVA. 

To exclude clear outliers values, the first and last percentile 
of the TO and TS distributions has been cut. D'Agostino-
Pearson normality test (p<0.05) was used to assess the 
normality of all TO and TS distributions. 

Reproducibility has been studied by Bland-Altman 
technique [41,42], plotting the difference between the two 
repeated measurements against their mean value, which can be 
assumed as the best estimate that we have of the true value. 

Removing the variation between subjects, Bland-Altman 
plots describe the bias and the standard deviation respectively 
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as the average and the standard deviation of the difference 
between the two measures. The last one was used to calculate 
the limits of agreement, computed as the mean bias plus or 
minus 1.96 times its standard deviation, accordingly to 
definition of repeatability coefficient [43].  

Any future measure should lie within the limits of agreement 
approximately the 95% of the time. All statistics were 
performed by GraphPad Software [44]. 

VI. RESULTS 
The study population did not show any change in clinical 

conditions. 
The variables describing the hemodynamic status, 

neurohormonal activation and exercise performance, as 
reported in Table 1, showed relatively clinical stable 
conditions of the patients during the study period. 

Since the heart rate turbulence indexes evaluation is based 
on the number of isolated VPCs detected in the Holter 
recording, for each patient only couples of recordings with 
approximately the same number of VPCs and at least 50 VPCs 
per Holter (Table 2) were compared.  

 
 
Table 1: Assessment of patients’ clinical stability during the study 

period 
 Study 1 Study 2 p 

LVEF 28 ± 7  27 ± 4 0.87 

NPE  344 ± 156 351 ± 160 0.36 

V02max  12 ± 2 13 ± 2 0.23 
P value for all variables in third column; Left ventricular ejection 
fraction [%] in the first row; plasma norepinephrine levels [pg/L] in 
the second row; maximal oxygen consumption [(mLxkg-1x min-1] 
in the third row. All data expressed as mean ± standard deviation. 
 
 
Table 2: Number of isolated VPCS in the Holter recordings 

Study 1 Study 2 p 
pairing 

r 
pairing p 

205 ± 190  154 ± 
142  

0.1

0  
0.88 0.0002 

P value in third column; Pearson correlation coefficient between 
studies and related p value in fourth and fifth column. All dana 
expressed as mean ± standard deviation. 
 

 
Since TO and TS showed highly skewed non-

gaussian distribution (D'Agostino-Pearson 

normality p test >0.05 for almost all recordings) 

their medians differed from mean values. The 

average median and mean TO and TS values in the 

two studied recordings are shown in Table 3. All 

bias and limits of agreement values are reported 

in Table 4. 

 

 
Table 3: Average median and mean to and ts values in the two 

studies 

 TO TS 

 Study 1 Study 2 Study 1 Study 2 

Median 
-

0.55±0.87 

-

0.65±1.1

2 

6.75±3.

59  

7.42±3.6

2 

Mean 
-

0.38±0.93 

-

0.60±1.4

6 

7.44±3.

95 

8.57±4.5

5 

Mean ± standard deviation values for all variables in the two studies. 
P value > 0.05 for all. 
 
 
 
 
 
Table 4: Bias and limits of agreement values of Bland-Altman plots 
 TO TS 

 Median  Mean Median  Mean 

Bias  0.10 0.22 -0.68 -1.12 

SD of Bias  0.75  1.35 1.45  1.62 

95% Limits of Agreement 

From  -1.37  -2.43  -3.52  -4.30 

To  1.57  2.87  2.17 2.06 
In the first two rows the bias and its standard deviation between the 
two measures for all medians and mean TO and TS values. In the last 
two rows the related 95% limits of agreement 
 
 

Fig. 1 and 2 show Bland-Altman plots of TO 

median and mean values, and Fig. 3 and 4 of TS 

median and mean values.  

 

VII. DISCUSSION 
Several time- and frequency-domain indexes have been 

extracted from the HRV signal using digital signal processing 
techniques, and experimental evidence has been provided that 
known changes in sympathetic and vagal outflows to the heart 
associated with physiological maneuvers, drug administration, 
disease or increased risk for lethal arrhythmias are 
accompanied by well-defined changes in HRV parameter. It 
has been thus hypothesized that spontaneous cardiovascular 
fluctuations can be exploited to provide quantitative indexes of 
cardiac autonomic control mechanisms.  

More recently, several investigators have shown that heart 
rate fluctuations share some basic properties of processes with 
nonlinear dynamics and chaotic determinism.  

Nonlinear phenomena involved in the genesis of HRV are 
thought to be determined by the complex interaction of 
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hemodynamic, electrophysiological and humoral variables as 
well as by reflex and central regulatory mechanisms involved 
in cardiovascular regulation. It has been speculated that 
analysis of HRV based on methods of nonlinear dynamics may 
provide valuable information for the physiological 
interpretation of HRV and for prognostic stratification of 
cardiac disease patients. 

However, even the two most commonly used methods, such 
as the analysis of heart rate variability and the study of 
baroreflex sensitivity, have often shown application difficulties 
which have limited their use. 

For these and other reasons, often arrhythmic risk 
stratification and the consequent choice of treatment is based 
on the evaluation of a single parameter such as the left 
ventricular ejection fraction, which, if is able to identify 
patients at high mortality on the other hand it is so effective in 
identifying patients at high risk of sudden cardiac death. 

In this regard, among the most innovative methods that have 
been developed to identify patients at risk, has recently 
emerged attention of researchers studying the heart rate 
turbulence (HRT), a method that is based on the analysis of the 
fluctuations of the cardiac cycle after a ventricular premature 
beat. 

It is widely accepted that HRT is an expression of 
autonomic control of the sinus node. Indeed, the biphasic 
response is easily appreciated with particular entity in young 
subjects and in the night hours which, as known, are 
characterized by a prevailing vagal modulation, while it is 
markedly reduced in patients with autonomic dysautonomia.  

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Fig. 1. Bland-Altman plot of TO median values. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 2. Bland-Altman plot of TO mean values. 
 
 
This might also be the explanation why the risk predictive 

power of heart-rate turbulence appears to be superior to that of 
heart-rate variability [26]. 

In our study the results suggest that median values of heart 
rate turbulence indexes might be preferred to commonly 
suggested mean values [36] for different reasons. In fact, since 
TO and TS showed highly skewed non-gaussian distribution, 
they are better described by median than mean values. 

There were also observed significant correlations between 
the parameters of HRT, especially in the component TS 
(which reflects the gradual lengthening of the RR interval after 
the initial acceleration) and the parameters of the analysis of 
heart rate variability, which are the prevalent expression of 
vagal modulation, such as SDNN, pNN50 and RMSSD, with 
both indices of baroreflex sensitivity. 
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Fig. 3. Bland-Altman plot of TS median values 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Bland-Altman plot of TS mean values. 
 
 
The autonomic changes induced by a ventricular premature 

beat initially depend on the reduction of the pressure pulse and 
the subsequent brief but significant baroreceptor deactivation.  

The results are an initial sympathetic activation and vagal 
inhibition which is responsible for the shortening of the first 
sinus cycle, the extent of which is measured by the TO 
parameter.  

Subsequently, as a result of the post-extrasistolic 
enhancement, it happens a sympathetic inhibition and an 
increase of vagal efferent that determines the progressive 
lengthening of the duration of RR intervals, until the 
achievement of the values observed before the ventricular 
exstasystole. 

Therefore, the HRT is a non-invasive method which seems 
particularly suitable for the study of neural mechanisms of 
control in patients with cardiomyopathy characterized by a 
high incidence of ventricular premature beats and preserved 
pump function. It is well known that the ventricular 
extrasystoles constitute a disturbing element in the analysis of 
heart rate variability. Often, the Holter recording need editing 
that not only takes time, but can alter the meaning of the 
sequence of cardiac cycles. 

As suggested by Schmidt et al. [26], although it is plausible 
to expect the cardiac autonomic status to influence heart-rate 
turbulence, it is also plausible to expect the physiological 
background of the turbulence to be different from that of heart-
rate variability, which reflects, partly, the modulations of the 
cardiac autonomic status.  

Long-term heart-rate variability probably mostly reflects 
autonomic responses to environmental and external stimuli that 
activate a broad variety of physiological reflexes. By contrast 
heart-rate turbulence is a phenomenon triggered by a minimum 
endogenous stimulus to which the reflex responses are 

possibly more organised and systematic. 
Although TO showed narrower limits of agreements than 

TS, the latter can be considered much more reproducible than 
the former.  

Practically algorithms for evaluation of heart rate 
turbulence indexes cannot exclude singles TO and TS outliers 
values and the median is much less sensitive than mean to 
outliers.  

Moreover, by a methodological point of view the median 
TO and TS values showed higher reproducibility than means, 
which exhibit quite double bias and limit of agreement values. 

By considering the data showed in Table 3 mean TO values 
were between  -0.60 and -0.38%, while mean TS values were 
between 7.44 and 8.57 ms/RR.  

Studies in normal healthy volunteers [45-48] reported mean 
TO values ranged from -2.7% to -2.3% and mean TS ranged 
from 11.0 to 19.2 ms/RR interval. Thus for TO, the difference 
between means, from Normal to heart failure patients, is of 
about 2%, which is just less than 1.5 times the standard 
deviation of bias reproducibility error of 1.35 shown in Table 
4. 

VIII. CONCLUSIONS 
Heart rate turbulence is going to have wide and interesting 

clinical applications, showing very high prognostic value in 
several cardiac diseases. The importance of reproducibility 
data knowledge about this technique is at the base of a more 
accurate use of the information related to the heart rate 
turbulence indexes. 

Differently for TS, the difference between means, from 
Normal to heart failure patients, is of about 7 ms/RR, which is 
at least more than 4 times the standard deviation of bias 
reproducibility error of 1.62 shown in Table 4. Consequently, 
the estimation of TS can be considered to show a sufficient 
degree of reproducibility, in contrast to what happens for TO. 

Moreover, the data on Bland-Altman plots did not 
show any difference. 

 In fact, the variability between the two measures was 
consistent across the graph and the scatter around the 
bias line was unrelated to their average. 

Preliminary results of this paper suggest the use of heart rate 
turbulence indexes median values instead of mean values and a 
reliability of the turbulence slope that appears greater than the 
turbulence onset index. 

Data on the predictive value of heart rate turbulence in 
patients with heart failure remain limited. Data on the 
predictive value of heart rate turbulence in patients with heart 
failure remain limited.  

The majority of data related abnormal heart rate turbulence 
with progression of disease [29-31, 33]. 

In the Marburg Study [30] turbulence onset was found a 
significant predictor of transplant free survivals in 242 patients 
with idiopathic cardiomyopaty. In a study of Koyama [30] 
including 50 patients with heart failure (both of ischemic and 
idiopathic etiology) abnormal turbulence slope defined as > 3 
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ms/RR was predictive for progression of heart failure 
including deaths and hospitalizations due to CHF worsening. 

These observations were confirmed by data from UK Heart 
Study in patients with mild to moderate heart failure where 
abnormal turbulence slope was found to be an independent risk 
predictor of death due to decompensated heart failure [33]. 

Future extension of the work should be addressed to  
perform similar reproducibility study toward wider and 
different cardiac pathological populations and to confirm the 
higher value of the turbulence slope index. 
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