
after ventricular premature beats is a very potent
postinfarction risk stratifier that is independent of other
known risk factors and which is stronger than other
presently available risk predictors.
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I n t r o d u c t i o n
Clinical trials1 , 2 suggest that in high-risk patients with
ischaemic heart disease, mortality can be effectively
reduced by implantation of a cardioverter-defibrillator.
Since the selection of high-risk patients is a crucial part
of prophylaxis, risk stratification strategies are important.
In patients surviving acute myocardial infarction, the
predictive value of currently used risk factors, such as
left-ventricular dysfunction,3 – 5 frequent ventricular
ectopic beats (VPB),6 non-sustained ventricular
t a c h y c a r d i a ,5 positive late potentials,7 h e a r t - r a t e
v a r i a b i l i t y ,8 and mean heart rate9 is modest1 0 even when
several predictors are combined and methodological
issues of such a combination solved.1 1 Establishment of a
new risk predictor independent of the presently available
stratifiers is therefore of considerable practical value.

We describe a new method for risk stratification based
on a simple expression of ventriculophasic sinus
a r r h y t h m i a ,1 2 – 1 4 namely fluctuations of sinus-rhythm cycle
length after a single VPB. We term such fluctuations
heart-rate turbulence. In low-risk patients, we observed
that after a VPB, sinus shythm shows a characteristic
pattern of early acceleration and subsequent
deceleration. Such a characteristic pattern does not
occur in high-risk patients. We propose to characterise
this phenomenon by two descriptors, both of which
contain independent information on the risk of
subsequent mortality.

The new risk predictors were developed in an open
study with a training sample of 100 patients accumulated
at the medical department of the Technical University in
Munich and validated blind, in both univariate and
multivariate analyses, in two large independent
populations of myocardial-infarction survivors, namely the
population of the Multicentre Post-Infarction Program
(MPIP) study4 and in the placebo group of the European
Myocardial Infarction Amiodarone Trial (EMIAT).1 5

M e t h o d s
Training sample
100 patients with coronary artery disease (78 of whom had a
history of myocardial infarction and 26 a history of multiple
infarctions) and presenting with sinus rhythm and more than
ten VPBs per hour during 24 h Holter monitoring were used to
design the method and to optimise the risk prediction power of
the new indices. Characteristics of these patients have
previously been published1 6 and are listed in table 1. During a 2-
year follow-up period, 17 of these patients died.

In each patient, a 24 h Holter recording was obtained

S u m m a r y

B a c k g r o u n d Identification of high-risk patients after acute
myocardial infarction is essential for successful
prophylactic therapy. The predictive accuracy of currently
used risk predictors is modest even when several factors
are combined. Thus, establishment of a new powerful
method for risk prediction independent of the available
stratifiers is of considerable practical value.

M e t h o d s The study investigated fluctuations of sinus-
rhythm cycle length after a single ventricular premature beat
recorded in Holter electrocardiograms, and characterised
the fluctuations (termed heart-rate turbulence) by two
numerical parameters, termed turbulence onset and slope.
The method was developed on a population of 100 patients
with coronary heart disease and blindly applied to the
population of the Multicentre Post-Infarction Program (MPIP;
577 survivors of acute infarction, 75 deaths during a
median follow-up of 22 months) and to the placebo
population of the European Myocardial Amiodarone Trial
(EMIAT; 614 survivors of acute myocardial infarction, 87
deaths during median follow-up of 21 months). Multivariate
risk stratification was done with the new parameters and
conventional risk factors. 

F i n d i n g s One of the new parameters (turbulence slope) was
the most powerful stratifier of follow-up mortality in EMIAT
and the second most powerful stratifier in MPIP: MPIP risk
ratio 3·5 (95% CI 2·2–5·5, p<0·0001), EMIAT risk ratio 2·7
(1·8–4·2, p<0·0001). In the multivariate analysis, low left-
ventricular ejection fraction and turbulence slope were the
only independent variables for mortality prediction in MPIP
(p<0·001), whereas in EMIAT, five variables were
independent mortality predictors: abnormal turbulence
onset, abnormal turbulence slope, history of previous
infarction, low left-ventricular ejection fraction, and high
mean heart rate (p<0·001). In both MPIP and EMIAT, the
combination of abnormal onset and slope was the most
powerful multivariate risk stratifier: MPIP risk ratio 3·2
(1·7–6·0, p<0·0001), EMIAT risk ratio 3·2 (1·8–5·6,
p < 0 · 0 0 0 1 ) .
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d u r i n g a stable phase of coronary artery disease (at least 3
months after acute myocardial infarction). An Oxford Excel
Holter system (Oxford Instruments, Abingdon, UK) was used
to process the Holter recordings. After manual review and
revision, computer files were generated containing the duration
of individual RR intervals and morphology classifications of
individual QRS complexes (normal, supraventricular, and
ventricular premature complexes, supraventricular and
ventricular escape beats).

In patients surviving follow-up, we observed a typical pattern
of sinus-rhythm RR interval series following singular VPBs. The
VPBs were followed by an early acceleration and a late
deceleration of the sinus rhythm. Figure 1 A gives a typical
example of this pattern in a long-term survivor. The
acceleration starts immediately after an ectopic beat and lasts
for only a few RR intervals. Subsequent decleration reaches a
maximum between the third and seventh sinus cycle; the longest
RR interval occurs usually near to the tenth cycle after a VPB.
These variations are subtle and can be recognised only after
computer algorithm.

In patients who died during the follow-up period, the extent
of this turbulence response to VPBs was substantially smaller
and often absent (figure 1B).

Numerical descriptors were investigated characterising both
phases of the heart-rate turbulence (that is initial acceleration
and subsequent deceleration) with the aim of obtaining
descriptors that were independent each of the other, separated
patients who did and did not die during follow-up, and were
predictors of mortality independent of age, left-ventricular
ejection fraction (LVEF), and other Holter-based risk factors.

The numerical factors characterising the chronotropic
response to VPBs were dichotomised into normal and abnormal
values. Cut-off points for the dichotomisation were determined
by the method of maximising the log-rank test statistic for all
possible cut-off values within the 10–90 percentiles of each
predictor. The approach is identical to recursive partitioning or
the use of classification and regression trials as introduced by
Breiman and colleagues1 7 and adapted to use for survival data
by LeBlanc and Crowley1 8 in the context of Cox’s proportional-
hazards model.1 9

In each patient, LVEF was assessed either by radionuclide or
contrast radiographic ventriculography (35% and 65%
respectively). Other recognised risk factors were obtained from
the Holter recordings and included mean heart rate, frequency
of ventricular ectopathy, and 24 h heart-rate variability (HRV).
HRV was expressed by the so-called HRV triangular index, an
established measure of global 24 h HRV that is, compared with
other measures, relatively insensitive to the precision with which
the Holter tapes are analysed.

Validation sample
The MPIP study4 enrolled 715 survivors of acute myocardial
infarction (age <70 years). Of these, 138 patients were excluded
from the analysis of the heart-rate turbulence after VPBs
because of atrial fibrillation, no VPB during Holter monitoring,
missing LVEF, or because of technically insufficient or missing
Holter recordings. The remaining 577 patients were used in this
study (table 1). The patients were followed up for a median of
22 months. During this period, 75 of the patients died.

The EMIAT trial1 5 randomised 743 patients into the placebo

group. The patients were survivors of a recent myocardial
infarction with LVEF of 40% or less, aged 75 years or younger,
free of bradyarrhythmia, and free of contraindications to
amiodarone therapy. Of these, 129 patients were excluded from
our analyses because of atrial fibrillation, no VPB during Holter
monitoring, or because the Holter tape was not available. The
remaining 614 patients were studied (table 1). During median
follow-up of 21 months, 87 patients died.

In the MPIP population, Holter recordings were done in the
second week after the index infarction; in the EMIAT
population, the recordings were obtained in the second or third
week after the infarction. Initially, the Holter tapes were
processed at Columbia University, New York (MPIP data) and
by EMIAT investigators. In both populations, a Laser Holter
8000 System (Marquette Medical System, WI, USA) was used
to obtain, after visual inspection and manual editing, computer
files listing RR interval duration (sampling frequency 128 Hz)
and QRS morphological classifications on a beat-to-beat basis.

The RR interval and beat-type files of individual MPIP and
EMIAT Holter recordings were transferred to the Technical
University of Munich for the computation of characteristics of
heart-rate turbulence. The same dichotomies as derived from
the training samples were applied without knowledge of
patients’ characteristics and the results provided to the
collaborating centres (Columbia University, New York, for the
MPIP data, and St George’s Hospital Medical School, London,
for the EMIAT data) who did the survival analyses.

To eliminate any possible bias, the centre in Munich has
never received individual clinical data (clinical variables and
mortality) of the MPIP and EMIAT populations and the
collaborating centres were not aware of the principle of the
analysis and measurement involved until the statistical analyses
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Training sample MPIP population EMIAT population
(n=100) (n=577) (n=614)

Age (years) 62·8 (9·7) 57·2 (8·7) 60·8 (9·3)
Women 15 (15·0%) 126 (21·8%) 89 (14·5%)
Previous myocardial 26 (26·0%) 149 (25·8%) 161 (26·2%)
infarction
LVEF (%) 46·4 (14·6) 45·4 (14·8) 29·9 (9·3)
VPB count per h 176 (210) 16 (49) 48 (186)
b-blocker treatment 55 (55·0%) 185 (32·1%) 272 (44·3%)
Thrombolytic treatment 0 0 366 (59·6%)

Data are mean (SD) or number (%) of patients.

Table 1: Patients’ characteristics

Figure 1: Examples of heart-rate turbulence patterns in two
patients from training sample
A: Typical acceleration-deceleration sequence of RR intervals after
coupling interval and compensatory pause of a VPB recorded in a 64-
year-old woman with anterior myocardial infarction who survived during
follow-up. B: Almost random pattern recorded in a 77-year-old man with
inferior myocardial infarction who suddenly died 7 months after the index
infarction. 
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were completed.
In both MPIP and EMIAT populations, LVEF was assessed

by radionuclide ventriculography,4 , 1 5 mean heart rate was taken
as the mean of all sinus rhythm cycles in the Holter recordings,
and HRV triangular index expressing the global 24 h HRV was
calculated from the Holter recording by previously described
t e c h n o l o g y .2 0

For the purpose of multivariate analysis, age (dichtomised at
<65 years v s Ä65 years), history of previous myocardial
infarction, LVEF (dichtomised at Ä30% v s <30%), arrhythmia
sign on Holter (defined as ten or more VPBs per h or at least
one non-sustained ventricular tachycardia of three or more
beats on the Holter recording), mean heart rate (dichotomised
at >75 beats per min v s ¶75 beats per min), and HRV (HRV
triangular index dichotomised at >20 v s ¶20 units) were also
assessed. Their cut-off points were based on previous risk
stratification investigations.4 , 9 , 1 5 , 2 0

Statistical analyses
The endpoint of the study was total mortality. Continuous and
categorical variables were compared by the Kruskal-Wallis test
and the x2 test, respectively. Kaplan-Meier survival functions
were calculated to test the association of heart-rate turbulence
characteristics with total mortality. The main survival analyses
were done with the Cox proportional-hazards model with a
stepwise forward procedure.

In MPIP and EMIAT datasets, sensitivity, specificity, and
positive and negative predictive accuracy of follow-up mortality
prediction were also evaluated for conventional and heart-rate-
turbulence-based predictors of mortality (with dichotomies as
a b o v e ) .

Results of all survival analyses are presented as relative risks
with corresponding 95% CI. A significance level of 0·05 was
used for the analyses.

R e s u l t s
Training sample
Of the number of possibilities tested, two factors were
selected to characterise the chronotropic response of
sinus rhythm to VPBs. The immediate initial
acceleration was quantified by the relative change of RR

intervals immediately after compared with immediately
before a VPB and is termed here the turbulence onset.
The speed of the subsequent deceleration was quantified
by the steepest regression line between the RR interval
count and duration. The corresponding factor is termed
here the turbulence slope. In precise numerical terms, we
used the following formulae:

Turbulence onset is defined as the difference between
the mean of the first two sinus RR intervals after a VPB
and the last two sinus RR intervals before the VPB
divided by the mean of the last two sinus RR intervals
before the VPB. In other words:

Turbulence onset=   
( R R11R R2)2( R R221R R21)

( R R221R R21)

where RRi is the i-th sinus rhythm after (i>0) the
compensatory pause of the VPB or preceding (i<0) the
coupling interval of the VPB. For convenience, the value
of turbulence onset is expressed as a percentage. For
instance, in figure 1A, the coupling interval of the
ectopic is preceded by RR intervals of 1017 ms and 1014
ms and its compensatory pause is followed by RR
intervals of 974 ms and 963 ms. Thus, in this case,

Turbulence onset =   
( 9 7 419 6 3 )2( 1 0 1 711 0 1 4 )

=24 · 6 %
( 1 0 1 711 0 1 4 )

These measurements were first performed for each
individual singular VPB and then averaged to obtain the
value characterising the patient. Positive values of
turbulence onset mean sinus rhythm deceleration after a
VPB, and negative turbulence onset means sinus rhythm
acceleration after a VPB.

Turbulence slope is defined as the maximum positive
slope of a regression line assessed over any sequence of
five subsequent sinus-rhythm RR intervals within the
first 20 sinus-rhythm intervals after a VPB. The value of
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Variable Training sample MPIP population EMIAT population

Survived (n=83) Died (n=17) p Survived (n=502) Died (n=75) p Survived (n=527) Died (n=87) p

Age (years) 62 (10) 67 (9) 0·03 57 (9) 60 (8) 0·008 60 (9) 63 (8) 0·006
Previous myocardial infarction (%) 24 35 0·2 24 39 0·006 23 39 0·0017
Mean RR interval (ms) 892 (150) 836 (182) 0·16 859 (138) 829 (147) 0·06 839 (134) 764 (143) <0·0001
HRV index (units) 32·0 (12·8) 25·8 (10·6) 0·08 28·4 (13·4) 21·9 (8·7) <0·0001 27·1 (10·3) 22·6 (9·6) <0·0001
Arrhythmia on Holter (%)* 28 47 0·0008 38 60 <0·0001
LVEF (%) 48·6 (13·6) 37·3 (15·1) 0·005 46·7 (14·4) 36·6 (14·6) <0·0001 30·5 (7·3) 26·5 (7·9) <0·0001
Turbulence onset (%) –1·0 (2·4) 0·2 (1·3) 0·003 –1·2 (2·2) –0·6 (1·6) 0·005 –1·2 (2·4) 0 (1·6) <0·0001
Turbulence slope (ms per RR interval) 7·6 (6·3) 4·4 (7·0) 0·005 9·0 (10·1) 4·9 (5·4) <0·0001 6·6 (7·8) 4·7 (9·1) <0·0001

*Due to inclusion criteria, arrhythmia on Holter was present in every patient of the training sample.

Table 2: Statistical association of risk variables with mortality

Training sample MPIP population AMIAT population

Relative hazard p Relative hazard p Sen Spc Ppa Npa Relative hazard p Sen Spc Ppa Npa
(95% CI) (95% CI) (95% CI)

Variable
Age >65 years 3·6 (1·3–9·7) 0·01 1·8 (1·1–3·0) 0·02 29 82 19 89 1·6 (1·1–2·5) 0·02 53 61 18 89
Previous MI 1·8 (0·7–4·9) 0·3 1·9 (1·2–3·0) 0·008 39 76 20 89 1·9 (1·2–2·8) 0·004 39 76 21 88
Mean RR <800 ms 1·9 (0·7–4·9) 0·2 1·5 (0·9–2·3) 0·1 47 63 16 89 2·6 (1·7–4·1)       <0·0001 66 60 21 91
HRV index <20 units 3·5 (1·3–9·6) 0·01 2·4 (1·5–3·8) 0·0002 46 76 22 90 2·5 (1·7–3·9)       <0·0001 51 73 24 91
Arrhythmia on Holter 2·2 (1·4–3·5) 0·0008 46 72 20 90 2·2 (1·4–3·4) 0·0003 60 62 20 90
LVEF <30% 5·8 (2·1–15·9) 0·0006 4·0 (2·5–6·4)       <0·0001 43 85 30 91 2·2 (1·4–3·5) 0·0004 66 56 20 91
Turbulence onset >0% 4·8 (1·8–13·1) 0·002 2·1 (1·3–3·4) 0·002 42 74 19 90 2·4 (1·5–3·6) 0·0001 45 76 23 89
Turbulence slope <2·5 ms 7·1 (2·7–18·9)    <0·0001 3·5 (2·2–5·5)       <0·0001 47 81 27 91 2·7 (1·8–4·2)       <0·0001 51 74 25 90
per RR interval

Combined turbulence onset 7·4 (3·1–17·3)    <0·0001 5·0 (2·8–8·8)       <0·0001 30 91 33 90 4·4 (2·6–7·5)       <0·0001 29 89 31 87
and slope*

MI=myocardial infarction. *Turbulence onset >0 and turbulence slope <2·5 per RR interval; Sen=sensitivity, Spc=specificity, Ppa=positive predictive accuracy, Npa=negative predictive
accuracy (%).

Table 3: Association of risk variables with total mortality in a univariate analysis



turbulence slope is expressed in ms per RR interval and
for each recording, it was obtained from the tachogram
R R1, RR2, RR3. . . , R R2 0, where RRi is the average of i- t h
sinus-rhythm RR interval after the compensatory pause
of a singular VPB. The log-rank test statistics for all
possible cut-off points revealed optimal dichotomies of 0
for turbulence onset and 2·5 ms per RR interval for
turbulence slope. In the training sample, there were
significant associations of turbulence onset and slope
with mortality (tables 2 and 3).

MPIP and EMIAT
In univariate analyses of both MPIP and EMIAT
populations, we noted a strong and significant
association of turbulence onset and slope with total
mortality both when used as continuous variables and
when dichotomised at the predefined cut-off points. In
MPIP data, the LVEF, HRV triangular index, and
turbulence slope provided the most significant difference
between numerical values in survivors and non-survivors;
in EMIAT data, the differences in numerical values of
turbulence slope were most significant (table 2). In
EMIAT, the turbulence slope was the strongest
univariate mortality predictor; in MPIP, it was the

second strongest univariate mortality predictor after low
LVEF (table 3). Simultaneous use of turbulence onset
and slope provided highest relative risks in both the
MPIP population (5·0 [95% CI 2·8–8·8]) and the
EMIAT population (4·4 [2·6–7·5], table 3).

Figure 2 shows Kaplan-Meier cumulative survival
curves for turbulence onset and slope in MPIP and
EMIAT patients. In the MPIP patients, those with
turbulence onset of less than zero had a 2-year mortality
of 11% versus 20% in patients with turbulence onset of
zero or higher. In the EMIAT patients, the mortality
rates were 11% and 24%, respectively. In the MPIP
patients, those with turbulence slope greater than 2·5 ms
had a 2-year mortality of 9% versus 27% in patients
w i t h turbulence slope of 2·5 ms or less. In the EMIAT,
these mortalities were 9% and 26%, respectively.
T h e differences in cumulative survival were highly
s i g n i f i c a n t .

Figure 3 shows Kaplan-Meier cumulative survival
curves for the combinations of turbulence onset and
slope in MPIP and EMIAT. In the MPIP population,
the 2-year mortality rates were 9%, 15%, and 32% in
patients with both factors normal, patients with either
factor abnormal, and patients with both factors
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Figure 2: Kaplan-Meier survival curves in MPIP and EMIAT patients stratified to those with turbulence onset <0 and Ä0 (A, B) and
stratified to those with turbulence slope >2·5 and ¶2·5 per RR interval (C, D)
The numbers of patients of the individual groups involved in the analysis at 0, 6, 12, 18, and 24 months are shown under each graph: the top and
bottom row corresponds to the upper and bottom survival curve, respectively.
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abnormal, respectively. In EMIAT, these figures were
9%, 18%, and 34%, respectively. Again, the differences
in cumulative survival were highly significant.

In both MPIP and EMIAT, the combination of
turbulence onset greater than zero and turbulence slope
o f 2·5 ms per RR interval or less yielded a positive
predictive accuracy (33% and 31%, respectively), that
was higher than the positive predictive accuracy of any
conventional predictor while maintaining the same level
of negative predictive accuracy around 90%
(table 3).

Table 4 presents the results of the stepwise,
multivariate, Cox regression analysis with turbulence
onset and slope as separate variables. In the MPIP
population, LVEF and turbulence slope were the only
independent variables (p<0·001) and their relative
hazards were almost identical (3·0 and 2·5). In EMIAT,
five variables were independent predictors of mortality,
namely turbulence onset and slope, history of previous
myocardial infarction, LVEF, and mean heart rate.

Table 5 presents the results of the stepwise,
multivariate, Cox-regression analysis on a combination
of turbulence onset and slope. In both MPIP and
EMIAT populations, the combination of abnormal
turbulence onset (Ä0) and an abnormal turbulence slope
(¶2·5 ms per RR interval) was the strongest mortality
predictor. In the MPIP population, LVEF and the
combination of turbulence onset and slope were the only
independent mortality predictors (p<0·001 and

p<0·0001, respectively). The relative hazard for LVEF
(Ä30% v s <30%) was 2·9; the relative hazard of the
turbulence onset/slope combination (slope >2·5 and
onset <0% v s slope ¶2·5 and onset Ä0) was 3·2. In
EMIAT, four variables were independent predictors: the
strongest predictor was the combination of turbulence
onset and slope with a relative hazard of 3·2, while the
other significant predictors were history of previous
myocardial infarction, LVEF, and mean heart rate with
relative hazards between 1·7 and 1·8. Patients with
abnormal turbulence onset and abnormal turbulence
slope are not infrequent; in the MPIP and EMIAT
population, there were 70 (12·1%) and 80 (13·0%) such
patients, respectively.

D i s c u s s i o n
The results of this study clearly show that heart-rate
turbulence (ie, the acceleration and subsequent
deceleration of sinus rhythm after a singular VPB) is a
consistent phenomenon in low-risk patients with
ischaemic heart disease. The absence of this
phenomenon indicates a significantly increased risk of
subsequent mortality. The two measures for quantifying
heart-rate turbulence were developed in one population
of patients with ischaemic heart disease, and
prospectively tested with masking in two large and
independent populations taken from multicentre
postinfarction trials MPIP and EMIAT. Therefore, we
believe that our analysis proves the clinical relevance of
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MPIP population EMIAT population

Relative hazard p Relative hazard p
(95% CI) (95% CI)

Age >65 years . . . . . . . .
Previous myocardial infarction . . . . 1·8 (1·2–2·7) 0·01
Mean RR <800 ms . . . . 1·8 (1·1–2·9) 0·01
HRV index <20 units . . . . . . . .
Arrhythmia on Holter . . . . . . . .
LVEF <30% 3·0 (1·8–5·0) <0·0001 1·7 (1·1–2·7) 0·03
Turbulence onset >0% . . . . 1·9 (1·2–2·9) 0·005
Turbulence slope <2·5 ms 2·5 (1·5–4·1) 0·0002 1·7 (1·1–2·7) 0·02
per RR interval

Table 4: Relative hazards of significant and independent risk
variables in a multivariate analysis

MPIP population EMIAT population

Relative hazard p Relative hazard p
(95% CI) (95% CI)

Age >65 years . . . . . . . .
Previous myocardial infarction . . . . 1·8 (1·2–2·7) 0·01
Mean RR <800 ms . . . . 1·8 (1·1–2·9) 0·01
HRV index <20 units . . . . . . . .
Arrhythmia on Holter . . . . . . . .
LVEF <30% 2·9 (1·8–4·9) 0·0001 1·7 (1·1–2·7) 0·03
Combined use of turbulence 3·2 (1·7–6·0) 0·0002 3·2 (1·8–5·6) <0·0001
onset and slope

Table 5: Relative hazards of individual variables in a
multivariate analysis involving combination of turbulence onset
and slope

Figure 3: Kaplan-Meier survival curves in MPIP and EMIAT patients stratified to three groups
Turbulence onset <0 and turbulence slope >2·5 ms/RR interval (both factors normal); either turbulence onset Ä0 or turbulence slope ¶2·5 ms/RR
interval (one of the factors abnormal); turbulence onset Ä0% and turbulence slope ¶2·5 ms/RR interval (both factors abnormal). The numbers of
patients of the individual groups involved in the analysis at 0, 6, 12, 18, and 24 months are shown under each graph: the order of the rows corresponds
to the order of the survival curves.



the new phenomenon. Because of the treatment practice
changes, more patients in EMIAT than in MPIP
received thrombolysis b-blockers, and inhibitors of
angiotensin-converting enzyme (ACE). These
differences show that our finding is independent of
modern management of postinfarction patients. The
MPIP population was also an unselected population of
postinfarction patients, whereas only patients with low
LVEF were enrolled in the EMIAT trial. Consequently,
the numbers of VPBs differed in these populations, but
our results were not affected.

Turbulence onset and slope are both predictors of
mortality containing information additional to each other
and to other established risk factors. The combination of
turbulence onset and slope was a very strong risk
predictor in patients of the MPIP trial and of the placebo
group of EMIAT, even when adjusted for other
established mortality predictors, such as LVEF,
arrhythmia count, heart-rate variability, mean heart rate,
and history of previous myocardial infarction.
Turbulence onset and slope in combination was by far
the strongest Holter-based risk predictor.

It has long been known that a ventricular systole can
influence the rate of sinus nodal discharge, even in the
absence of retrograde atrioventricular conduction. As
early as 1909, first observations of the so-called
ventriculophasic sinus arrhythmia were made in
experimental atrioventricular block.2 1 The first clinical
description was made in 1914 by Hecht,2 2 who observed
ventriculophasic sinus arrhythmia in a child with Adams-
Stokes syndrome. Later on, ventriculophasic arrhythmia
was observed in patients with ventricular-inhibited
p a c i n g .2 3 To our knowledge, however, only one case
report exists on ventriculophasic sinus arrhythmia
triggered by VPBs.2 4

Various pathophysiological mechanisms have been
discussed to explain the ventriculophasic mechanisms,
including changes in autonomic tone,1 2 – 1 4 , 2 5 , 2 6 traction on
the atrium as well as atrial appendages, atrioventricular
junction, and the sinus nodal region,1 2 , 2 3 , 2 7 , 2 8 and transient
improvement of the blood supply to the sinus node.1 2 , 2 9 , 3 0

Some authors even speculated that the character of
ventriculophasic phenomena will eventually gain an
important clinical role.1 3

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, such as 24 h,
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.
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.

The mechanisms linking the absence of heart-rate
turbulence to mortality are not obvious. Probably, the
turbulence onset and slope assessment reflects specific
aspects of cardiac autonomic status. The preserved vagal
tone is known to be antiarrhythmic3 1 , 3 2 and probably
constitutes autonomic antiarrhythmic protection. Thus,
by measurement of the heart-rate turbulence, a direct

manifestation of this protection may be captured when
responding to a potentially proarrhythmic VPB. If the
erratic or absent response to VPBs in patients with high
values of turbulence onset and low values of turbulence
slope is a manifestation of lost antiarrhythmic protection,
the chronotropic response to VPBs might be the
mechanistic link between impaired autonomic balance
and cardiac mortality.

The limitations of our approach have to be recognised.
We have merely taken measures averaged over 24 h and
not investigated the spontaneous variability of the
chronotropic response. We have not made any detailed
distinction between VPBs with and without retrograde
conduction but, judging from the compensatory pauses
with both present and absent heart-rate turbulence
(figure 1), the phenomenon we describe is unlikely to be
related solely to such a distinction. We have not
investigated the effect of therapy on heart-rate
turbulence, especially the effects of thrombolytic
therapy, b-blockade, an ACE inhibition, which are
currently frequent in patients surviving acute myocardial
infarction. However, the observations made in the data
of the MPIP study in which these therapeutic
interventions were not used indicate that our
observations are not merely a by-product of modern
therapeutic interventions. Our method is clearly
inapplicable to patients without any VPBs but, as such
patients are generally at low risk, this limitation is of no
practical consequence. We also do not know whether the
response to several VPBs needs to be averaged, as was
the case in this study, to obtain a sensible measure of
heart-rate turbulence. Although the averaging process in
recordings with multiple VPBs helps to overcome the
difficulties with precision of RR-interval measurement,
the assessment of turbulence onset and slope depends on
the sampling frequency of long-term ECGs. Still, our
results show that even the contemporary precision of
Holter reading is sufficient for assessment of turbulence
onset and slope, possibly because the precision issue
concerns mainly patients with very few VPBs who are
known to be at low risk.

Despite the limitations of our approach, the masked
tests of this study prove clearly that the absence of the
characteristic heart-rate patterns after VPBs is a very
potent postinfarction risk stratifier that is independent of
other known risk factors and is stronger than other
presently available factors.
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