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The traditional methods of analyzing heart rate (HR)
variability have failed to predict imminent ventricular
fibrillation (VF). We sought to determine whether new
methods of analyzing RR interval variability based on
nonlinear dynamics and fractal analysis may help to
detect subtle abnormalities in RR interval behavior before the onset of life-threatening arrhythmias. RR interval dynamics were analyzed from 24-hour Holter recordings of 15 patients who experienced VF during
electrocardiographic recording. Thirty patients without
spontaneous or inducible arrhythmia events served as a
control group in this retrospective case control study.
Conventional time- and frequency-domain measurements, the short-term fractal scaling exponent (a) obtained by detrended fluctuation analysis, and the slope
(b) of the power-law regression line (log power 2 log

frequency, 1024 21022 Hz) of RR interval dynamics
were determined. The short-term correlation exponent a
of RR intervals (0.64 6 0.19 vs 1.05 6 0.12; p <0.001)
and the power-law slope b (21.63 6 0.28 vs 21.31 6
0.20, p <0.001) were lower in the patients before the
onset of VF than in the control patients, but the SD and
the low-frequency spectral components of RR intervals
did not differ between the groups. The short-term scaling
exponent performed better than any other measurement
of HR variability in differentiating between the patients
with VF and controls. Altered fractal correlation properties of HR behavior precede the spontaneous onset of
VF. Dynamic analysis methods of analyzing RR intervals
may help to identify abnormalities in HR behavior before VF. Q1999 by Excerpta Medica, Inc.
(Am J Cardiol 1999;83:880 – 884)

he risk of life-threatening arrhythmias after acute
myocardial infarction has been shown to be inT
creased in patients with reduced heart rate (HR) vari-

that methods of analysis based on nonlinear dynamics
(“chaos theory”) and fractals can reveal abnormalities
in HR behavior before the onset of VF in postinfarction patients.

ability.1–5 Controversial information has been available on possible abnormalities in HR behavior before
the spontaneous onset of ventricular fibrillation
(VF),6 – 8 however. Although the traditional methods
of HR variability analysis have failed to predict imminent VF,6 there are a variety of new methods available for measuring the complex (usually nonlinear)
behavior of dynamic processes.9 –17 These methods
may detect subtle abnormalities in RR interval dynamics and complement the traditional methods of analyzing HR variability in various patient populations.18 –20 Our general goal was to test the hypothesis
From the Division of Cardiology, Department of Medicine, University
of Oulu; and Merikoski Rehabilitation and Research Center, Oulu,
Finland; University of Ghent, Ghent, Belgium; Margret and H.A. Reg
Laboratory for Nonlinear Dynamics in Medicine; Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, Massachusetts;
and GW Scientific Inc., Rowayton, Connecticut. This study was supported by grants from The Finnish Medical Foundation, Helsinki, Finland; Aarne Koskelo Foundation, Helsinki, Finland; Ida Montin Foundation, Helsinki, Finland; the National Aeronautics and Space Administration, Washington, DC; the National Institute of Mental Health,
Bethesda, Maryland; and the G. Harold and Leila Y. Mathers Charitable Foundation, Mt. Kisco, New York. Manuscript received August
4, 1998; revised manuscript received and accepted October 22,
1998.
Address for reprints: Heikki V. Huikuri, MD, Division of Cardiology, Department of Medicine, University of Oulu, Kajaanintie 50,
90220 Oulu Finland. E-mail: heikki.huikuri@oulu.fi.

880

©1999 by Excerpta Medica, Inc.
All rights reserved.

METHODS

Subjects: The VF group in the present case-controlled analysis consisted of 10 patients retrospectively identified from the Oulu University Hospital
Holter measurement database, all of whom had had a
spontaneous onset of VF during 24-hour electrocardiographic recording without significant preceding
ST-segment changes, and who had undergone electrophysiologic and angiographic examinations. All of
these patients had been referred for examinations because of a recent clinical history of a life-threatening
arrhythmic event, and had experienced a recurrent VF
event before or after the invasive electrophysiologic
and angiographic examinations in the hospital. Holter
recordings had been performed as part of the routine
examinations of these patients. Three of the episodes
started as primary VF, 3 as fast monomorphic ventricular tachycardia, and 4 as polymorphic ventricular
tachycardia degenerating into VF. Two patients died
from VF and 8 were successfully resuscitated by direct-current shock. The postinfarction control group
consisted of 20 patients with a history of Q-wave
myocardial infarction (.1 month since infarction),
but without a history of ventricular arrhythmia events.
These patients were selected from among 83 consec0002-9149/99/$–see front matter
PII S0002-9149(98)01068-6

utive patients with a prior myocardial infarction referred for angiography due to angina pectoris or for
prognostic reasons, and who underwent programmed
electrical stimulation. Patients with inducible nonsustained (.5 consecutive beats) or sustained ventricular
tachyarrhythmia, diabetes mellitus, or atrial fibrillation were excluded. The patients with VF were
matched with the postinfarction controls with respect
to age, sex, left ventricular ejection fraction, b blocker
and diuretic medication, and functional class. The
matched parameters were scaled as follows: (1) age
matching as per 5 years (between 55 and 60 years,
between 60 and 65 years, between 65 and 70 years,
between 70 and 75 years, and between 75 and 80
years), (2) male or female gender, (3) left ventricular
ejection fraction ,30%, between 30% and 40%, between 40% and 50%, or .50%, (4) and (5) medication, and (6) New York Heart Association classes I to
IV. Two postinfarction control subjects who had had
an arrhythmia-free follow-up period of 2 years were
matched to each patient in the VF group.
Due to the relatively small patient population, 5
additional patients with VF during a Holter recording
were also studied: 3 from the Ghent University Hospital, 1 from the records of GW Scientific Inc, Rowayton, Connecticut, and 1 from the Oulu University
Hospital, for whom detailed clinical and angiographic
data were not available. Two additional postinfarction
age- and sex-matched control subjects were matched
to each patient with VF in this expanded patient
group.
Electrophysiologic and angiographic examinations:

Electrophysiologic testing included incremental ventricular pacing and programmed ventricular stimulation using up to 3 extra stimuli and 2 basic drive cycle
lengths (600 and 400 ms) from the right ventricular
apex and the outflow tract. The stimulation protocol
and the definition of induced ventricular arrhythmia
have been previously described in detail.21 Left heart
catheterization was performed by Judkins’ technique
on all control patients within 2 months of the electrocardiographic recordings. These tests were performed
on all postinfarction control patients and all of the
patients in the VF group, but not on the 5 patients with
VF in the expanded group.
Heart rate variability measurements: The postinfarction control subjects were monitored for 24 hours with
an ambulatory electrocardiographic recorder (Dynacord Holter Recorder, model 420, DM Scientific, Irvine, California), and the data were sampled digitally
and transferred from the Delmar Avionics Scanner
(Delmar Avionics, Irvine, California) to a microcomputer for the analysis of HR variability. The details of
this analysis technique have been described previously.21,22 Briefly, the RR interval series were edited
manually and premature beats and noise were deleted.
Questionable portions were printed out on a 2-channel
electrocardiogram at a paper speed of 25 mm/s to
confirm the sinus origin of the RR interval data. HR
variability measurements over the same period and
with a similar length of electrocardiographic recording
were obtained for the control patients for comparison.

The average length of electrocardiographic recordings
per patient with VF was 16 6 6 hours (range 6 to 24).
An autoregressive model was used to estimate the
power spectrum densities of RR interval variability.22,23 The power spectra were quantified by measuring the area in 3 frequency bands: 0.005 to 0.04 Hz
(very low frequency), 0.04 to 0.15 Hz (low frequency), and 0.15 to 0.40 Hz (high frequency). The SD and
mean length of the RR intervals were used as timedomain measurements.
Power-law scaling of RR interval variability was
calculated over the frequency range 1024 to 1022 Hz.
A robust line-fitting algorithm of log (power) on log
(frequency) was applied to the power spectrum
between 1024 to 1022 Hz, and the slope of this line
was calculated (b). This frequency band was chosen
on the basis of previous observations regarding the
linear relation between log (power) and log (frequency) in this frequency band.24,25
The detrended fluctuation analysis technique was
used to quantify fractal scaling properties of RR interval data.12,13 The root-mean-square fluctuation of
integrated and detrended time series was measured at
each observation window and plotted against the size
of the observation window on a log–log scale. In this
method, the fractal-like signal (1/f signal spectrum)
results in exponent value 1 (a 5 1.0). The white
Gaussian noise (random signal) results in value 0.5 (a
5 0.5) and the Brownian noise signal (1/f2 signal
spectrum) in exponent value 1.5. The present HR
correlations were defined for short-term (,11 beats,
a) RR interval data, based on a previous finding of
altered short-term fractal HR behavior among arrhythmic patients.20 The short-term fractal exponent was
computed from segments of 4,000 consecutive RR
intervals and averaged to obtain mean values for the
entire recording period.
The effect of the number of excluded beats (data
editing) on detrended fluctuation analysis was studied
by progressively increasing the number of deleted
beats from the same data set. The short-term scaling
exponent did not change significantly if ,20% of the
beats were randomly excluded. The effect of the number of existing premature beats on scaling exponents
was studied by adding and increasing progressively
short- and long-term intervals into artificially generated RR interval data. Scaling exponent decreased in
relation to added premature beats. The effect was
minimal when ,100 premature beats per hour were
randomly added (,5% difference), but the exponent
decreased progressively when .100 premature beats
per hour were included in the analysis, indicating that
the differences between the groups would be even
greater without excluding premature beats than the
traditional way performed in the present study.
Statistical analysis: The results are given as
means 6 SD unless otherwise indicated. Because of
the skewness of the data, the Mann-Whitney U test
was performed to analyze the differences between the
groups. The paired t test for dependent variables was
used to analyze the differences before the fibrillation
and in the 24-hour average. Stepwise multiple regres-
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TABLE I Characteristics of the Study Groups

Clinical data
Age (yrs)
NYHA class
III–IV
Time since prior MI (mo)
Location of prior MI
Anterior
Inferior
Anterior 1 inferior
Angiographic data
1-vessel disease
2-vessel disease
3-vessel disease
Ejection fraction (%)
VPC class*
1 (,10 VPCs/h)
2 (10–30 VPCs/h)
3 (.30 VPCs/h)
NSVT on Holter
Cardiac medication
Digitalis
Diuretic
b blocker
Calcium antagonist
ACE inhibitor

VF Group
(n 5 10)

MI Control group
(n 5 20)

67 6 4

65 6 4

10
20 6 27

20
50 6 63

4
1
5
0
2
8
38 6 8

7
6
7
1
6
13
44 6 9

0
3
7
8*

13
3
4
4

8
7
6
4
6

9
15
12
5
8

*p ,0.01, significance levels for differences between the VF group and their
controls in analysis of variance.
Values are mean 6 SD.
ACE 5 angiotensin-converting enzyme; MI 5 myocardial infarction;
NYHA 5 New York Heart Association; VPC 5 ventricular premature complex.

sion analysis was used to determine the best independent variable when differentiating between the patient
groups (SPSS for Windows Release 6.1.3., Chicago,
Illinois). A p value ,0.05 was considered significant.

RESULTS

Clinical, angiographic, and electrophysiologic data:

The clinical and angiographic data are presented in
Table I. Neither sustained nor nonsustained ventricular arrhythmia could be induced in any of the postinfarction control patients by the study design. Eight of
the 10 patients with spontaneous VF were inducible
into sustained ventricular tachyarrhythmia during the
programmed electrical stimulation. The frequency of
ventricular premature depolarizations and the occurrence of nonsustained ventricular tachycardia on the
Holter recordings were significantly higher in the patients with VF compared with the postinfarction control subjects.
RR interval variability: Two examples of electrocardiographic recordings before the spontaneous onset of
VF are shown in Figure 1. Figure 2 displays the RR
interval tachogram and HR behavior measurements
before the spontaneous onset of VF (left column,
patient B in Figure 1). The reduced short-term fractal
exponent a was typically seen in RR interval dynamics before the VF episodes. In contrast, the control
patients typically had a normal fractal short-term HR
behavior (right column, a ; 1.0, Figure 2).
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FIGURE 1. A and B, 2 different examples of electrocardiographic
recordings before the onset of VF.

The average HR did not differ significantly between the patients with VF and their controls, but
there was a clear tendency toward higher HRs among
the patients with VFs. The SD of RR intervals, verylow-frequency, and low-frequency spectral components did not differ significantly between the groups,
but the high-frequency spectral component was somewhat higher in the patients with VF (p ,0.05). The
short-term fractal-related scaling exponent a and the
power-law regression slope b showed smaller values
in the VF group than in postinfarction control group (p
,0.001 and p ,0.01, respectively, see Figure 2, Table
II).
In stepwise multiple regression analysis, including
the ventricular premature depolarization frequency,
the occurrence of nonsustained ventricular tachycardia, detrended fluctuation analysis, power-law behavior analysis of low frequencies, and conventional
time- and frequency-domain measurements of HR
MARCH 15, 1999

TABLE II RR Interval Measurements
VF Group
(n 5 10)
Traditional measurements
Time-domain
Mean RR interval (ms)
SDNN (ms)
SDANN (ms)
Frequency-domain
ln HF power (ms2)
ln LF power (ms2)
ln VLF power (ms2)
LF/HF
Dynamic measurements
Fractal-related scaling
exponents
a
b

FIGURE 2. Examples of RR interval tachograms (upper panels),
power spectrums (upper middle panels), power-law slopes (middle lower panels) of RR intervals, and detrended fluctuation analyses (lower panels) preceding the spontaneous VF of 1 patient
(left column, the electrocardiographic recording shown in Figure
1B). This patient shows a widened high-frequency spectral band,
a steep power-law slope, and a reduced short-term scaling exponent (a ;0.5). A representative postinfarction control patient
without arrhythmia during the recording or during a follow-up of
2 years afterwards shows fractal short-term exponent value a
;1.0 (right column). a 5 short-term scaling exponent; b 5 power-law scaling slope; MI 5 myocardial infarction.

variability, the short-term fractal-like scaling exponent proved to be the most powerful independent
predictor differentiating the patients with VF from the
postinfarction controls (b 5 237.5, p ,0.001). None
of the variables changed significantly during the last
hour or 15 minutes before the spontaneous onset of
VF compared with the longer period preceding VF.
The results were quite similar when a comparison was
made between the expanded VF group (n 5 15) and
their matched controls. The faster average HR in the
patients VF than in the controls reached statistical
significance (Table III).

DISCUSSION
The major new finding of this study was that specific abnormalities in the dynamic behavior of RR
interval dynamics was observed before the spontaneous onset of VF. Furthermore, the new analysis methods of RR intervals based on nonlinear dynamics
(“chaos theory”) and fractals can identify these abnormalities in HR behavior preceding VF that are not
detectable by traditional time- and frequency-domain
methods. Consistent with these findings, Vybiral et al5
have shown that the conventional analysis of HR
variability fails to predict imminent VF, whereas
Skinner et al16 observed changes in the nonlinear

879 6 187
77 6 47
73 6 34
6.2
6.0
6.9
0.7

6
6
6
6

1.5*
1.5
1.5
0.6†

0.68 6 0.18‡
21.63 6 0.24†

MI Controls
(n 5 20)

941 6 133
98 6 25
70 6 19
5.2
5.8
7.4
1.7

6
6
6
6

0.9
0.8
0.7
1.0

1.11 6 0.16
21.33 6 0.23

*p ,0.05; †p ,0.01; ‡p ,0.001, significance levels for differences between ventricular fibrillation patients and their postinfarction controls. a 5
short-term fractal-like scaling exponent; b 5 slope of power-law regression line
(from 1024 to 1022 Hz); HF 5 high-frequency power component of HR
variability; LF 5 low-frequency power component of HR variability; ln 5
logarithm to the natural base of the absolute value; Mean RR 5 average of
lengths of RR intervals; SDNN 5 SD of all RR intervals during the 24-hour
recording; SDANN 5 SD of RR intervals of 1 hour before the arrhythmic onset;
VLF 5 very-low-frequency power component of HR variability.

TABLE III RR Interval Measurements of Expanded Groups
VF Group
(n 5 15)
Traditional measurements
Time-domain
Mean RR interval (ms)
SDNN (ms)
SDANN (ms)
Frequency-domain
ln HF power, msec2
In LF power, msec2
ln VLF power, msec2
LF/HF
Dynamic measurements
Fractal-related scaling
exponents
a
b

845 6 200*
88 6 49
72 6 34
6.3
5.9
6.9
0.9

6
6
6
6

1.6*
1.6
1.4
0.8†

0.64 6 0.19‡
21.63 6 0.28‡

MI Controls
(n 5 30)

980 6 144
108 6 30
78 6 28
5.3
6.0
7.6
1.9

6
6
6
6

0.9
0.9
0.7
1.0

1.05 6 0.12
21.31 6 0.20

Footnotes and abbreviations as in Table II.

correlation dimension of RR intervals several hours
before the onset of VF.
Altered beat to beat RR interval dynamics were
also found to precede the onset of VF, using analysis
of fractal scaling based on detrended fluctuation analysis and 1/f scaling analysis. Detrended fluctuation
analysis showed that the altered beat to beat RR interval variability resulted from an almost random-like
form of short-term RR interval behavior (0.67 observed average of a vs 0.5 predicted for completely
random behavior) rather than the fractal-like correlation properties (a ;1.0) previously observed in uncomplicated postinfarction control patients and in
healthy subjects.13,18 This agrees with the recent findings on heart failure patients, in whom reduced a was
related to mortality.18
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Apart from the altered beat to beat dynamics, the
long-range correlation properties of RR intervals were
also altered before the onset of VF. The computed
slope of the power-law relation of HR variability was
more negative in patients with VF, despite the absence
of differences in the low-frequency spectral components between the groups. The slope of the power-law
relation of HR variability computed over ultra- and
very-low-frequency oscillations differs from the conventional frequency-domain measurements, because it
does not reflect the magnitude of HR variability, but
the distribution of spectral characteristics of RR interval oscillations, whereas the traditional spectral measurements calculate the area of the desired spectral
band. A steeper (i.e., more negative) slope of the
power-law relation has also shown an association with
increased mortality in postinfarction patients.24
Possible pathophysiologic mechanisms of abnormal
short-term dynamics and the propensity for VF: It has

been suggested that 1/f signal properties might be an
organizing principle of physiologic structure or function. Changes in such organization patterns may result in a less adaptable system favoring vulnerability
to various pathologic states.26,27 We observed that a
breakdown of 1/f signal properties, both in short- and
in long-term RR interval behavior, precedes the onset
of VF, suggesting a possible causal relation between
altered fractal-like signal behavior and the onset of
life-threatening arrhythmia. However, because the deviations of the short-term slopes from the 1/f curve did
not occur immediately before the onset of VF, altered
RR interval dynamics may not be a direct trigger of
the onset of VF, but may rather reflect changes in
other regulatory systems preconditioning the heart to
VF.
A potential explanation for the altered correlation
properties of HR dynamics preceding VF could be
neurohumoral activation (e.g., sympathoexcitation).
This theory is supported by observations of the more
random RR interval dynamics in heart failure patients28,29 with high norepinephrine levels.28 Similar
types of HR behavior with abrupt changes in RR
intervals have also been observed during intravenous
infusion of physiologic doses of norepinephrine in
young, healthy adults.30
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5. Huikuri HV, Koistinen JM, Yli-Mäyry S, Airaksinen KEJ, Seppänen T,
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30. Tulppo MP, Mäkikallio TH, Seppänen T, Airaksinen KEJ, Huikuri HV. Heart
rate dynamics during accentuated sympatho-vagal interaction. Am J Physiol
1998;274:H810 –H816.

MARCH 15, 1999

