
vated sympathetic and/or diminished parasympathetic
activity.1-6 Circadian distributions of VT demonstrated 2
peaks: 1 in the morning and 1 in the late afternoon that
coincide with the peaks of plasma catecholamine
levels.7 Catecholamines exert potentially proarrhythmic
electrophysiologic effects on myocardial tissue, whereas
vagal stimulation reduces ventricular vulnerability.8,9

However, the results of heart rate variability (HRV)
analysis of the changes that precede VT in human
beings have been inconsistent. Several investigations
demonstrated an increase in the indexes of sympathetic
activity preceding VT, whereas others failed to find sig-
nificant changes.10-14 Contrary to the expectations,
recent studies in relatively large groups of patients
demonstrated a decrease in the HRV indexes of sympa-
thetic activity before VT.6,15 In particular, a decrease in
the absolute low-frequency power (LFP), LFP/high-fre-
quency (HFP) ratio, and normalized LFP was observed

Changes in the autonomic tone play an important role
in arrhythmogenesis. An increase in heart rate has been
observed preceding the onset of ventricular tachyarrhyth-
mias (VT) in the majority of patients in whom sponta-
neous initiation has been recorded, which suggests ele-
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Dynamics of low-frequency R-R interval oscillations
preceding spontaneous ventricular tachycardia
Vladimir Shusterman, MD, PhD, Benhur Aysin, MS, Raul Weiss, MD, Susan Brode, MD, Venkateshwar Gottipaty,
MD, PhD, David Schwartzman, MD, and Kelley P. Anderson, MD, for the ESVEM Trial Investigators Pittsburgh, Pa

Background Increased sympathetic activity is believed to be an important trigger of sustained ventricular tachyarrhythmias
(VT) and is believed to be responsible for the increased heart rate that we and others have reported before the onset of
spontaneous VT. However, in the patients reported herein, heart rate variability (HRV) indexes that reflect sympathetic activity
unexpectedly declined, whereas heart rate increased. To explain this apparent paradoxic behavior, we tested the hypothe-
sis that baseline levels of HRV determine its reaction to short-term autonomic perturbations before the onset of VT.

Methods and Results Holter electrocardiograms from 47 patients (ejection fraction 36% ± 15%) with recorded
VT were analyzed. Frequency domain HRV indexes (low-frequency power [LFP] 0.04 to 0.15 Hz, high-frequency power
[HFP] 0.15 to 0.4 Hz, and total power [TP] 0.01 to 0.4 Hz) were studied in 5-minute intervals and over a period of 24
hours. Patients were divided into those with a decrease in LFP in the 2-hour period before VT (group A, n = 32) and those
with an increase or no change (group B, n = 15). The data were logarithmically transformed. Heart rate increased 15 min-
utes before the onset of VT compared with the 24-hour mean in both groups (group A: 80.3 ± 15.4 to 86.1 ± 20.0
beats/min, P = .005; group B: 80.6 ± 13.5 to 86.7 ± 14.0 beats/min, P = .017). Group A had higher TP, LFP, and
LFP/HFP 2 hours before VT, and these variables decreased 15 minutes before the onset of VT (TP from 7.31 ± 1.28 to 6.88
± 1.35, LFP from 6.09 ± 1.28 to 5.38 ± 1.33, LFP/HFP from 1.33 ± 0.89 to 0.96 ± 0.80, P < .001 for all 3 variables). HFP
also decreased 15 minutes before VT compared with 2 hours (from 4.78 ± 1.05 to 4.49 ± 1.24, P = .028). In group B,
which had lower baseline TP, LFP, and LFP/HFP at 2 hours before VT, these variables increased 15 minutes before the event
(TP from 6.41 ± 1.41 to 6.86 ± 1.42, P = .004; LFP from 4.59 ± 1.51 to 4.95 ± 0.62, P < .001; LFP/HFP from 0.22 ±
1.22 to 0.52 ± 1.38, P = .10), whereas HFP did not change significantly (4.40 ± 0.94 and 4.53 ± 1.01, P = .50).

Conclusions An increase in heart rate and a drop in the low-frequency oscillations of R-R intervals before the onset of
VT occurred in patients with higher baseline level of oscillatory activity. These changes suggest a dissociation between the
average and rhythmic modulation of R-R intervals. A decline of the low-frequency oscillations in the setting of increasing
heart rate could reflect an abnormal response to increased sympathetic activity in most of the patients from the studied
group. The different behaviors of the HRV indexes before the onset of VT in the 2 groups suggest that change in the dynam-
ics of R-R intervals, rather than the direction of change, facilitates arrhythmogenesis. (Am Heart J 2000;139:126-33.)
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before the spontaneous onset of VT.6 Valkama et al12

found that in multivariate analysis, the LFP was the
strongest predictor of the occurrence of sustained VT. It
is noteworthy that there were no significant changes in
HFP, which suggests that the cause for the selective
drop in LFP is not a mere increase in heart rate but some
shift in rhythmic modulation of R-R intervals that might
be related to arrhythmogenesis. A similar loss of LFP
without changes in the other frequency elements was
observed in patients with congestive heart failure and a
high muscular sympathetic nerve activity.16,17 Similar
short-term decreases in LFP occurred in patients with
severe congestive heart failure during tilt-table testing,
which suggests that chronically high and further rising
sympathetic activity loses its characteristic rhythmic
modulation.18 Thus there is some evidence demonstrat-
ing selective loss of the low-frequency R-R interval oscil-
lations in the context of abnormally high sympathetic
activity. However, the short-term selective drops in LFP
preceding VT have not been studied.

The purpose of this investigation was to define the
circumstances during which the magnitude of the slow
oscillations of R-R intervals decline before the onset of
sustained ventricular arrhythmias. The baseline level of
HRV affects its response to parasympathetic activity.19-21

Similar relations were described between resting vaso-
motor activity and its changes during mental stress.22

Therefore we hypothesized that baseline levels of HRV
determine its reaction to the short-term autonomic per-
turbations before the onset of VT.

Methods
Patients

The patients for this study were identified by the presence
of spontaneous sustained (≥30 seconds in duration, rate >100
beats/min) monomorphic ventricular tachycardia (VT)
recorded on a 24-hour Holter electrocardiogram. The patients
were selected from among those recruited for the Electro-
physiologic Study Versus Electrocardiographic Monitoring
(ESVEM) trial, which has been described in detail.23-26 Patients
considered for this clinical trial had a history of cardiac arrest,
documented ventricular fibrillation, sustained ventricular
tachycardia, or syncope. Patients with recent myocardial
infarction, the long QT syndrome, hypertrophic cardiomyopa-
thy, or arrhythmias caused by transient or reversible disorders
were excluded. Enrolled patients had at least 10 premature
ventricular complexes per hour and inducible sustained VT.23

Analysis of recordings
Baseline Holter electrocardiograms (1646 tapes) were

obtained in 868 of the 2103 patients screened for the trial.24

The tapes were analyzed and verified as described previ-
ously.23 Recordings from 59 patients demonstrated VT as
defined above. Recordings with atrial fibrillation (n = 6) were
excluded from this series. Among the remaining 53 electrocar-
diograms, 47 recordings that contained at least 2 hours of data
preceding the onset of VT were selected, and 1 (longest)

episode of VT per patient was analyzed. Electrocardiographic
data were digitized at 400 Hz, and the QRS complexes were
classified with the use of a commercial scanning system and
custom software (Burdick, Inc, Milton, Wis) and verified by a
cardiologist. The R-R intervals between normal QRS complexes
were extracted, and a regularly spaced time series was sam-
pled at 2 Hz with the use of a boxcar low-pass filter.27 Gaps in
the time series resulting from noise or ectopic beats were filled
in with linear splines, which can cause a small reduction in
HFP but do not affect other components of the power spec-
trum.28 We assessed the impact of including segments with
varying amounts of ectopic activity by repeating the analyses
with intervals with >50%, >75%, or 85% of normal beats.

Time and frequency domain analysis of R-R intervals was per-
formed in 5-minute intervals and over the entire 24-hour period.

Time domain analysis. Mean and standard deviation of
normal R-R intervals, the square root of the mean of the squared
differences between adjacent normal R-R intervals (r-MSSD),
and percentage of differences between adjacent normal R-R
intervals that are >50 ms (pNN50) were estimated.20

Frequency domain analysis. After subtracting the mean from
the time series, power spectral analysis was performed with fast
Fourier transform and a Hanning window. Zero padding was
applied to increase the outcome frequency resolution, and the
resulting power spectrum was corrected for the filtering and win-
dowing.29 Power was integrated in the following frequency
ranges: HFP 0.15 to 0.4 Hz; LFP 0.04 to 0.15 Hz; and very low-fre-
quency power (VLFP) 0.0033 to 0.04 Hz; LFP/HFP was also calcu-
lated. The ultra low-frequency component (ULFP), 0 to 0.0033
Hz, and the 24-hour total power (TP), 0 to 0.4 Hz, were deter-
mined in the entire recording for comparison with previously
published HRV estimates.30 TP and VLFP calculated in the entire
24-hour period and TP and VLFP calculated in 5-minute windows
have different frequency resolutions and, because of nonstation-
ary character of the signal, different magnitudes. TP in the 24-
hour window includes ULFP with a cycle length >5 minutes,
which cannot be determined in 5-minute windows. To highlight
these differences, we separated TP and VLFP calculated over the
entire 24-hour period from TP/5 (range 0.01 to 0.4 Hz) and
VLFP/5 (range 0.1 to 0.04 Hz) calculated in 5-minute windows.
We did not use the normalized LFP and HFP because they pro-
vide essentially the same information as the ratio LFP/HFP.31

Patient classification
Our previous studies showed that the changes in heart rate

and the HRV signal occur during 2 hours before the onset of
VT and reach maximum 15 minutes before the event.6 There-
fore patients in this study were divided into those who had a
decrease in LFP between 2 hours and 15 minutes before VT
(group A: 32 [68%] patients) and those with an increase or no
changes in LFP (group B: 15 [32%] patients).

Electrocardiographic tapes were recorded at least 5 half lives
after the discontinuation of antiarrhythmic drugs. β-Blockers
were continued in 5 patients from group A for reasons other
than antiarrhythmic control (Table I). Inclusion or exclusion of
these patients from analysis did not change the trends in R-R
variability or the statistical significance of the results.

Statistical analysis
The Shapiro-Wilks W test of normality was used to assess

distribution of the data. Because of substantial deviation



American Heart Journal
January 2000Shusterman et al128

from normal distribution, nonparametric Friedman analysis
of variance (ANOVA) was applied to test the significance of
changes in each variable over time. The 2 groups of patients
were compared with the use of Kruskal-Wallis ANOVA. Statis-
tical significance did not change when skewed variables
were reanalyzed with logarithmically transformed data to
normalize distribution. ANOVA for repeated measurements
was applied to test the significance of temporal changes in the
transformed variables preceding VT. Results are expressed
as mean ± SD of the logarithmically transformed data unless
otherwise indicated. Differences at P < .05 were considered
significant.

Results
Clinical characteristics

The clinical characteristics of the 47 patients are
shown in Table I. The mean age was 64 ± 11 years;
85% (n = 40) of patients were men. All had structural
heart disease; the underlying cause was ischemic in
83%. The mean ejection fraction was 36% ± 15%. No
clinical characteristic could distinguish groups A and
B. Circadian distribution of the index VT was not sig-
nificantly different between the groups (P = .22). The
mean start time of arrhythmia was 9 AM and 11 AM in
group A and group B, respectively. During the day (6
AM to 11 PM), VT tended to occur more often in group
A than in group B (75% and 53%, respectively). There
were no significant differences between groups with
respect to premature ventricular complex frequency
over a period of 24 hours (Table I), and repeating the

HRV analyses by use of intervals with >50%, >75%, or
85% of normal beats did not change the results.

Twenty-four-hour measures of heart rate and R-R
interval variability

The 24-hour average heart rate was 80.3 ± 14.6
beats/min (median 78.0, 95% confidence limits 76.3
to 84.4 beats/min). The frequency domain measures
of R-R interval variability were severely depressed: TP
8.88 ± 1.22 natural log (ln) ms2; ULFP 8.66 ± 1.25 ln
ms2; VLFP 6.53 ± 1.34 ln ms2; LFP 5.50 ± 1.58 ln ms2;
HFP 4.53 ± 1.24 ln ms2; LFP/HFP 0.91 ± 1.11 ln ms2

(Table II).
The average heart rates were not different between

groups A and B (80.3 ± 15.4 vs 80.6 ± 13.5 beats/min,
P = .98), whereas all the spectral indexes were higher
in group A than in group B. Group A had higher aver-
age values of TP/5, LFP, and LFP/HFP ratios (TP/5
7.28 ± 0.88 ms2/Hz; LFP 5.88 ± 1.0 ms2/Hz; LFP/HFP
1.21 ± 0.76 ms2/Hz) than group B (TP/5 6.62 ± 1.38
ms2/Hz, P = .06; LFP 4.80 ± 1.72 ms2/Hz, P = .009;
LFP/HFP 0.48 ± 1.34, P = .019). In group A patients,
HRV variables decreased significantly 15 minutes
before VT (TP/5 6.88 ± 1.35 ms2/Hz, P = .009; LFP
5.38 ± 1.33 ms2/Hz, P = .0004; LFP/HFP 0.96 ± 0.80,
P = .004). In group B patients, in contrast, HRV vari-
ables did not change significantly or tended to increase
before VT (TP/5 6.86 ± 1.42 ms2/Hz, P = .4; LFP 4.95
± 0.62 ms2/Hz, P = .4; LFP/HFP 0.52 ± 1.38, P = .8).

Group A Group B P value* Overall

No. of patients 32 (68%)† 15 (32%) — 47
Age (y) 63.8 ± 11.8 64.9 ± 7.8 .86 64.1 ± 10.7
Men 26 (81%) 14 (93%) .25 40 (85%)
Ischemic heart disease 26 (81%) 13(87%) .64 39 (83%)
Previous MI 26 (81%) 12(80%) .92 38 (81%)
Years since last MI 5.6 ± 5.9 6.9 ± 9.0 .92 6.1 ± 7.1
SAS class 3 or 4 7 (22%) 5 (33%) .41 12 (26%)
Ejection fraction 38.6% ± 15.2% 32.3% ± 15.0% .25 36.2% ± 15.1%
Presenting arrhythmia

VF 3 (9%) 2 (13%) .69 5 (11%)
VT 29 (91%) 13 (87%) — 42 (89%)

PVC/h on Holter 380 ± 485 355 ± 382 .57 372 ± 459
Ca-blockers 4 (17%) 1 (10%) .61 5 (15%)
Digitalis 6 (25%) 2 (20%) .75 8 (24%)
β-Blockers 5 (15.6%) 0 .18 5 (10.6%)
Duration of VTi (s) 671 ± 1472 999 ± 1534 .13 775 ± 1483
(median) (93) (352) (159)
Mean cycle length of VTi (ms) 364 ± 83 388 ± 97 .75 371 ± 87
(median) (354) (335) (352)
No. of VT runs 6.1 ± 15.1 56.1 ± 147.9 .57 20 ±81
(median) (2) (1) (1)

MI, Myocardial infarction; PVC, premature ventricular complexes; β-Blocker, β-adrenergic receptor blocking drug; SAS, Symptomatic Activity Scale; VT, ventricular tachycardia;
VTi, index VT; VF, ventricular fibrillation.
*P indicates significance of the differences between group A and group B.
†Percentages are in parentheses except where indicated and reflect missing data for some variables.

Table I. Clinical characteristics of the patients
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Changes in heart rate and R-R interval variability
preceding ventricular tachycardia

In the overall group, heart rate increased during 15
minutes before the onset of VT compared with the 24-
hour average (85.3 ± 18.2 vs 80.4 ± 17.3 beats/min, P =
.0008), whereas LFP and LFP/HFP decreased (LFP [ln]
5.33 ± 1.34 vs 5.50 ± 1.58, P = .005; LFP/HFP [ln] 0.86 ±
0.95 vs 0.91 ± 1.11, P = .031). The magnitude of increase
in heart rate between 120 and 15 minutes before the
onset of VT was similar in group A (from 77.8 ± 17.2 to
86.1 ± 20.0 beats/min, P < .001) and group B (from 78.9
± 16.6 to 86.7 ± 14.0 beats/min, P < .001), and in both
groups heart rate 15 minutes before the onset of VT was
significantly higher than the 24-hour average (P = .005
and P = .017, respectively) (Figure 1).

Group A had higher TP/5, LFP, and LFP/HFP 2 hours
before VT, and these variables decreased 15 minutes
before the onset of VT (TP/5 from 7.31 ± 1.28 to 6.88
± 1.35, LFP from 6.09 ± 1.28 to 5.38 ± 1.33, LFP/HFP
from 1.33 ± 0.89 to 0.96 ± 0.80; P < .001 for all 3 vari-
ables). HFP also decreased 15 minutes before VT com-
pared with 2 hours (from 4.78 ± 1.05 to 4.49 ± 1.24, P
= .028) (Figure 2).

In group B, which had lower baseline TP/5, LFP, and
LFP/HFP at 2 hours before VT, these variables increased
15 minutes before the event (TP/5 from 6.41 ± 1.41 to
6.86 ± 1.42, P = .004; LFP from 4.59 ± 1.51 to 4.95 ±
0.62, P < .001; LFP/HFP from 0.22 ± 1.22 to 0.52 ± 1.38,
P = .10), whereas HFP did not change significantly (4.40
± 0.94 and 4.53 ± 1.01, P = .50).

Discussion
Comparison with previous studies

The major finding of this study was the observation
that the low frequency, beat-to-beat oscillations of R-R

intervals paradoxically decreased before the onset of
ventricular tachycardia in patients with a high base-
line level of oscillatory activity. The average heart rate
and its increase preceding VT were not different
between the patients with a decline in LFP (68% of
patients) and the rest of the group. Therefore the
drop in LFP cannot be directly linked to a rise in heart
rate before the onset of arrhythmia.

A traditional paradigm associates an increase in the sym-
pathetic activity with an increase in the sympathetically
modulated low-frequency oscillations of R-R intervals. In
normal individuals, conditions that enhance sympathetic
tone, including tilt-table testing and exercise, usually pro-
duce an increase in LFP.32 However, in patients with con-
gestive heart failure and chronically enhanced sympa-
thetic activity, a further increase in sympathetic tone
during head-up tilting causes a paradoxic drop in LFP.18

Moreover, LFP is reduced in patients with advanced con-
gestive heart failure and high levels of circulating cate-
cholamines.16 Direct microneurographic measurements
of muscular sympathetic nervous activity verify the rela-
tion between high muscular sympathetic activity and the
loss of the low-frequency oscillations of R-R intervals.16,17

In agreement with our findings, previous investigations
reported that the changes in LFP were associated with rel-
atively small changes in HFP.16,17 Thus the decline of LFP
observed in this study is consistent with the previous
observations of this phenomenon in patients with abnor-
mally high chronic levels of sympathetic tone.

Direct microneurographic measurements to confirm
changes in sympathetic activity or analysis of circulat-
ing catecholamines were not obtained in the ESVEM
trial. The R-R interval variability indexes provide only
inferential evidence regarding the changes in auto-
nomic tone, and the accuracy of this analysis depends

Data over various time periods
calculated in 5-min windows

Variable Normal value* Entire recording 2 h pre-VT 15 min pre-VT P value†

Time domain
Mean R-R 817 ± 103 772 ± 145 797 ± 175 730 ± 146 .0002
r-MSSD 27 ± 12 27.9 ± 15.1 31.8 ± 20.8 31.1 ± 20.7 .40
pNN50 9 ± 7 4.47 ± 5.01 5.05 ± 6.17 5.27 ± 5.96 .99

Frequency domain (expressed as ln)
TP 9.83 ± 0.51 8.88 ± 1.22
TP/5 7.07 ± 1.09 7.06 ± 1.37 6.92 ± 1.33 .62
ULFP 8.66 ± 1.25
VLFP 7.35 ± 0.53 6.53 ± 1.34
VLFP/5 6.51 ± 1.57 6.39 ± 1.66 6.31 ± 1.66 .88
LFP 6.45 ± 0.68 5.50 ± 1.58 5.67 ± 1.49 5.33 ± 1.34 .020
HFP 5.05 ± 0.83 4.53 ± 1.24 4.67 ± 1.03 4.50 ± 1.17 .13
LFP/HFP 1.41 ± 0.51 0.91 ± 1.11 1.02 ± 1.10 0.86 ± 0.95 .076

*Normal values for healthy, middle-aged persons were obtained from reference 30.
†P value indicates significance of differences in the 15 minutes before VT vs the value in the 2 hours preceding VT onset.

Table II. Heart rate and heart rate variability in all 47 patients
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on a variety of factors.31 Therefore the increase in sym-
pathetic activity cannot be definitively proved with our
results. However, we consider the changes in sympa-
thetic activity as the most probable cause of the selec-
tive drop in LFP because of the following facts:

(1) Heart rate increased before the onset of arrhyth-
mia in the majority of patients in this study and in sev-
eral previous studies, which suggests a rise in sympa-
thetic activity.1,2 The sympathetic predominance
preceding VT could also result from withdrawal of
parasympathetic activity or combined increase in sym-
pathetic activity and a decrease in vagal tone. Although
the fall in LFP/HFP observed in this study does not indi-
cate a decrease in vagal activity, the absolute HFP
decreased, and therefore the possibility of parasympa-
thetic withdrawal cannot be excluded.

(2) Patients participating in this study had poor left
ventricular function, which is usually associated with
chronically high levels of circulating catecholamines
and enhanced frequency of discharge in the sympa-
thetic nerves.16,18,33

(3) No clinical or heart rate characteristic distinguished
patients with a pre-VT decrease in LFP from the rest of
the group. However, those with a drop in LFP had signif-
icantly higher 24-hour and 2-hour levels of LFP, VLFP/5,
TP/5, and LFP/HFP. Thus the patients with high baseline
levels of the low-frequency oscillatory activity lost it
immediately before the arrhythmia when the heart rate
and, presumably, sympathetic activity increased.

Although the number of patients was higher than in
previous studies, the failure to detect significant differ-
ences between clinical characteristics of the subgroups
still could have resulted from a β-error. The proportion
of patients with SAS class 3 or 4 was slightly higher and
left ventricular ejection fraction tended to be lower in
group B (Table I). Other authors have noted a correla-

tion between HRV variables and the degree of physio-
logic impairment in diverse patient groups including
those with CHF,16,33,34 aortic valve disease,35 idiopathic
dilated cardiomyopathy,36 and hypertrophic cardiomy-
opathy.37 Therefore lower average HRV values in group
B could have resulted from greater impairment of car-
diac function. Blunted HRV responses to autonomic
perturbations were observed in patients with moderate
congestive heart failure.18 Thus despite similarity of
clinical characteristics, greater impairment of cardiac
function in group B patients could be at least partially
responsible for the differences in HRV trends preced-
ing the onset of VT.

The differences between the groups could have
resulted from different treatments, in particular, β-
blocker therapy in some patients from group A. How-
ever, exclusion of these patients from the analysis did
not change the observed trends or statistical signifi-
cance of the results. The observed pattern of changes
in LFP could be related to circadian variations in the
frequency of ventricular tachyarrhythmias and
HRV.38,39 In this group, the frequency of VT increased
during the day compared with night, and the incidence
of VT was higher during the daytime in patients with
higher average LFP and LFP/HFP. This finding is consis-
tent with the theory about the role of diurnal increase
in sympathetic activity in arrhythmogenesis. However,
as a rule, LFP increases or does not change in patients
with congestive heart failure or cardiac arrest during
the day and probably does not account for the drop in
LFP preceding VT.39-41

Figure 2

Natural logarithms of TP/5, LFP, and LFP/HFP are depicted for
patient groups A and B. Over entire recording, values for all 3
variables were higher in group A than in group B. During 2
hours before VT, these differences became greater as values in
group A increased, whereas those in group B decreased. In 15
minutes before VT onset, values (with previous 2 hours used as
baseline) decreased in group A but increased in group B.

Figure 1

Changes in heart rate in 2 hours preceding sustained VT.
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Probable mechanisms of decline in slow oscillations
of R-R intervals preceding VT

Despite wide popularity of spectral HRV indexes as
indicators of cardiovascular autonomic control, the rela-
tions between tonic (average) and rhythmic components
of autonomic modulation are not well understood.19,20

The 2 facets of the autonomic activity exhibit concor-
dant responses to moderate stimulation in controlled
conditions including moderate physical exercises, awak-
ening, and head-up tilt.32,42-44 However, the facets of
autonomic activity can become dissociated at extreme
levels of autonomic stimulation. Discordant rhythmic
and tonic parasympathetic reactions were observed in a
study of vagal nerve stimulation.45 Goldberger et al21

reported an inverse relation between the baseline HRV
and its ability to increase in response to stimulation of
parasympathetic activity. Similar relations were observed
between resting levels of vasomotor activity and its reac-
tion to mental stress.22 Direct stimulation of the sympa-
thetic nerves at frequencies above 0.5 Hz did not affect
the HRV indexes of sympathetic tone.46

Huikuri et al10 described an inverse correlation
between the length of VT episode and the total HRV
power before the event: The frequency components of
HRV were lower before the onset of sustained VT com-
pared with nonsustained ventricular runs.10 In agree-
ment with this finding, patients from group B in our
study had lower HRV, whereas index VT in this group
tended to be longer (Table I). Zimmermann et al1 also
noted a correlation between the duration of arrhythmic
episodes and the level of sympathetic stimulation as
reflected by heart rate 3 minutes before the event.
These findings suggest that sympathetic activity is
higher, whereas rhythmic modulation of HRV indexes
is reduced before the onset of sustained VT.

The differences in baseline autonomic tone, as was
recently stressed by Goldberger et al,21 might elucidate
the discrepant results of HRV analysis preceding VT in
different populations.10-15 Our results were obtained in
a relatively large, homogeneous group of patients with
severely impaired cardiac function (left ventricular ejec-
tion fraction 36% ± 15%) and frequent arrhythmias,
which are often associated with enhanced sympathetic
tone. Moreover, unlike previous studies, this investiga-
tion targeted only sustained VT, which is, presumably,
preceded by larger increment of sympathetic activity
compared with nonsustained ventricular runs. These
characteristics of our patient population could have
affected the results of this study. Nevertheless, the find-
ings of an increase in heart rate and predominant drop in
LFP in patients with relatively preserved HRV before the
onset of VT are consistent with the trends in these vari-
ables that were reported by other investigators.10,12,15

Several uncontrolled factors, including changes in
activity, posture, and respiration frequency, can obscure
analysis of HRV in ambulatory recordings. This pre-

cludes mechanistic interpretation of the observed
changes in HRV as a result of selective increase in sym-
pathetic activity before the onset of VT. Furthermore, it
is likely that a number of other factors participate in
arrhythmogenesis. However, as a rule, changes in activ-
ity or posture cause an increase in LFP, and changes in
respiration frequency primarily affect HFP. On the con-
trary, we observed a pattern of increasing heart rate,
dropping LFP, and relatively small changes in HFP as
manifested by a decrease in LFP/HFP, which cannot be
a mere result of changes in activity or respiration per
se. Moreover, similar patterns were observed in previ-
ous investigations of VT in different patient popula-
tions.10,12,15 Therefore we believe that the observed
changes represent important autonomic perturbations
that are related to the initiation of arrhythmias.

Limitations
The patients in this study were a highly selected popu-

lation,23-26 and our findings cannot be applied to all
patients with VTs. The subjects whose initial arrhythmias
were fatal and those with hemodynamically unstable
arrhythmias that required continuous suppression could
not participate in the study. The fact that a sustained
arrhythmia occurred during Holter monitoring favored
patients with frequent arrhythmic events. However, the
changes in heart rate and R-R interval variability were not
related to the number of arrhythmic events that a patient
had. The patients made up approximately 10% of the
patients screened for the ESVEM trial, and clinical charac-
teristics did not differentiate the patients with sponta-
neous arrhythmias. This suggests that the major results of
the current investigation are valid for other patients with
recurrent ventricular tachycardia as well.

The changes in heart rate preceding VT violate the
assumption of stationarity of the signal and might
obscure the results of spectral analysis.20 However, the
increase in heart rate was modest (4.9 beats/min),
which suggests that the changes in heart rate did not
have a significant impact on the HRV estimates. Appli-
cation of the Hanning window before spectral analysis
also reduced the effects of nonstationarities and discon-
tinuities on the results.

Regression artifact may introduce a significant con-
founding effect on the results of studies that do not
have a control group. Regression to the mean was esti-
mated as Prm = 100* (1–r), where Prm is the percentage
of regression to the mean and r is a correlation between
the HRV values at 2 hours and 15 minutes before VT.47

Because the correlation between the values at 2 hours
and 15 minutes before VT was high (LFP 0.85, LFP/HFP
0.71), Prm could account, in the worst case, for two thirds
of the HRV changes in group A. Thus regression artifact
could obscure the magnitude of changes in HRV, but it
could not be the sole source for pronounced changes in
LFP and LFP/HFP preceding the onset of VT in group A.
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Conclusions
An increase in heart rate and a drop in the low-fre-

quency oscillations of R-R intervals before the onset of
VT occurred in patients with higher baseline levels of
oscillatory activity. These changes suggest a dissocia-
tion between the average and rhythmic modulation of
R-R intervals in most of the patients from the studied
group. The different behaviors of the HRV indexes
before the onset of VT in the 2 groups suggest that
change in the dynamics of R-R intervals rather than the
direction of change facilitates arrhythmogenesis.

References
1. Zimmermann M, Maisonblanche P, Cauchemez B, et al. Determinants

of the spontaneous ectopic activity in repetitive monomorphic idio-
pathic ventricular tachycardia. J Am Coll Cardiol 1986;7:1219-27.

2. Coumel P, Leclercq JF, Leenhardt A. Arrhythmias as predictors of
sudden death. Am Heart J 1987;114:929-37.

3. Bayes de Luna A, Coumel P, Leclercq JF. Ambulatory sudden car-
diac death: mechanisms of production of fatal arrhythmia on the
basis of data from 157 cases. Am Heart J 1989;117:151-9.

4. Leclercq JF, Maisonblanche P, Cauchemez B, et al. Respective role
of sympathetic tone and of cardiac pauses in the genesis of 62
cases of ventricular fibrillation recorded during Holter monitoring.
Eur Heart J 1988;9:1276-83.

5. Leclercq JF, Potenza S, Maison-Blanche P, et al. Determinants of
spontaneous occurrence of sustained monomorphic ventricular
tachycardia in right ventricular dysplasia. J Am Coll Cardiol
1996;28:720-4.

6. Shusterman V, Aysin B, Gottipaty V, et al, for the ESVEM Investiga-
tors. Autonomic nervous system activity and the spontaneous initia-
tion of ventricular tachycardia. J Am Coll Cardiol 1998;32:1891-9.

7. Kong TO, Goldberger JJ, Parker M, et al. Circadian variation in
human ventricular refractoriness. Circulation 1995;92:1507-16.

8. Corr PB, Yamada KA, Witkowski FX. Mechanisms controlling car-
diac autonomic function and their relationship to arrhythmogenesis.
In: Fozzard HA, Jennings RB, Haber E, et al, editors. The heart and
cardiovascular system: scientific foundations. New York: Raven;
1986. p. 1343-403.

9. Kolman B, Verrier R, Lown B. The effect of vagus nerve stimulation
upon vulnerability of the canine ventricle: role of sympathetic-
parasympathetic interactions. Circulation 1975;52:578-85.

10. Huikuri HV, Valkama JO, Airaksinen KEJ, et al. Frequency domain
measures of heart rate variability before the onset of nonsustained
and sustained ventricular tachycardia in patients with coronary
artery disease. Circulation 1993;87:1220-8.

11. Osaka M, Saitoh H, Sasabe N, et al. Changes in autonomic activity
preceding onset of nonsustained ventricular tachycardia. Ann
Noninvas Electrocardiol 1996;1:3-11.

12. Valkama JO, Huikuri HV, Koistinen MJ, et al. Relation between
heart rate variability and spontaneous and induced ventricular
arrhythmias in patients with coronary artery disease. J Am Coll
Cardiol 1995;25:437-43.

13. Valkama JO, Huikuri HV, Airaksinen KEJ, et al. Changes in frequency
domain measures of heart rate variability in relation to the onset of
ventricular tachycardia in acute myocardial infarction. Int J Cardiol
1993;38:177-82.

14. Vybiral T, Glaeser DH, Goldberger AL, et al. Conventional heart
rate variability analysis of ambulatory electrocardiographic record-

ings fails to predict imminent ventricular fibrillation. J Am Coll Cardiol
1993;22:557-65.

15. Pruvot E, for the Heart Rate Variability in Ventricular Fibrillation
(HRVF) Study Investigators. Characterization of the heart rate
dynamics preceding episodes of spontaneous ventricular tach-
yarrhythmias as retrieved from an ICD. PACE 1997;20:1158.

16. van de Borne P, Montano N, Pagani M, et al. Absence of low-
frequency variability of sympathetic nerve activity in severe heart
failure. Circulation 1997;95:1449-54.

17. Ando S-I, Dajani HR, Floras JS. Frequency domain characteristics of
muscle sympathetic nerve activity in heart failure and healthy humans.
Am J Physiol 1997;273(Regulatory Integrative Com Physiol 42):
R205-12.

18. Guzzetti S, Cogliati C, Turiel M, et al. Sympathetic predominance
followed by functional denervation in the progression of chronic
heart failure. Eur Heart J 1995;16:1100-7.

19. Malik M, Camm AJ. Components of heart rate variability: what they
really mean and what we really measure. Am J Cardiol 1993;72:
821-2.

20. Task Force of the European Society of Cardiology and North Amer-
ican Society of Pacing and Electrophysiology. Heart rate variability:
standards of measurement, physiological interpretation and clinical
use. Circulation 1996;93:1043-65.

21. Goldberger JJ, Kim Y-H, Ahmed MW, et al. Effect of graded increases
in parasympathetic tone on heart rate variability. J Cardiovasc Electro-
physiol 1996;7:594-602.

22. Shusterman V, Anderson KP, Barnea O. Spontaneous skin temperature
oscillations in normal human subjects. Am J Physiology 1997;273
(Regulatory Integrative Comp Physiol 42):R1173-81.

23. ESVEM Investigators. The ESVEM trial: electrophysiologic study
versus electrocardiographic monitoring for selection of antiar-
rhythmic therapy of ventricular tachyarrhythmias. Circulation
1989;79:1354-60.

24. ESVEM Investigators. Determinants of predicted antiarrhythmic drug
efficacy in the ESVEM trial. Circulation 1993;87:323-9.

25. Mason JW. A comparison of electrophysiologic testing with Holter
monitoring to predict antiarrhythmic drug-efficacy for ventricular
tachyarrhythmias. N Engl J Med 1993;329:445-51.

26. Anderson KP, Walker R, Dustman T, et al, for the ESVEM Investigators.
Spontaneous sustained ventricular tachycardia in the Electrophysio-
logic Study Versus Electrocardiographic Monitoring (ESVEM) Trial.
J Am Coll Cardiol 1995;26:489-96.

27. Berger RD, Akselrod S, Gordon D, et al. An efficient algorithm for
spectral analysis of heart rate variability. IEEE Trans Biomed Eng
1986;33:900-4.

28. Albrecht P, Cohen RJ. Estimation of heart rate power spectrum
bands from real-world data: dealing with ectopic beats and noisy
data. Comput Cardiol 1988;15:311-4.

29. Myers GA, Martin GJ, Magid NM, et al. Power spectral analysis of
heart rate variability in sudden cardiac death: comparison to other
methods. IEEE Trans Biomed Eng 1986;33:1149-56.

30. Bigger TJ, Fleiss JL, Steinman RC, et al. RR variability in healthy,
middle-aged persons compared with patients with chronic coronary
heart disease or recent acute myocardial infarction. Circulation
1995;91:1936-43.

31. Eckberg DL. Sympathovagal balance: a critical appraisal. Circulation
1997;96:3324-32.

32. Montano N, Ruscone TG, Porta A, et al. Power spectrum analysis of
heart rate variability to assess the changes in sympathovagal balance
during graded orthostatic tilt. Circulation 1994;90:1826-31.

33. Mortara A, La Rovere MT, Signorini MG, et al. Can power spectral



American Heart Journal
Volume 139, Number 1, Part 1 Shusterman et al 133

analysis of heart rate variability identify a high risk subgroup of con-
gestive heart failure patients with excessive sympathetic activation?
A pilot study before and after heart transplantation. Br Heart J
1994;71:422-30.

34. Ponikowski P, Chua TP, Piepoli M, et al. Ventilatory response to exer-
cise correlates with impaired heart rate variability in patients with
chronic congestive heart failure. Am J Cardiol 1998;82:338-44.

35. Jung J, Heisel A, Tscholl D, et al. Factors influencing heart rate
variability in patients with severe aortic valve disease. Clin Cardiol
1997;20:341-4.

36. Fauchier L, Babuty D, Cosnay P, et al. Heart rate variability in
idiopathic dilated cardiomyopathy: characteristics and prognostic
value. J Am Coll Cardiol 1997;30:1009-14.

37. Bonaduce D, Petretta M, Betocchi S, et al. Heart rate variability in
patients with hypertrophic cardiomyopathy: association with clinical
and echocardiographic features. Am Heart J 1997;134:165-72.

38. Lampert R, Rosenfeld L, Batsford W, et al. Circadian variation of sus-
tained ventricular tachycardia in patients with coronary artery disease
and implantable cardioverter-defibrillators. Circulation 1994;90:241-7.

39. Casolo G, Balli E, Fazi A, et al. Twenty-four-hour spectral analysis of
heart rate variability in congestive heart failure secondary to coronary
artery disease. Am J Cardiol 1991,67:1154-8.

40. Huikuri HV, Linnaluoto MK, Seppanen T, et al. Circadian rhythm of

heart rate variability in survivors of cardiac arrest. Am J Cardiol
1992;70:610-5.

41. Panina G, Khot UN, Nunziata E, et al. Assessment of autonomic
tone over a 24-hour period in patients with congestive heart failure:
relation between mean heart rate and measures of heart rate vari-
ability. Am Heart J 1995;129:748-53.

42. Pagani M, Lombardi F, Guzetti S, et al. Power spectral analysis of heart
rate and arterial pressure variabilities as a marker of sympatho-vagal
interaction in man and conscious dog. Circ Res 1986;59:178-93.

43. Breuer H-W M, Skyschally A, Schulz R, et al. Heart rate variability
and circulating catecholamine concentrations during steady state
exercise in healthy volunteers. Br Heart J 1993;70:144-9.

44. Muller JE, Tofler GH, Verrier RL. Sympathetic activity as the cause
of the morning increase in cardiac events: a likely culprit, but the
evidence remains circumstantial. Circulation 1995;91:2508-9.

45. Chess GF, Calaresu FR. Frequency response model of vagal control
of heart rate in the cat. Am J Physiol 1971;220:554-7.

46. Bailey JR, Fitzgerald DM, Applegate RJ. Effects of constant cardiac
autonomic nerve stimulation on heart rate variability. Am J Physiol
1996;270(Heart Circ Physiol 39):H2081-7.

47. Trochim WM. The research methods knowledge base. 2nd edition.
1999. Internet WWW page, at URL: http://trochim.human.cornell.
edu/kb/index.htm


