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Both Decreased and Increased Heart Rate Variability on the Standard
10-Second Electrocardiogram Predict Cardiac Mortality In the Elderly
The Rotterdam Study

Martne C. de Bruyne,1"3 Jan A. Kors,2 Arno W. Hoes, u Peter Klootwijk,4 Jacqueline M. Dekker,6
Albert Hofman,1 Jan H. van Bemmel,2 and Diederick E. Grobbee u
Decreased heart rate variability has been associated with an adverse prognosis in patients after myocardial
infarction. Studies carried out in the population at large show contradictory results. The authors examined the
association between heart rate variability on a standard 10-second electrocardiogram and cardiac and all-cause
mortality in the Rotterdam Study, a population-based cohort study of men and women aged £55 years, using
data collected between 1990 and 1996 (mean follow-up = 4 years). Heart rate variability, taken as the standard
deviation of normal R-R intervals (SDNN), was computed by means of the Modular ECG Analysis System. After
exclusion of subjects with arrhythmia and those with fewer than six normal R-R intervals, the study population
consisted of 2,088 men and 3,184 women. Cox's proportional hazards model was used to examine the age- and
sex-adjusted risk for cardiac, noncardiac, and total mortality in relation to quartiles of SDNN, using the third
quartile of SDNN as the reference category. Subjects in the lowest quartile of SDNN relative to those in the third
quartile had an 80 percent age- and sex-adjusted increased risk for cardiac mortality (hazard ratio = 1.8; 95%
confidence interval: 1.0, 3.2). Interestingly, for subjects in the highest quartile of SDNN, an even more
pronounced risk for cardiac mortality was present (hazard ratio = 2.3; 95% confidence interval: 1.3, 4.0).
Additional adjustment for possible confounders did not materially change the risk estimates. The authors
conclude that heart rate variability measured on the standard 10-second electrocardiogram can be used to
identify older men and women with an increased risk for cardiac mortality. In the elderly, increased heart rate
variability is an even stronger indicator of cardiac mortality than decreased heart rate variability. Further studies
are needed to confirm these findings and to elucidate their physiologic meaning. Am J Epidemiol 1999;150:
1282-8.
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Heart rate variability (HRV) has been put forward as
a promising marker of autonomic activity (1). HRV is
influenced by various physiologic and pathologic conditions, such as aging (2, 3), respiration (4), diabetic
neuropathy (5), congestive heart failure (6), and coronary heart disease (7-9). In the last two decades, ample
evidence has emerged that reduced HRV has adverse

prognostic implications in patients after myocardial
infarction (10-15).
Several studies reported an association between
decreased HRV and all-cause and cardiac mortality in
middle-aged and elderly subjects (16-20). However,
no association of reduced HRV with cardiac and allcause mortality was found in elderly men and women
in the Bronx Aging Study (21). Surprisingly, in the latter study, an association of increased HRV with cardiac
events was present in women. A similar association
was reported for elderly men in the Zutphen Study
(17).
The task force on HRV recommends that, in order to
standardize clinical studies, only two types of HRV
measurements should be used (1): 1) short term measurements on 5-minute electrocardiograms made
under physiologically stable conditions, processed by
frequency-domain methods, and 2) 24-hour recordings
processed by time-domain methods. However, two
prior population-based studies restricted to men
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reported an association between decreased HRV, measured in 10-beat electrocardiograms (18) and 20-second
electrocardiograms (17), and total and cardiac mortality. Provided that the predictive value is established, the
standard 12-lead electrocardiogram would offer a useful tool for risk stratification in large populations, as it
is much easier and less costly to obtain than the standardized 5-minute electrocardiogram or the 24-hour
Holter electrocardiogram.
In the present study, we examined the association
between decreased and increased HRV on the standard
10-second electrocardiogram and cardiac and all-cause
mortality in the Rotterdam Study, a population-based
cohort study of men and women aged >55 years.
MATERIALS AND METHODS
Study population and baseline data collection

This study was part of the Rotterdam Study, a
population-based cohort study aimed at assessing the
occurrence of and risk factors for chronic diseases in the
elderly. The objectives and methods of the Rotterdam
Study are described in detail elsewhere (22). Briefly, all
men and women aged >55 years living in the Rotterdam
district of Ommoord were invited to participate
(response rate = 78 percent). Baseline data on 7,129
participants, collected from 1990 to 1993, included an
electrocardiogram and information on history of cardiovascular disease, cardiovascular disease risk factors,
and use of coffee, alcohol, and medications.
Digitally stored electrocardiographic data were
available for 6,160 (86 percent) participants. Electrocardiographic data were missing for 14 percent of the
participants, mainly because of temporary technical
problems with the electrocardiographic recorder.
Blood pressure was calculated as the average of two
consecutive measurements taken with a random-zero
mercury manometer. Body mass index was calculated
as weight (kg)/height (m)2. Hypertension was defined
as a systolic blood pressure greater than 160 mmHg or
a diastolic blood pressure greater than 95 mmHg or use
of antihypertensive medication. Diabetes mellitus was
defined as a nonfasting blood glucose level greater
than 11.1 mmol/liter or use of antidiabetic medication.
History of myocardial infarction was defined as selfreported myocardial infarction with hospital admission, or a myocardial infarction indicated on the electrocardiogram. The presence of angina pectoris was
established through the Rose questionnaire (23).
Subjects with arrhythmia (n = 232 (162 with atrial
fibrillation, 14 with atrial flutter, 23 with atrial rhythm,
32 with ideoventricular rhythm, and one with
supraventricular tachycardia)) and subjects for whom
less than six R-R intervals on the electrocardiogram
Am J Epidemiol Vol. 150, No. 12, 1999
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could be analyzed for HRV measurements (n = 251)
were excluded. In addition, 345 subjects without
follow-up data (mainly because they had moved to
unknown locations) and 60 subjects with electrocardiograms of poor technical quality in which cardiac
rhythm could not be analyzed were excluded. The final
study population consisted of 2,088 men and 3,184
women.
Follow-up procedures

The follow-up period, starting at the baseline examination and lasting until April 1996 for the present
analysis, was 3-6 (mean = 4) years. Information on the
vital status of participants was obtained at regular intervals from the municipal authorities in Rotterdam.
Information on fatal and nonfatal endpoints was
obtained from the general practitioners working in the
study district of Ommoord. These general practitioners,
covering about 85 percent of the cohort, all have their
practice computerized, and they report possible fatal
and nonfatal events among participants to the
Rotterdam Study data center in computer files on a regular basis. All possible events reported by the general
practitioners are verified by research physicians from
the Rotterdam Study, through review of patient records
of the participating general practitioners and of medical
specialists. In April 1996, the medical records of those
participants with general practitioners from outside the
Ommoord area (-15 percent of the cohort) were
checked by research physicians, and additional information for coding was collected on all possible events.
For deceased participants, information on the cause
and circumstances of death was obtained shortly after
the death was reported by the general practitioner or
municipal authorities. The information was obtained
from the general practitioner by questionnaire and by
scrutinizing hospital discharge records in cases of hospital admittance or referral.
Complete follow-up information was available for
94 percent of the Rotterdam Study population.
Differences in baseline characteristics between participants with and without follow-up data were examined
using one-way analysis of covariance, adjusting for
age and sex when appropriate. Persons without followup data were, on average, older (73.9 years vs. 70.4
years) and had lower prevalences of hypertension (25
percent vs. 30 percent) and diabetes mellitus (10 percent vs. 14 percent). No other differences in baseline
characteristics were found.
Classification of fatal and nonfatal events was based
on the International Classification of Diseases, Tenth
Revision (ICD-10) (24). We defined cardiac mortality as
death from myocardial infarction (ICD-10 codes
121-124), chronic ischemic heart disease (ICD-10 code
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125), pulmonary embolism or other pulmonary heart
disease (ICD-10 codes 126-128), cardiomyopathy
(ICD-10 codes 142-143), cardiac arrest (ICD-10 code
146), arrhythmia (ICD-10 codes 147-149), heart failure
(ICD-10 code 150), or sudden cardiac death. Sudden
cardiac death was defined as death occurring within 1
hour after onset of symptoms or unwitnessed death in
which a cardiac cause could not be excluded (25, 26).
All events were classified independently by two
research physicians. If there was disagreement, a consensus was reached in a separate session. Finally, all
events were verified by a medical expert in the field of
cardiovascular disease. In cases of discrepancies, the
judgment of this expert was considered definite.
Electrocardiogram Interpretation and
measurements

A 12-lead resting electrocardiogram was recorded
using an ACTA cardiograph (Esaote Biomedica,
Florence, Italy) with a sampling frequency of 500 Hz,
and results were stored digitally. All electrocardiograms were processed by the Modular ECG Analysis
System to obtain electrocardiographic measurements
and diagnostic interpretations. The Modular ECG
Analysis System has been evaluated extensively
(27-30).
Only R-R intervals between two adjacent normal
dominant beats were used to compute mean heart rate
and HRV, taken as the standard deviation of normal
R-R intervals (SDNN). Both premature ventricular and
supraventricular complexes were considered abnormal. The overall Q-T interval was determined on a representative beat for all 12 leads together. To adjust the
Q-T interval for heart rate, we calculated Q-Tc according to Bazett's formula (31). Left ventricular hypertrophy was determined using voltage as well as repolarization criteria. Negative T waves were defined as
negative T-wave deflections of at least 1.0 mm in any
of the following leads: I-DI, aVR, aVF, and V2-V6.
Data analysis

SDNN was categorized into quartiles, with 25th,
50th, and 75th percentile values of 9.6, 15.2, and 25.9
ms, respectively.
To evaluate the association between HRV and potentially confounding factors and other electrocardiographic factors, we examined differences in the distribution of selected baseline characteristics between
subjects in quartiles of SDNN by one-way analysis of
covariance, adjusting for age and sex when appropriate. Because a U-shaped relation was apparent
between several determinants and SDNN in which the
lowest risk was present in the third quartile, we per-

formed separate analyses for decreased HRV (analyzing the lowest three quartiles) and increased HRV
(analyzing the highest two quartiles). All determinants
that showed a statistically significant (p < 0.05) association with SDNN in one of these analyses was considered a possible confounder.
Cox's proportional hazards model was used to
examine the risk for cardiac, noncardiac, and total
mortality in relation to quartiles of SDNN, adjusted for
two sets of confounders: 1) age and sex and 2) all possible confounders resulting from the analysis of
covariance. The third quartile of SDNN was taken as
the reference category. To minimize the effect of missing data in the multivariate analysis, we replaced missing values for categorical variables with dummy variables (32). Missing values for continuous variables
were replaced by the variable's average value and a
dummy variable to indicate whether an imputed value
was added to the model.
Subgroup analyses were performed to examine
whether age (ST75 years vs. >75 years), sex, history of
myocardial infarction, and presence of ectopic beats
influenced the association between SDNN and cardiac
mortality.
RESULTS

Baseline characteristics of participants are presented
by quartile of SDNN in table 1. In the analysis of determinants of decreased HRV, statistically significant differences existed between the three groups with regard to
age, sex, body mass index, and diabetes mellitus. The
electrocardiographic characteristics associated with
decreased SDNN were mean R-R interval and overall
Q-Tc interval. Increased HRV, comparing the highest
two quartiles, was associated with age, sex, mean R-R
interval, the presence of negative T waves, and premature ventricular and supraventricular complexes.
During follow-up, 222 (10.6 percent) men and 238
(7.5 percent) women died; 69 (3.3 percent) men and 63
(2.0 percent) women died from a cardiac cause. Subjects
in the lowest quartile of SDNN relative to those in the
third quartile had an 80 percent age- and sex-adjusted
increased risk for cardiac mortality (hazard ratio =1.8;
95 percent confidence interval: 1.0, 3.2) (table 2). The
corresponding hazard ratios for noncardiac mortality
and all-cause mortality were 1.3 (95 percent confidence
interval: 0.9, 1.8) and 1.4 (95 percent confidence interval: 1.0, 1.8), respectively. Interestingly, for subjects in
the highest quartile of SDNN compared with those in
the third quartile, we found an even more pronounced
risk for cardiac mortality (hazard ratio = 2.3; 95 percent
confidence interval: 1.3,4.0).
The risks for cardiac and noncardiac mortality associated with both decreased and increased SDNN were
Am J Epidemiol Vol. 150, No. 12, 1999
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TABLE 1. Baseline characteristics of participants, by quartlle of SONNf: The Rotterdam Study,
1990-1993*
Quartile of SDNN
Characteristic

Mean age (years)
Sex (% women)
Mean systolic Wood pressure (mmHg)
Mean diastolic blood pressure (mmHg)
Mean body mass indexH
Mean serum cholesterol level (mmol/liter)
Cigarette smoking (%)
Mean coffee intake (mg/day)
Mean alcohol intake (mg/day)
Hypertension (%)
Diabetes mellitus (%)
Angina pectoris (%)
Myocardial infarction (%)
Use of cardiovascular medication (%)
Negative T waves (%)
Left ventricular hypertrophy on electrocardiogram (%)
Mean R-R interval (ms)
Overall Q-Tc interval (ms)
Presence of premature ventricular
complex (%)
Presence of premature supraventricular
complex (%)

All subjects
(n = 5,272)

68.7 (8.8)§
60.4
139.4(22.3)
73.6 (11.5)
26.4 (3.7)
6.6(1.2)
21.4
482 (238)
10.3(15.3)

1
(<9.6)

2
(9.6-<15.2)

3
(15.2-<25.9)

4
(£25.9)

70.6"
59.9*
140.7
74.2
26.7*
6.7
21.4
483
10.7

69.1
64.4
139.7
73.7
26.4
6.6
20.8
481
9.9

67.4
62.1
139.5
73.5
26.3
6.6
20.7
474
10.0

68.0*
54.9**
137.2
73.0
26.1
6.7
22.7
490
10.9

31.5
14.8*
6.9
13.3
34.6

30.1
12.0
7.0
11.4
34.2

29.4
11.3
7.0
11.3
34.5

26.0
10.9
5.7
12.0
32.2

8.4

5.2

4.0
801 • •
438"

4.9
858
432

4.3
898
428

2.8

2.9

2.2

2.6

3.9*

2.7

0.6

0.2

0.2

10.3*

29.3
12.3
6.7
12.1
33.9
6.8
4.4
867(140)
430.9 (26.2)

7.5"

7.4"
4.3
911*
426

•p<0.05; **p<0.01.
t SDNN, standard deviation of normal R-R intervals (in ms).
$ p values are for equality of quartile-speclfic values in quartiles of SDNN, adjusted for age and sex.
§ Numbers in parentheses, standard deviation.
H Weight (kg)/height (m)2.

more pronounced in women than in men. The risks for
cardiac mortality associated with increased HRV were
more pronounced in subjects with a history of myocardial infarction and in subjects aged <75 years (table 2).
Because premature ventricular or supraventricular
complexes occurred more frequently in persons with
increased SDNN, we performed a separate analysis
excluding subjects with premature complexes on their
electrocardiogram. However, this did not change the
results (data not shown).
We carried out analyses with additional adjustment
for body mass index, diastolic blood pressure, diabetes
mellitus, overall Q-Tc interval, mean R-R interval, and
the presence of negative T waves (table 3). The hazard
ratios did not change substantially for any endpoints.
DISCUSSION

This study showed that both decreased HRV and
increased HRV, as measured by the standard 10-second
electrocardiogram, are associated with cardiac mortality in the elderly. These risks were more pronounced in
Am J Epidemiol
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elderly people aged <T75 years, in women, and in subjects with a history of myocardial infarction. In addition, the results indicate that both decreased HRV and
increased HRV are associated with death from noncardiac causes in women.
Sex differences in the mortality risk associated with
decreased and increased HRV in the elderly may
partly be explained by selective survival. Men with
heart disease die at a younger age than women, and
men who live to an older age may be healthier than
women of the same age. Moreover, the risks associated with decreased and increased HRV were more
pronounced in those aged <75 years, suggesting that
those who survive to older ages are less susceptible to
disturbances of HRV, possibly because of other
unknown characteristics. The risks of both decreased
HRV and increased HRV for cardiac mortality were
more clear in subjects with a history of myocardial
infarction. This suggests that ischemic heart disease is
involved in the mechanism controlling HRV.
However, HRV was also associated with cardiac death
in subjects without a history of myocardial infarction,
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TABLE 2. Age-adjusted hazard ratios for cardiac, noncardlac, and all-cause mortality, by quartlle of
heart rate variability (defined as SDNN*), relative to the third quartile:The Rotterdam Study, 1990-1996
Quartlle of SDNN
Outcome

2
(9.6-<15.2)

1

Group
1

Cardiac mortality

All subjects
Men
Women

HR*

95% Cl*

HR

95% Cl

1.8
1.3
2.5

1.0, 3.2
0.6, 2.8
1.1,5.8

1.7
1.6
2.0

1.0, 3.1
0.7, 3.4
0.8, 4.8

4
(£25.9)

3t
(15.2-<25.9)
HR

95% Cl

1
1
1

2.3
2.0
2.7

1.3,4.0
1.0,4.2
1.1, 6.4

No myocardial
infarction
Myocardial
infarction

1.6

0.8, 3.0

1.3

0.6, 2.5

1

2.0

1.0, 3.9

2.4

0.8, 7.2

3.2

1.0,9.6

1

3.2

1.1,9.8

Age £75 years
Age >75 years

2.0
1.6

0.8, 5.4
0.8, 3.2

2.8
1.2

1.1,7.2
0.6, 2.5

1
1

3.8
1.6

1.6,9.5
0.8, 3.2

Noncardiac mortality

All subjects
Men
Women

1.3
1.1
1.5

0.9,1.8
0.7, 1.7
0.9. 2.5

1.2
0.8
1.7

0.9, 1.7
0.5,1.3
1.1,2.8

1
1
1

1.1
0.9
1.6

0.8, 1.6
0.5, 1.4
1.0,2.7

All-cause mortality

All subjects
Men
Women

1.4
1.1
1.7

1.0,1.8
0.8, 1.7
1.1,2.6

1.3
1.0
1.8

1.0, 1.8
0.7, 1.5
1.2,2.7

1
1
1

1.4
1.1
1.9

1.0, 1.9
0.7, 1.6
1.2, 2.9

• SDNN, standard deviation of normal R-R intervals (In may, HR, hazard ratio; Cl, confidence interval.
t Reference category.

which may indicate that HRV is also a marker for subclinical disease.
Prior studies assessing the risk for future morbidity
and mortality associated with HRV in the general population have consistently shown an association of
decreased HRV with cardiac and all-cause mortality in
middle-aged persons (17, 18-20). An association

between increased HRV and mortality has never been
reported for middle-aged subjects. In elderly populations, however, contradictory results have been
reported for the risks associated with both decreased
HRV and increased HRV. In the Framingham Heart
Study (16), a linear association between decreased
SDNN and all-cause mortality was present in men and

TABLE 3. Adjusted* hazard ratios for cardiac, noncardlac, and all-cause mortality, by quartlle of heart
rate variability (defined as SDNNt), relative to the third quartlle: The Rotterdam Study, 1990-1996
Quartne of SDNN
Outcome

Group
(9.6-^:15.2)

4
(£25.9)

3*
(15.2-<25.9)

HR*

95% Cl*

~HR

95% Cl

HR

95% Cl

All subjects
Men
Women

1.8
1.4
2.4

1.0,3.3
0.6, 3.0
1.0,5.6

1.7
1.6
2.0

1.0,3.1
0.7, 3.5
0.8,5.0

2.3
2.0

1.3,3.9
1.0,4.2

2.4

1.0,5.8

Noncardiac mortality

All subjects
Men
Women

1.2
0.8
1.4

0.9, 1.7
0.5, 1.3
0.9, 2.4

1.2
0.8
1.7

0.9, 1.7
0.5,1.3
1.1,2.8

1.1
.0
.4

0.8, 1.6
0.6, 1.6
0.9, 2.4

All-cause mortality

All subjects
Men
Women

1.3
1.1
1.6

1.0, 1.8
0.7. 1.6
1.1.2.5

1.3
1.0
1.8

1.0, 1.8
0.7, 1.5
1.2,2.8

.4
.1
.7

1.0, 1.8
0.7, 1.6
1.1,2.6

Cardiac mortality

* Adjusted for age, sex (if applicable), diastolic blood pressure, body mass index, diabetes meiiitus, negative T
waves, mean R-R interval, and overall Q-Tc interval.
t SDNN, standard deviation of normal R-R intervals (in ms); HR, hazard ratio; Cl, confidence interval.
| Reference category.
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women aged >63 years, suggesting the absence of an
association of increased HRV with mortality. In the
Zutphen Study (17), the risk associated with reduced
HRV was less pronounced in men aged >65 years than
in middle-aged men, and an association of increased
HRV with all-cause mortality was present only in
elderly men. Finally, in the Bronx Aging Study (21),
among men and women aged 75-85 years, no association was present between decreased HRV and cardiac
or all-cause mortality, but an association of increased
HRV with cardiac events was present in women.
The absence of an association of increased HRV
with mortality in some of these studies may partly be
explained by exclusion criteria and procedures used to
measure HRV. Upon visual inspection, one can clearly
see that increased HRV is accompanied by irregular
sinus arrhythmia. However, using the conventional
editing rules and measures for HRV, this irregular
HRV cannot be distinguished from normal sinus
arrhythmia. When these irregular sinus beats are considered abnormal, the risk associated with increased
HRV might be reduced, but proper definitions for
abnormal sinus beats are lacking. In addition, age differences between study populations are likely to
account for part of the discrepancies.
In the present study, we analyzed HRV in quartiles of
SDNN. The fact that the third quartile was associated
with the lowest mortality may only be an approximate
indication of the true underlying relation. The nonlinear
association between HRV and cardiac outcome could
be studied in more detail by using finer categories of
SDNN. In this study, however, the numbers were too
small to allow for a sophisticated analysis.
Presumably, increased HRV, unlike decreased HRV,
is hardly influenced by the autonomic nervous system
but rather may be due to sinus node dysfunction (33,
34). With increasing age, pathologic changes occur in
the sinoatrial node, including an increase in collagen
and elastic fibers (35). Pathologic studies performed in
patients with sick sinus syndrome showed that an
increased amount of fibrous tissue was present in the
sinus node, apart from defects due to coronary arteriosclerosis (36). It has been shown that intrinsic sinus
node function, which is measured after autonomic
blockade, deteriorates with age, resulting in prolonged
R-R intervals and increased, irregular HRV (37, 38). In
the present study, persons with increased HRV had
longer R-R intervals, on average. The finding that the
risk associated with increased HRV was more pronounced for cardiac mortality than for noncardiac and
all-cause mortality indicates that increased HRV is
influenced by ischemic heart disease.
Standard measures of decreased HRV mainly reflect
changes in autonomic balance (39, 40). Autonomic
Am J Epidemiol
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dysfunction, i.e., sympathetic overactivity and a
decrease in vagal activity, results in increased heart
rate and, consequently, decreased HRV. Changes in
autonomic balance result from coronary heart disease,
but they can also be due to other disease processes (2,
3, 31-43), as is suggested by the increased risk of noncardiac mortality with decreased HRV observed in our
study. The biologic meaning of SDNN measured in
electrocardiographic recordings of 10 seconds will
only partly match that of SDNN derived from longer
periods, since some physiologic determinants simply
cannot be measured within 10 seconds. Further studies
are needed to clarify what these short term measures
reflect physiologically.
In conclusion, HRV measured on the standard 10second electrocardiogram can be used to identify older
men and women with increased risk for cardiac mortality. In the elderly, increased HRV is an even stronger
indicator of cardiac mortality than decreased HRV.
Further studies are needed to confirm these findings
and to elucidate their biologic meaning.

ACKNOWLEDGMENTS

This study was funded by the Netherlands Institute for
Health Sciences. The Rotterdam Study was supported by die
NESTOR Program for Geriatric Research (Ministry of
Health and Ministry of Education). Additional support was
obtained from the Netherlands Organization for Scientific
Research, the Netherlands Prevention Fund, the Municipality
of Rotterdam, the Netherlands Heart Foundation, the Dutch
Thrombosis Foundation, and the Rotterdam Medical
Research Foundation.

REFERENCES
1. Task Force of the European Society of Cardiology and the
North American Society of Pacing and Electrophysiology.
Heart rate variability: standards of measurement, physiological
interpretation, and clinical use. Eur Heart J 1996; 17:354—81.
2. Liao D, Barnes RW, Chambless LE, et al. Age, race, and sex
differences in autonomic cardiac function measured by spectral analysis of heart rate variability—The ARIC Study. Am J
Cardiol 1995;76:906-12.
3. Tsuji H, Venditti FJ Jr, Manders ES, et al. Determinants of
heart rate variability. J Am Coll Cardiol 1996;28:1539-46.
4. Angelone A, Coulter NA. Respiratory sinus arrhythmia: a
frequency dependent phenomenon. J Appl Physiol 1964; 19:
479-82.
5. Ewing DJ, Neilson JM, Travis P. New method for assessing
cardiac parasympathetic activity using 24 hour electrocardiograms. Br Heart J 1984;52:396-402.
6. van Hoogenhuyze D, Weinstein N, Martin GJ, et al.
Reproducibility and relation to mean heart rate of heart rate
variability in normal subjects and in patients with congestive
heart failure secondary to coronary artery disease. Am J
Cardiol 1991;68:1668-76.

1288

de Bruyne et al.

7. Wolf MM, Varigos GA, Hunt D, et al. Sinus arrhythmia in
acute myocardial infarction. Med J Aust 1978;2:52-3.
8. Huikuri HV, Niemela MJ, Ojala S, et al. Circadian rhythms of
frequency domain measures of heart rate variability in healthy
subjects and patients with coronary artery disease: effects of
arousal and upright posture. Circulation 1994;90:121-6.
9. Lombardi F, Sandrone G, Pernpruner S, et al. Heart rate variability as an index of sympathovagal interaction after acute
myocardial infarction. Am J Cardiol 1987;60:1239-45.
10. Bigger JT Jr, Fleiss JL, Rolnitzky LM, et al. Frequency domain
measures of heart period variability to assess risk late after
myocardial infarction. J Am Coll Cardiol 1993;21:729-36.
11. Kleiger RE, Miller JP, Bigger JT, et al. Decreased heart rate
variability and its association with increased mortality after
acute myocardial infarction. Am J Cardiol 1987;59:256-62.
12. Cripps TR, Malik M, Farrell TG, et al. Prognostic value of
reduced heart rate variability after myocardial infarction: clinical evaluation of a new analysis method. Br Heart J 1991;65:
14-19.
13. Farrell TG, Bashir Y, Cripps T, et al. Risk stratification for
arrhythmic events in postinfarction patients based on heart rate
variability, ambulatory electrocardiographic variables and the
signal-averaged electrocardiogram. J Am Coll Cardiol 1991;
18:687-97.
14. Kjellgren O, Gomes JA. Heart rate variability and baroreflex
sensitivity in myocardial infarction. Am Heart J 1993; 125:
204-15.
15. Singh N, Mironov D, Armstrong PW, et al. Heart rate variability assessment early after acute myocardial infarction: pathophysiological and prognostic correlates. Circulation 1996;93:
1388-95.
16. Tsuji H, Venditti F, Manders ES, et al. Reduced heart rate variability and mortality risk in an elderly cohort: The
Framingham Heart Study. Circulation 1994;9O:878-83.
17. Dekker JM, Schouten EG, Klootwijk P et al. Heart rate variability from short electrocardiographic recordings predicts
mortality from all causes in middle-aged and elderly men: The
Zutphen Study. Am J Epidemiol I997;145:899-9O8.
18. Tibblin G, Eriksson CG, Bjuro T, et al. Heart rate and heart rate
variability: a risk factor for the development of ischaemic heart
disease (IHD) in the "Men Born in 1913 Study"—a ten years
follow-up. IRCS Med Sci: Cardiovasc Sys 1975;3:95.
19. Tsuji H, Larson MG, Venditti FJ Jr, et al. Impact of reduced
heart rate variability on risk for cardiac events: The
Framingham Heart Study. Circulation 1996;94:2850-5.
20. Liao D, Cai J, Rosamond WD, et al. Cardiac autonomic function and incident coronary heart disease: a population-based
case-cohort study. The ARIC Study. Am J Epidemiol 1997;
145:696-706.
21. Bernstein JM, Frishman WH, Jen Chang C. Value of ECG P-R
and Q-Tc interval prolongation and heart rate variability for predicting cardiovascular morbidity and mortality in the elderly:
The Bronx Aging Study. Cardiol Elderly 1997,5:31-41.
22. Hofman A, Grobbee DE, de Jong PT, et al. Determinants of
disease and disability in the elderly: The Rotterdam Elderly
Study. Eur J Epidemiol 1991;7:403-22.
23. Rose G, McCartney P, Reid DD. Self-administration of a questionnaire on chest pain and intermittent claudication. Br J Prev
SocMed 1977;31:42-3.
24. World Health Organization. ICD-10: international statistical

25.
26.
27.
28.
29.

30.

31.
32.
33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.

classification of diseases and related health problems. Tenth
Revision. Geneva, Switzerland: World Health Organization,
1992.
Myerburg RJ, Kessler KM, Castellanos A. Sudden cardiac
death: structure, function, and time-dependence of risk.
Circulation 1992;85(suppl):I2-10.
Cupples LA, Gagnon DR, Kannel WB. Long- and short-term
risk of sudden coronary death. Circulation 1992;85(suppl):
111-18.
van Bemmel JH, Kors JA, van Herpen G. Mediodology of the
modular ECG analysis system MEANS. Methods Inf Med
1990;29:346-53.
Willems JL, Abreu-Lima C, Amaud P, et al. The diagnostic
performance of computer programs for the interpretation of
electrocardiograms. N Engl J Med 1991;325:1767-73.
Willems JL, Amaud P, van Bemmel JH, et al. Assessment of
the performance of electrocardiographic computer programs
with the use of a reference data base. Circulation 1985;71:
523-34.
de Bruyne MC, Kors JA, Hoes AW, et al. Diagnostic interpretation of electrocardiograms in population-based research:
computer program research physicians, or cardiologists? J Clin
Epidemiol 1997;50:947-52.
Bazett HC. An analysis of time relations of die electrocardiogram. Heart 1920;7:353-70.
Miettinen OS. Theoretical epidemiology: principles of occurrence research in medicine. New York, NY: John Wiley and
Sons, Inc. 1985:231-3.
Bergfeldt BL, Edhag KO, Solders G, et al. Analysis of sinus
cycle variation: a new method for evaluation of suspected
sinus node dysfunction. Am Heart J 1987;114:321-7.
Bergfeldt L, Rosenqvist M, Vallin H, et al. Screening for sinus
node dysfunction by analysis of short-term sinus cycle variations on the surface electrocardiogram. Am Heart J 1995;
130:141-7.
Lev M. Aging changes in the human sinoatrial node. J
Gerontol 1954;9:l-9.
Evans R, Shaw DB. Pathological studies in sinoatrial disorder
(sick sinus syndrome). Br Heart J 1977;39:778-86.
de Marneffe M, Gregoire JM, Waterschoot P, et al. The sinus
node and the autonomic nervous system in normals and in sick
sinus patients. Acta Cardiol 1995;50:291-308.
de Marneffe M, Gregoire JM, Waterschoot P, et al. The sinus
node function: normal and pathological. Eur Heart J 1993;
14:649-54.
Malliani A, Lombardi F, Pagani M. Power spectrum analysis
of heart rate variability: a tool to explore neural regulatory
mechanisms. (Editorial). Br Heart J 1994;71:l-2.
Bootsma M, Swenne CA, van Bolhuis HH, et al. Heart rate and
heart rate variability as indexes of sympathovagal balance. Am
JPhysiol 1994;266:H1565-71.
Molgaard H, Sorensen KE, Bjerregaard P. Circadian variation
and influence of risk factors on heart rate variability in healthy
subjects. Am J Cardiol 1991,68:777-84.
Liao D, Cai J, Brancati FL, et al. Association of vagal tone
with serum insulin, glucose, and diabetes mellitus—The ARIC
Study. Diabetes Res Clin Pract 1995;30:211-21.
Hayano J, Yamada M, Sakakibara Y, et al. Short- and longterm effects of cigarette smoking on heart rate variability. Am
J Cardiol 1990;65:84-8.

Am J Epidemiol

Vol. 150, No. 12, 1999

