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Objectives: To measure interictal circadian rhythm of heart rate (HR) variability in patients with temporal
lobe epilepsy (TLE) using a 24 hour ECG recording.
Methods: Various conventional and dynamic fractal measures of HR variability were analysed in 17
patients with refractory TLE, 20 patients with well controlled TLE, and 37 healthy age and sex matched
control subjects.
Results: The SD of all RR intervals (p,0.01), the measured power spectral components of HR variability
(low frequency power (p,0.01), high frequency power (p,0.05)), and the SD1 (p,0.05) and SD2

(p,0.01) Poincaré two dimensional vector analysis measurements were suppressed in the patients. This
suppression was observed during both day and night time; however, it was more pronounced at night,
and nocturnal increase in HR variability usually seen in the normal population could not be detected in the
patients. The HR variability measures did not correlate with the duration of epilepsy, the age of the
patients, or with the anti-epileptic drugs used.
Conclusion: TLE was associated with reduced HR variability, which was more pronounced during night
than day, and the nocturnal increase in HR variability was abolished in patients with TLE. The alteration in
autonomic regulation of HR variability was similar in patients with both refractory and well controlled TLE.

E
pileptic seizures may be associated with autonomic
dysregulation manifesting, for example, as blood pres-
sure (BP) and heart rate (HR) changes.1 2 Moreover,

there is increasing evidence of inter-ictal autonomic nervous
system dysfunction in patients with temporal lobe epilepsy
(TLE).3–7 An association of the occurrence of autonomic
dysfunction with life threatening arrhythmias in patients
with epilepsy and even with sudden unexpected death in
epilepsy (SUDEP) has been suggested,8 9 but the clinical
significance of autonomic dysfunction in patients with
epilepsy is still poorly outlined.
SUDEP is a widely recognised phenomenon, but its basic

mechanism remains unclear. Previous studies have defined a
number of risk factors that are associated with SUDEP,3 10 11

but otherwise healthy, compliant patients may also die
unexpectedly.12 13 Hypoventilation and cardiac changes occur-
ring during or immediately after a seizure have also been
connected with SUDEP.14 15 Furthermore, some studies imply
that SUDEP usually occurs during sleep,16 17 suggesting that
circadian rhythms may contribute to its pathogenesis.
Circadian rhythms are endogenously mediated 24 hour

cycles of behavioural or physiological activity, but the
interactions that occur between the mammalian circadian
clock, acute seizures, and chronic epilepsy have so far not
been characterised. Earlier studies observed a decreased
circadian HR fluctuation in several cardiovascular and
neurological diseases,18–22 and after an acute myocardial
infarct it seems to be related to lethal cardiac arrhythmic
events.23 The circadian rhythms of autonomic cardiovascular
functions have not been previously evaluated in TLE,
although it is known that patients with epilepsy often have
nocturnal seizures.
The hypothesis of the present study was that HR variability

is lower in patients with TLE during the night than during
the day, reflecting a suppression of circadian dynamics. This
study was designed to assess the circadian rhythm of HR
variability in patients with TLE using a 24 hour ECG
recording.

MATERIALS AND METHODS
Patients and controls
This was a post hoc re-analysis of data from a previously
published study.24 Seven patients were excluded from the re-
analysis owing to technical problems. The study was carried
out in the Department of Neurology, University Hospital of
Oulu, Finland, with the approval of the local ethics
committee. All the patients and control subjects gave their
informed consent before their inclusion in the study.
There were 37 TLE patients, who had been seen in the

outpatient clinic, included in the study. The study group
consisted of 17 patients with refractory TLE who continued to
have seizures (mean (SD) seizures/month 20.3 (38.2)),
despite the appropriate use of anti-epileptic drugs (AEDs),
and who were not suitable candidates for epilepsy surgery or
other newer epilepsy therapies. Of the 20 patients with well
controlled TLE, 16 had become seizure free after starting AED
treatment, and four had fewer than two seizures per year.
Patients with any other disease (such as diabetes mellitus,
alcoholism, or cardiopulmonary disease), manifestations of
other central or peripheral nervous system disorders, or
medication (other than AEDs) known to affect the auto-
nomic nervous system were excluded from the study. Women
who were pregnant or lactating were also excluded. Various
cerebral lesions are known to decrease HR variability,
therefore, to exclude symptomatic epilepsy, magnetic reso-
nance imaging of the brain was performed on all the patients,
except three patients with well controlled TLE who suffered
from claustrophobia, on whom computed tomography of the
brain was performed. Three patients had left hippocampal
sclerosis, and two had right hippocampal sclerosis. All the
other patients had normal imaging of the brain. The excluded

Abbreviations: AED, anti-epileptic drug; ApEn, approximate entropy;
BP, blood pressure; HF, high frequency; HR, heart rate; LF, low
frequency; SUDEP, sudden unexpected death in epilepsy; TLE, temporal
lobe epilepsy; VLF, very low frequency
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patients were more often men than women and, as a result,
the present study included more women than men.
Patients were carefully interviewed and clinically exam-

ined. Their epilepsy and seizure types were classified
according to the recommendations of the International
League Against Epilepsy.25 26 All patients had TLE. Thirteen
patients with refractory and 16 with well controlled TLE had
secondarily generalised seizures. Three patients with refrac-
tory and two patients with well controlled TLE had complex
partial seizures, while one with refractory and two with well
controlled TLE had simple partial seizures.
Results of laboratory tests (liver and renal functions, serum

electrolytes, and basic haematological indices) were normal.
Serum AED levels within the therapeutic range in all
patients. Blood samples for the laboratory tests were taken
in the morning before the 24 hour ECG recording.
An interictal EEG recording was obtained from all the

patients. Normal EEG or general slowing was seen in 15
patients. Left temporal focal slow waves, or irritation, or both
were detected in 15 patients, and right temporal focal
abnormalities were seen in seven.
The control group consisted of 37 healthy age and sex

matched subjects selected from healthy individuals partici-
pating in a study comparing the characteristics of hyperten-
sive and normotensive subjects, who were randomly selected
by personal social security codes from the general population
of the local community. All were carefully examined and had
no medication or other disease affecting the autonomic
nervous system in their medical history. The demographic
data of the patients and controls are given in table 1.

Methods
A two channel, 24 hour ambulatory ECG recording (Del Mar
CardioCorder, model 456A; Del Mar Medical, Irvine, CA,
USA) was performed once on all the patients and controls.
During recording, patients and controls were allowed to
perform their daily activities. They also kept a diary to
document seizures and abnormal events during the record-
ing.
The ECG data was sampled digitally and transferred from

an Oxford Medilog scanner (Oxford Instruments, Oxford,
UK) to a microcomputer for analysis of HR variability. All the
RR interval time series were first edited automatically, then
careful manual editing was performed by visual inspection of

the RR intervals. For detecting artefacts and premature beats,
and deleting the filling gaps, each RR interval time series was
passed through a filter using previously described methods.27

In the final analysis, the 24 hour HR variability data was
divided into segments of 3600 seconds, and only segments
with over 85% sinus beats were included in the analysis. The
mean values of the night hours (from 1200 to 0600) and the
day hours (from 0900 to 2100) were calculated. The mean
duration of all RR intervals and the standard deviation of all
the RR intervals (SDNN) were computed as time domain
measures. The SDNN primarily reflects a low fluctuation in
HR behaviour, possibly reflecting peripheral vascular resis-
tance and thermoregulation.28

An autoregressive model was used to estimate the power
spectrum densities of HR variability.29 Linear trends were
abolished from the RR interval data segments of 512 samples
to make the data more stationary. The power spectra were
quantified by measuring the area in three frequency bands:
0.005–0.04 Hz (very low frequency; VLF), 0.04–0.15 Hz (low
frequency; LF) and 0.15–0.4 Hz (high frequency; HF). The
VLF component was excluded from the circadian analysis
because its spectral analysis requires a minimum of 12–
16 hours of HR data.30 The HF fluctuation of the RR interval
mainly reflects the cardiovagal modulation and the inspira-
tory inhibition of vagal tone, whereas the LF band is thought
to reflect sympathetic excitation,31 sympathovagal balance,32

and arterial pressure oscillations.33

In addition to spectral analysis, the SD of continuous long
term RR interval variability (SD2) and the instantaneous beat
to beat RR interval variability (SD1) were assessed using
quantitative two dimensional vector analysis (Poincaré).34 35

SD1 describes the magnitude of the beat to beat variability
reflecting vagal modulation of the HR variability and has a
relatively strong correlation with the HF spectral component,
and SD2 describes the long term RR interval fluctuation and
reflects the magnitude of the LF spectral component. One
advantage of the Poincaré method over spectral analysis
techniques is that it is not sensitive to stationary irregularities
and trends in RR intervals, therefore being more suitable for
HR variability analyses using ambulatory ECG recordings.35

Approximate entropy (ApEn) and fractal correlation were
used to measure non-linear HR variability. ApEn is a measure
that quantifies the regularity of time series data.27 It measures
the logarithmic likelihood that runs of patterns (beat to beat
difference of RR interval length) are close in the next
incremental comparisons. A time series containing many
repetitive patterns has a relatively small ApEn, whereas more
random data produce higher ApEn values.
The detrended fluctuation analysis technique was used to

quantify the fractal correlation properties of HR. The fractal
property was defined for the short term (,11 beats, a)
correlation of RR interval data (short term scaling expo-
nents).36 Night to day ratios were calculated for the time
domain, frequency domain, and fractal measures of HR
variability by dividing the night by the day values.

Statistical analysis
The data were analysed using the SPSS software (version
10.0; SPSS Inc. Chicago, IL, USA). Statistical analysis was
performed using the Mann-Whitney two sample test to
compare the values of the controls and those of the patients,
and to compare the day and night values. Spearman’s
correlation coefficients were used to estimate the correlation
of the HR variability during night and day with the duration
of TLE and the age of the patients. In all cases p,0.05 was
considered significant. The Mann-Whitney two sample test
was used to analyse the association of HR variability with the
laterality of the seizure focus.

Table 1 Demographics of the study patients and controls

Variable

Patients with TLE

Controls
(n = 37)

Refractory
(n = 17)

Well
controlled
(n = 20)

Age (years, mean (SD)) 32.1 (7.2) 32.2 (6.6) 32.2 (8.3)
Men/women 4/13 9/11 13/24
Duration of TLE (years,
mean (SD))

22.7 (10.0) 14.2 (10.1) –

Seizure characteristics
Seizure free (no. of
patients)

– 11 –

Seizure per month
(mean (SD))

20.3 (38.2) 0.03 (0.07) –

Antiepileptic medication
Monotherapy
Carbamazepine – 10 –
Oxcarbazepine 4 7 –
Phenytoin – 1 –
Lamotrigine – 1 –
Polytherapy
CBZ with other AED(s) 7 1 –
OXC with other
AED(s)

6 – –

AED, anti-epileptic drug; CBZ, carbamazepine; OXC, oxcarbazepine.
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RESULTS
The mean values for the various measures of HR variability
for the 24 hour ECG recordings of the patients with
refractory and well controlled TLE and the controls are
presented in table 2. The night and day values are presented
separately. During the night, the SDNN (p=0.001), the
spectral components LF (p=0.001) and HF (p=0.004), the
SD1 (p=0.001) and SD2 (p=0.001) Poincaré components
and the short term fractal property component a (p=0.01) of
the patients were significantly lower than those of the
controls (table 2). Similarly, during the day, SDNN
(p=0.001), the spectral components LF (p=0.001) and HF
(p=0.036) and the SD1 (p=0.022) and SD2 (p=0.001)
Poincaré components were decreased in the patients com-
pared with the controls. ApEn showed no differences in any
group during either the night or day. The mean RR interval
value showed no difference between study groups.
The SDNN, the spectral components LF and HF, and the

SD1 and SD2 Poincaré components were lower (p,0.05) in
the well controlled and refractory patients with TLE than in
the controls when compared separately. There were no
differences in any HR variability measurements (p .0.05),
apart from ApEn in the night (p=0.026), between the
patients with refractory and those with well controlled TLE
when compared with each other.
Fig 1 shows the suppression of the circadian fluctuation of

the HF and LF spectral components in TLE patients compared
with the healthy controls. The LF value of the patients was
decreased throughout the 24 hour recording time. Similarly,
the HF value was significantly lower in the patients than in
the controls during the day, but the difference was more
pronounced during the night. The nocturnal increase in HF
and LF spectral components that was seen in the controls
could not be detected in the patients.
The mean night to day ratios of the SDNN (fig 2), SD1, and

SD2 Poincaré components were lower in the patients
(median, interquartile range: SDNN 0.80, 0.68 to 1.07,
p=0.014; SD1 1.16, 0.98 to 1.44, p=0.030; SD2 0.78, 0.62
to 0.92, p=0.007) than in the controls (SDNN 1.07, 0.90 to
1.17;, SD1 1.48, 1.07 to 1.70; SD2 0.98, 0.74 to 0.97). There
were no differences in the mean night to day ratios in the
spectral components LF and HF, ApEn, and the short term

fractal property component a (p.0.05) between patients and
controls. Furthermore, none of the night to day ratios of the
HR variability measures were different between the patients
with refractory and those with well controlled TLE (p.0.05).
None of the patients or controls had cardiac arrhythmias or

other clinically significant ECG abnormalities during the
recording. Six of the patients with refractory TLE reported
having a partial seizure during the 24 hour ECG recording.
Analysis of HR variability of these patients showed no

Table 2 The night time and daytime values for the time domain, frequency domain, and fractal measures of HR variability in
patients with temporal lobe epilepsy and in the controls

Patients
with TLE

Night Day

Patients with TLE

Controls
(n = 37)

Patients with TLE

Controls
(n = 37)

Refractory
(n = 17)

Well controlled
(n = 20)

All patients
(n = 37)

Refractory
(n = 17)

Well controlled
(n = 20)

All patients
(n = 37)

RR interval
(ms)

1000

(926 to 1072)

976
(893 to 1127)

987
(909 to 1073)

1006
(935 to 1133)

764
(700 to 857)

780
(732 to 847)

778
(714 to 847)

793
(716 to 836)

SDNN (ms) 63
(59 to 90)`

75
(66 to 87)�

71
(61 to 87)`

110
(82 to 142)

81
(72 to 99)�

86
(72 to 111)*

82
(73 to 100)�

105
(92 to 129)

LF (ms 6ms) 559
(432 to 1000)`

977
(606 to 1363)�

749
(528 to 1149)`

2378
(1235 to 3196)

668
(542 to 985)�

1043
(697 to 1325)*

810
(584 to 1236)`

1544
(959 to 2202)

HF (ms 6ms) 474
(301 to 1238)*

716
(346 to 944)*

524
(328 to 1008)�

1292
(627 to 3000)

265
(175 to 530)*

373
(258 to 774)

336
(204 to 587)*

527
(227 to 1324)

SD1 26
(20 to 40)*

32
(23 to 34)�

30
(21 to 35)�

41
(31 to 68)

20
(19 to 30)*

25
(23 to 34)

24
(20 to 31)*

31
(21 to 48)

SD2 86
(80 to 121)`

105
(79 to 117)�

95
(80 to 118)`

145
(112 to 183)

109
(100 to 134)�

120
(104 to 148)*

119
(104 to 135)�

143
(126 to 176)

a 1.04
(0.86 to 1.23)

0.90
(0.73 to 1.18)

0.99
(0.81 to 1.19)�

1.03
(0.83 to 1.21)

1.26
(1.17 to 1.31)

1.23
(1.16 to 1.36)

1.26
(1.17 to 1.32)

1.25
(1.08 to 1.39)

ApEn 1.39
(1.27 to 1.50)

1.26
(1.11 to 1.38)

1.31
(1.16 to 1.45)

1.29
( 1.12 to 1.47)

1.10
(1.03 to 1.20)

1.16
(1.08 to 1.25)

1.13
(1.06 to 1.22)

1.13
(0.97 to 1.25)

Night = 0000–0600; day = 0900–2100 . SDNN, SD of all RR intervals; LF, low requency; HF, high frequency; SD1, beat to beat variability measure from Poincaré;
SD2, long term variability measure from Poincaré; a, short term fractal correlation parameter; ApEn, approximate entropy. Values are presented as medians
(interquartile range). *p,0.05, �p,0.01, `p,0.001 compared with controls, Mann-Whitney U test.
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Figure 1 The 24 hour circadian fluctuation of low-frequency (A) and
high frequency (B) components of HR variability (medians) in patients
with TLE (circles) and in healthy controls (squares). *p,0.05; **p,0.01;
***p,0.001 for comparison between patients and controls, Mann-
Whitney two sample test.
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differences compared with the analysis of HR variability of
patients without seizures.
Altered circadian HR variability during the night or day did

not correlate significantly with the duration of TLE, the AEDs
used, or the age of the patients. There was also no correlation
with altered circadian HR variability and the side of the
seizure focus (p.0.05).

DISCUSSION
HR variability was decreased, and physiological circadian
fluctuation almost abolished, in patients with TLE. In
particular, the LF and HF power spectral components and
the SD1 and SD2 measures of Poincaré analysis were lower in
the patients than in the healthy controls. The altered rhythm
of circadian HR variability did not correlate with the duration
of TLE or the age of the patients.
Previous studies have reported diminished interictal HR

variability in TLE patients using conventional short and long
term ECG recordings,3–7 but the clinical significance of the
findings has remained unclear. The findings of the previous
analysis of HR variability in the present patients suggest that
in TLE, diminished HR variability is due to the epileptic
process itself, rather than to any specific AED regimen,24 but
contrary reports have been published.3 10 There are no
previous reports focusing on the circadian rhythm of HR
variability in epilepsy. In the present study, the decreased
circadian HR variability did not correlate with the duration of
TLE or the age of the patients, nor was it associated with any
specific AED regimen. However, all patients were taking
AEDs that block voltage dependent sodium channels, and,
therefore, it was difficult to assess the effects of different
types of AEDs on cardiovascular autonomic regulation.
Moreover, the changes were seen in both patients with
refractory and those with well controlled TLE. Therefore it
seems that cardiovascular dysregulation is associated with
TLE itself regardless of its duration or severity.
In general, low HR variability is often associated with

sudden arrhythmic death,37 38 but recent studies have
suggested that low HR variability also predicts non-arrhyth-
mic cardiac events.39 40 However, different study designs and
patient populations make it difficult to compare the results of
the different studies. Reduction of circadian HR fluctuation
has been reported in various cardiovascular and neurological
diseases, including stroke,18 diabetes mellitus,19 coronary
artery disease,20 hypertension,21 and recently Parkinson’s
disease.22 After an acute myocardial infarct, suppressed
circadian fluctuation seems to be related to lethal arrhythmic

events.23 In a recent study, abnormal long term HR dynamics
predicted post-stroke mortality.41 Furthermore, a previous
study with a random sample of 325 subjects followed up for
10 years showed that an altered short term fractal scaling
exponent of HR dynamics indicated an increased risk for
cardiac mortality, particularly sudden cardiac death.42

Circadian rhythms are endogenously mediated biological
rhythms with a cyclic period of about 24 hours. The
suprachiasmatic nucleus of the hypothalamus is thought to
be the major component of the mammalian circadian timing
system controlling the circadian changes.43 The insular
cortex, on the other hand, is considered to be the most
important cortical area controlling the cardiovascular regula-
tion and has wide connections to other cortical and
subcortical cardiovascular autonomic controlling centres.44 45

In TLE, seizures arise from the mesial temporal structures—
that is, the amygdala and hippocampus, or neocortical
regions, and damage in those areas may result in abnorm-
alities manifested by the attenuation of circadian rhythms.
The design of the present study did not allow the drawing of
any conclusion about the possible association of damage to
specific temporal lobe structures with the observed changes
in autonomic cardiovascular control.
SUDEP is more common in refractory epilepsy, but

otherwise healthy, compliant patients may also die unex-
pectedly.12 13 Moreover, SUDEP has been noted to be
prevalent both in idiopathic generalised epilepsy and in
TLE. We included both refractory and well controlled patients
in the present study. However, only TLE patients were
included to make the study population more homogenous
and to allow a meaningful comparison between the patients
with epilepsy and the controls.
A large body of data has defined different risk factors for

SUDEP, including low AED serum concentration, a high
number of AEDs taken concomitantly, male sex, a long
duration of epilepsy, and number of epileptic seizures per
year,3 10 11 17 but its basic mechanism is not yet understood.
Some studies have suggested that SUDEP is caused by
cardiovascular autonomic dysfunction, which exposes the
patient to arrhythmias, sinus arrest, and neurogenic pul-
monary oedema.9 46 47 Abnormalities of nocturnal HR varia-
bility are particularly interesting, because SUDEP has been
observed to occur usually during sleep.11 13 16 17 Previous
studies suggest20 48 that suppressed nocturnal vagal activity
is an unfavourable phenomenon, particularly in coronary
artery disease, leading to unopposed sympathetic activity and
an imbalance between the sympathetic and parasympathetic
cardiovascular autonomic regulatory systems.
Interestingly, the present study showed that suppression of

HR variability in TLE is most pronounced at night, suggesting
a night time parasympathetic dysfunction for patients with
epilepsy. None of the above risk factors was associated with
significant difference in HR variability in this study. This
suggests that impaired circadian HR variability is one of the
risk factors for, but not the direct cause of SUDEP. Consistent
with this, a recent study suggested that nocturnal suppres-
sion of HR variability in patients with epilepsy may
contribute to the risk of SUDEP during the night.49 The
present observation that suppressed circadian HR variability
was also present in patients with well controlled TLE is in
accordance with the concept that healthy, compliant patients
with epilepsy may also die unexpectedly. Additional pro-
spective studies are needed to evaluate the association
between SUDEP and the impaired circadian HR variability
in TLE and in other types of epilepsies.
Earlier studies have suggested that carbamazepine may

decrease HR variability.3 6 7 10 Recently, it was demonstrated
in a prospective study that carbamazepine may suppress
both parasympathetic and sympathetic functions in newly
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Figure 2 The graph shows the night to day ratio of the SD of all RR
intervals (SDNN) in patients with temporal lobe epilepsy (n =37;
p,0.05) and in healthy controls (n = 37). Values are presented as
medians (the horizontal bar) with the interquartile range (end of the
boxes). Vertical capped bars show the minimum and the maximum
values. Filled circles present the range of the outliers.
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diagnosed epilepsy.50 Interestingly, in that study the circadian
HR fluctuation appeared to be already decreased before
carbamazepine treatment, and after starting carbamazepine
the HR variability suppression was more pronounced both in
day time and night time. This suggests that epilepsy itself
may be associated with circadian cardiovagal dysregulation.
In the present study, we did not find any association between
the AED medication used and the diminished circadian
cardiovagal regulation. However, the number of patients in
the present study was small, and all patients were taking
voltage dependent sodium channel blocker with or without
other AEDs. Therefore, the effect of different types of AEDs
on suppressed circadian HR variability is difficult to assess in
the present study.
In conclusion, TLE is associated with diminished HR

variability. This diminution is more pronounced during the
night than during the day, reflecting depressed physiological
circadian HR fluctuation. In fact, the nocturnal increase in
HR variability usually seen in the normal population could
not be detected in patients with TLE. There were no
differences in HR variability between patients with well
controlled and those with refractory TLE. Therefore, the
reduction in HR variability and in its circadian fluctuation
seems to be associated with TLE itself, not with the duration
or severity of the condition.
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E Ronkainen, H Ansakorpi, V V Myllylä, J I T Isojärvi, J T Korpelainen,
Departments of Neurology and Medicine, University of Oulu, Oulu,
Finland
H V Huikuri, Division of Cardiology, University of Oulu, Oulu, Finland

Competing interests: none declared

REFERENCES
1 Nei M, Ho RT, Sperling MR. EKG abnormalities during partial seizures in

refractory epilepsy. Epilepsia 2000;41:542–8.
2 Opherk C, Coromilas J, Hirsch LJ. Heart rate and EKG changes in 102

seizures: analysis of influencing factors. Epilepsy Res 2002;52:117–27.
3 Isojarvi JI, Ansakorpi H, Suominen K, et al. Interictal cardiovascular

autonomic responses in patients with epilepsy. Epilepsia 1998;39:420–6.
4 Frysinger RC, Engel J, Harper RM. Interictal heart rate patterns in partial

seizure disorders. Neurology 1993;43:2136–9.
5 Massetani R, Strata G, Galli R, et al. Alteration of cardiac function in patients

with temporal lobe epilepsy: different roles of EEG-ECG monitoring and
spectral analysis of RR variability. Epilepsia 1997;38:363–9.

6 Tomson T, Ericson M, Ihrman C, et al. Heart rate variability in patients with
epilepsy. Epilepsy Res 1998;30:77–83.

7 Ansakorpi H, Korpelainen JT, Suominen K, et al. Interictal cardiovascular
autonomic responses in patients with temporal lobe epilepsy. Epilepsia
2000;41:42–7.

8 Dasheiff RM, Dickinson LJ. Sudden unexpected death of epileptic patient due
to cardiac arrhythmia after seizure. Arch Neurol 1986;43:194–6.

9 Schraeder PL, Lathers CM. Paroxysmal autonomic dysfunction, epileptogenic
activity and sudden death. Epilepsy Res 1989;3:55–62.

10 Devinsky O, Perrine K, Theodore WH. Interictal autonomic nervous system
function in patients with epilepsy. Epilepsia 1994;35:199–204.

11 Nilsson L, Farahmand BY, Persson PG, et al. Risk factors for sudden
unexpected death in epilepsy: a case-control study. Lancet
1999;353:888–93.

12 Earnest MP, Thomas GE, Eden RA, et al. The sudden unexplained death
syndrome in epilepsy: demographic, clinical, and postmortem features.
Epilepsia 1992;33:310–16.

13 Nashef L, Garner S, Sander JW, et al. Circumstances of death in sudden
death in epilepsy: interviews of bereaved relatives. J Neurol Neurosurg
Psychiatry 1998;64:349–52.

14 Johnston SC, Horn JK, Valente J, et al. The role of hypoventilation in a sheep
model of epileptic sudden death. Ann Neurol 1995;37:531–7.

15 Nashef L, Walker F, Allen P, et al. Apnoea and bradycardia during epileptic
seizures: relation to sudden death in epilepsy. J Neurol Neurosurg Psychiatry
1996;60:297–300.

16 Schwender LA, Troncoso JC. Evaluation of sudden death in epilepsy.
Am J Forensic Med Pathol 1986;7:283–7.

17 Opeskin K, Harvey AS, Cordner SM, et al. Sudden unexpected death in
epilepsy in Victoria. J Clin Neurosci 2000;7:34–7.

18 Korpelainen JT, Sotaniemi KA, Huikuri HV, et al. Circadian rhythm of heart
rate variability is reversibly abolished in ischemic stroke. Stroke
1997;28:2150–4.

19 Bernardi L, Ricordi L, Lazzari P, et al. Impaired circadian modulation of
sympathovagal activity in diabetes. A possible explanation for altered
temporal onset of cardiovascular disease. Circulation 1992;86:1443–52.

20 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.

21 Chakko S, Mulingtapang RF, Huikuri HV, et al. Alterations in heart rate
variability and its circadian rhythm in hypertensive patients with left ventricular
hypertrophy free of coronary artery disease. Am Heart J 1993;126:1364–72.

22 Pursiainen V, Haapaniemi TH, Korpelainen JT, et al. Circadian heart rate
variability in Parkinson’s disease. J Neurol 2002;249:1535–40.

23 Huikuri HV, Linnaluoto MK, Seppanen T, et al. Circadian rhythm of heart rate
variability in survivors of cardiac arrest. Am J Cardiol 1992;70:610–15.

24 Ansakorpi H, Korpelainen JT, Huikuri HV, et al. Heart rate dynamics in
refractory and well controlled temporal lobe epilepsy. J Neurol Neurosurg
Psychiatry 2002;72:26–30.

25 Commission on Classification and Terminology of the International League
Against Epilepsy. Proposal for revised classification of epilepsies and epileptic
syndromes. Epilepsia 1989;30:389–99.

26 Commission on Classification and Terminology of the International League
Against Epilepsy. Proposal for revised clinical and electroencephalographic
classification of epileptic seizures. Epilepsia 1981;22:489–501.

27 Makikallio TH, Seppanen T, Niemela M, et al. Abnormalities in beat to beat
complexity of heart rate dynamics in patients with a previous myocardial
infarction. J Am Coll Cardiol 1996;28:1005–11.

28 Rosenbaum M, Race D. Frequency-response characteristics of vascular
resistance vessels. Am J Physiol 1968;215:1397–402.

29 Kay SM, Marple SL Jr. Spectrum analysis: a modern perspective. Procc IEEE
1981;69:1380–419.

30 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. Circulation
1996;93:1043–65.

31 Pagani M, Montano N, Porta A, et al. Relationship between spectral
components of cardiovascular variabilities and direct measures of muscle
sympathetic nerve activity in humans. Circulation 1997;95:1441–8.

32 Eckberg DL. Sympathovagal balance: a critical appraisal. Circulation
1997;96:3224–32.

33 Madwed JB, Albrecht P, Mark RG, et al. Low-frequency oscillations in arterial
pressure and heart rate: a simple computer model. Am J Physiol
1989;256:H1573–9.

34 Korpelainen JT, Sotaniemi KA, Makikallio A, et al. Dynamic behavior of heart
rate in ischemic stroke. Stroke 1999;30:1008–13.

35 Tulppo MP, Makikallio TH, Takala TE, et al. Quantitative beat-to-beat analysis
of heart rate dynamics during exercise. Am J Physiol 1996;271:H244–H252.

36 Ho KK, Moody GB, Peng CK, et al. Predicting survival in heart failure case
and control subjects by use of fully automated methods for deriving nonlinear
and conventional indices of heart rate dynamics. Circulation 1997;96:842–8.

37 Barron HV, Viskin S. Autonomic markers and prediction of cardiac death after
myocardial infarction. Lancet 1998;351:461–2.

38 Schwartz PJ, La Rovere MT. ATRAMI: a mark in the quest for the prognostic
value of autonomic markers. Autonomic Tone and Reflexes After Myocardial
Infarction. Eur Heart J 1998;19:1593–5.

39 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.

40 Nolan J, Batin PD, Andrews R, et al. Prospective study of heart rate variability
and mortality in chronic heart failure: results of the United Kingdom heart
failure evaluation and assessment of risk trial (UK-heart). Circulation
1998;98:1510–16.

41 Makikallio AM, Makikallio TH, Korpelainen JT, et al. Heart rate dynamics
predict poststroke mortality. Neurology 2004;62:1822–6.

42 Makikallio TH, Huikuri HV, Makikallio A, et al. Prediction of sudden cardiac
death by fractal analysis of heart rate variability in elderly subjects. J Am Coll
Cardiol 2001;37:1395–402.

43 Benarroch EE. Circadian rythms, sleep, and autonomic system. In:
Benarroch EE, eds. Central autonomic network: functional organization and
clinical correlations. Armonk, New York: Futura Publishing Company,
1997:347–72.

44 Oppenheimer S. The anatomy and physiology of cortical mechanisms of
cardiac control. Stroke 1993;24:13–15.

45 Cechetto DF, Saper CB. Role of the cerebral cortex in autonomic function. In:
Loewy AD, Spyer KN, eds. Central regulation of autonomic functions. New
York: Oxford University Press, 1990:208–23.

46 Wannamaker BB. Autonomic nervous system and epilepsy. Epilepsia
1985;26(suppl 1):S31–9.

47 Tennis P, Cole TB, Annegers JF, et al. Cohort study of incidence of sudden
unexplained death in persons with seizure disorder treated with antiepileptic
drugs in Saskatchewan, Canada. Epilepsia 1995;36:29–36.

48 Malik M, Farrell T, Camm AJ. Circadian rhythm of heart rate variability after
acute myocardial infarction and its influence on the prognostic value of heart
rate variability. Am J Cardiol 1990;66:1049–54.

49 Eppinger N, Schaumann R, Jokeit H, et al. Reduced heart rate variability
(HRV) in victims of sudden death in epilepsy (SUDEP). Epilepsia 2004;45:65.

50 Persson H, Ericson M, Tomson T. Carbamazepine affects autonomic cardiac
control in patients with newly diagnosed epilepsy. Epilepsy Res
2003;57:69–75.

1386 Ronkainen, Ansakorpi, Huikuri, et al

www.jnnp.com

copyright.
 on M

ay 22, 2023 by guest. P
rotected by

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.2004.053777 on 16 S
eptem

ber 2005. D
ow

nloaded from
 

http://jnnp.bmj.com/

