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Obijectives: Disorders of cardiovascular and other autonomic nervous system functions are often found
in patients with temporal lobe epilepsy (TLE). Cardiovascular dysregulation in TLE has previously been
quantified assessing traditional time and frequency domain measures of heart rate (HR) variability from
short term ECG recordings. However, new complexity and fractal measures of HR variability based on
non-inear dynamics and fractals (“chaos theory”) may disclose certain patterns of HR dynamics that
cannot be detected using only conventional measures.

Methods: In addition to the traditional spectral and non-spectral components of HR variability, fractal
correlation properties, approximate entropy (ApEn) of RR interval dynamics, and the slope of the power
law relation were measured from 24 hour ambulatory ECG recordings to evaluate inferictal autonomic
cardiovascular regulatory function in 19 patients with refractory TLE, 25 patients with well controlled
TLE, and in 34 healthy age and sex matched control subjects.

Results: The traditional time and frequency domain measures were lower in patients with TLE than in
controls (p<0.05). In addition, the power law slope (p<0.005) and ApEn (p<0.05) were also reduced
in TLE patients. Furthermore, ApEn was smaller in patients with refractory TLE than in patients with well-
controlled TLE ( p<0.01), whereas the long term fractal correlation value a2 was lower in patients with
well controlled TLE (p<0.05). An altered HR variation was not associated with any particular AED regi-
men.

Conclusions: In addition to reduced overall HR variability, the long term fractal organisation and com-
plexity of HR dynamics seem to be altered in TLE. These abnormalities in HR behaviour may partly con-
tribute to the occurrence of adverse cardiovascular events, such as life threatening arrhythmias in
patients with TLE.

intriguing phenomenon, yet its basic mechanisms still

remain unknown. There are known risk factors for
SUDEP"* but otherwise healthy, compliant patients may also
die suddenly.*” SUDEP is thought to be a peri-ictal event,’””
and it seems apparent that the autonomic cardiac regulatory
system is involved, either by ventilatory or by cardiovascular
dysfunction.”" Moreover, patients with carbamazepine have
been suggested to be overrepresented among subjects experi-
encing SUDEP"

Ictal changes in heart rate (HR), blood pressure (BP), and
other autonomic functions have been described in detail in
patients with epilepsy,” but little is known about the possible
interictal alterations of cardiovascular autonomic regulation.
Previous studies, based on short term ECG recordings under
laboratory conditions or ambulatory ECG recordings suggest
that HR variability is reduced in temporal lobe epilepsy
(TLE).” " Reduced HR variability, on the other hand, is well
known to be associated with increased susceptibility to cardiac
arrythmias.”* However, it has been difficult to distinguish the
roles of the epileptic process itself and antiepileptic drugs
(AEDs) in modifying cardiac regulation in patients with TLE.

Analysis of HR variability is the most commonly used
measure of the cardiovascular autonomic regulatory system.
Power spectrum analysis of HR variability from ambulatory
ECG recordings provides a tool for quantitatively assessing the
effects of the autonomic nervous system on the heart.
Recently new methods based on non-linear dynamics and
fractal analysis (“chaos theory”) have been developed to
quantify complex HR dynamics and to complement conven-
tional spectral measures of HR variability.””* They have
already provided clinically useful information on cardiac
diseases,”” *?***” but they have not been used in the

Sudden unexpected death in epilepsy (SUDEP) is an
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evaluation of autonomic cardiovascular dysfunction in epi-
lepsy so far.

The aim of this study was to evaluate the function of the
cardiovascular autonomic regulatory system in patients with
TLE by using various measurements of traditional spectral and
non-spectral components of HR fluctuation as well as
complexity and fractal measures of HR variability. In addition,
we aimed to determine whether reduced HR variability is
associated with the severity of TLE or certain AED regimens.

PATIENTS AND METHODS

Patients and control subjects

The study was carried out at the Outpatient Department of
Neurology, Oulu University Hospital, Finland, with the
approval of the ethics committee of the Medical Faculty of
University of Oulu.

Forty four consecutive patients with TLE seen in the
outpatient clinic participated in the study after giving their
informed consent. Female patients who were pregnant or lac-
tating were excluded. Similarly, symptoms or signs of illness
other than epilepsy (for instance diabetes mellitus, cardiopul-
monary diseases, alcoholism, or renal failure) or medication
known to affect the autonomic nervous system were used as
exclusion criteria. In general, the patients had neither
excessive body weight, nor increased BP and laboratory
screening (liver and renal function, serum electrolytes, basic
haematological indices) was normal in all the study patients.

Abbreviations: TLE, temporal lobe epilepsy; SUDEP, sudden unexpected
death in epilepsy; HR, heart rate; ApEn, approximate entropy; BP, blood
pressure; AEDs, antiepileptic drugs;
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Table 1  Demographics of the study patients and the
control subjects
Age [y, Duration of
No of mean epilepsy (y,
patients (SD)) mean (SD)
Patients with refractory TLE:
Male 5 29.8 (7.9) 15.0 (8.8)
Female 14 33.9 (6.5) 24.3 (10.0)
Total 19 32.8(7.0) 21.8(10.4)
Patients with well controlled TLE:
Male 1 30.5 (5.8) 16.6 (10.5)
Female 14 35.4 (5.9) 15.3 (9.9)
Total 25 33.3(6.2) 15.9 (10.0)
Control subjects:
Male 9 28.1 (6.2)
Female 25 35.2 (10.2)
Total 34 33.3(9.7)

Consecutive patients seen in the outpatient clinic were
considered for the study and the exclusion criteria were met
more often in male patients than in female patients, which
resulted in fewer male patients in the study.

All patients were carefully interviewed and clinically exam-
ined and the epilepsy type was classified according to the rec-
ommendations of the International League Against
Epilepsy.”* Nineteen patients had refractory TLE with recur-
rent monthly seizures despite the regular use of adequate
AEDs whereas 25 patients had well controlled TLE and most of
them had been seizure free since starting the antiepileptic
treatment. The demographics of the study patients and control
subjects are given in table 1. The AEDs taken by the patients
are shown in tables 2 and 3.

Interictal EEG recording was obtained from all the patients.
Normal EEG or general slowing was seen in 15 patients. Left
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temporal focal slow waves, or irritation, or both were detected
in 17 patients, whereas right temporal focal disturbances were
seen in nine patients. One patient had bilateral temporal focal
irritation.

Magnetic resonance imaging was performed in all except
three patients with well controlled TLE who had claustropho-
bia. Computed tomography was performed in those three
patients. Four patients had left hippocampal sclerosis whereas
three patients had right hippocampal sclerosis. One patient
had left hippocampal sclerosis and parahippocampal cortical
dysplasia. All the other patients had normal imaging of the
brain.

The control group consisted of 34 healthy age and sex
matched subjects selected from healthy people who were par-
ticipating in a trial comparing characteristics of hypertensive
and normotensive subjects randomly selected by social
security code from the general population of Oulu. They all
underwent a complete physical examination and had no
disease or medication affecting the autonomic nervous system
in their medical history.

Methods

A two channel 24 hour ambulatory ECG recording (Delmar
Avionics electroscanner) was performed in all the patients and
control subjects.” During the recording they continued to per-
form their normal daily activities. They were also asked to
keep a diary of all the events and possible seizures during the
recording.

The ECG data from the recordings were sampled digitally
and transferred from the Oxford Medilog scanner to a micro-
computer for analysis of HR variability. All RR interval time
series were first edited automatically, after which careful
manual editing was performed by visual inspection of the RR
intervals. Each RR interval time series was passed through a
filter that eliminates premature beats and artifacts and deletes
the filling gaps as previously described.”*

Table 2  Antiepileptic medication of the study patients

Refractory TLE Well controlled TLE

Male Female Total Male Female Total
CBZ — — — ) 8 14
OXC — 4 4 4 4 8
PHT — — — — 1 1
VPA 1 — 1 — — —
LTG — - — - 1 1
CBZ with other AED(s) 2 5 7 1 — 1
OXC with other AED(s) 2 5 7 - - -

clonazepam.

CBZ, carbamazepine; OXC, oxcarbazepine; LTG, lamotrigine; VPA, valproate; PHT, phenytoin; CZP,

study patients

Table 3  Daily doses and serum concentrations of the antiepileptic drugs (AEDs) in

AED No of patients  Dose (mg) Serum concentration (M)
Patients with refractory TLE:
OXC 4 1613 (448) 69.4(11.1)*
VPA 1 2500 0.56
CBZ with ofher AEDs 7 1057 (230) 29.9 (7.4)
OXC with other AEDs 7 1586 (334) 83.8 (13.3)
Patients with well controlled TLE:
CBZ 14 614 (160) 28.8 (6.7)
OXC 8 975 (311) 48.4 (18.9)*
PHT 1 200 38.9
TG 1 400 8.83
CBZ with other AEDs 1 700 21.0

*Monohydroxy carbamazepine, the active metabolite of OXC.
CBZ, carbamazepine; OXC, oxcarbazepine; VPA, valproate; PHT, phenytoin; LTG, lamotrigine.
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Figure 1 Power spectral analysis of HR variability (A) in a 35 year

old male patient with TLE and (B) in a healthy 27 year old male
control subject. The area under the spectral curve from 0.005 to
0.04 Hz represents VLF power, the area from 0.04 to 0.15
represents LF power, and the area from 0.15 to 0.4 Hz represents
HF power. The patient withTLE shows a typical suppression of all the
power spectral components of HR variability. RRI indicates RR
interval.
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Figure 2 log-log graphs of 24 hour RR interval spectra from (A) a
35 year old male patient with TLE and (B) a healthy 27 year old
male control subject. The patient with TLE shows a deeper curve of
the slope.

In the final analysis of linear components of HR variability,
24 hour measurements were divided into segments of 3600 RR
intervals, and in the analysis of non-linear components of HR
variability 24 hour measurements were divided into segments
of 8000 and only segments with more than 85% sinus beats
were included. The mean length of all RR intervals and SD of
all RR intervals (SDNN) were computed as time domain
measures. The power spectra of HR variability (fig 1) were
quantified by measuring the area in three frequency bands:
0.005 to 0.04 Hz (very low frequency, VLF), 0.04 to 0.15 Hz
(low frequency, LF), and 0.15 to 0.4 (high frequency, HF).

ApEn, a measure that quantifies the regularity of time series
data, was calculated from 24 hour recordings using a
previously described method."” **' To quantify fractal correla-
tion properties of HR, the detrended fluctuation analysis tech-
nique, which is a modified root mean square analysis of
random walk, was used.*”** In this study, HR correlation
properties were defined separately for short term (<11 beats,
al) and for long term (>11 beats, a2) correlations of RR
interval data (short and long term scaling exponents).* "’
The power law relation of RR interval variability was
calculated from the frequency range of 10 to 10” by a recently
described method (fig 2).***

Statistical analyses were performed using the Kruskall-
Wallis test and the Mann-Whitney two sample test to compare
the values of the control subjects and those of the patients.

www.jnnp.com

Ansakorpi, Korpelainen, Huikuri, ef al

Correlations between ApEn, the slope of the power law
relation of the HR variability and the traditional spectral
measures of HR variation in patients with TLE were assessed
with Pearson’s bivariate correlation test.

RESULTS

Six patients with refractory TLE reported having experienced
partial seizures during the recording. Their HR variation pro-
file did not, however, show any particularly different pattern of
HR variation profiles compared with the other patients and
they were, therefore, included in the analysis.

The mean value of the RR interval (p<0.403) was similar in
the patients and the control subjects. The mean values of the
different measures of HR variability in patients and in control
subjects are presented in table 4. In patients with TLE, the
values of SDNN (p<0.05), and the spectral components VLF
(p<0.001), LF (p<0.001) and HF (p<0.01) were lower
compared with those of the control subjects. The value of
ApEn (p<0.05) was also diminished in patients with TLE and
the slope of the power law relation of the HR variability was
also deeper (p<0.005) in the patient group than in the control
subjects. The fractal measures of HR variability did not show
any differences between the patients and the control subjects.

The mean value of the ApEn of the refractory patients with
TLE was lower (p=0.021) than that of the well controlled TLE
and the long term fractal correlation value a2 was smaller
(p=0.037) in patients with well controlled TLE. All other
values of the HR measures among patients with refractory and
well controlled TLE were similar (table 4).

Altered HR variability was not associated with any particu-
lar AED regimen, nor did serum concentrations of different
AEDs have any effect on the HR variability. Moreover, the
duration of TLE did not correlate with the magnitude of HR
variability, and the mean values of ApEn and the slope of the
power law relation of the HR variability did not correlate with
the traditional spectral measures in patients with TLE, either.

DISCUSSION

In the present study, not only the traditional time and
frequency domain measures of HR variability, but also ApEn
and the slope of the power law relation of HR variability were
suppressed in patients with TLE reflecting cardiovascular
autonomic dysfunction. Based on these results it seems that in
addition to the conventional measures of HR variability, new
dynamic measures not related to means and variance are use-
ful in detecting altered HR behaviour in patients with TLE.

Altered HR variability has previously been described in
patients with epilepsy by using power spectral analysis.” '
However, the methods and variables used as well as study
designs are different in the various studies, and, therefore, the
results are difficult to compare. To our knowledge, this is the
first study to evaluate the association between altered HR
variability and the severity of TLE. Moreover, non-
conventional measures that are able to describe long term
tonic oscillations of HR variability have not been previously
used to evaluate autonomic dysfunction in TLE.

The pathophysiological basis of the cardiovascular auto-
nomic dysfunction in TLE is not completely understood. The
insular cortex is considered to be the most important cortical
area controlling cardiovascular regulation, and it has extensive
connections with other cardiovascular control centres.”* In
TLE, the epileptic focus is close to these frontal and temporal
regulatory areas and may interfere with their function. Inter-
estingly, in the present study the changes in cardiovascular
regulation were not associated with the severity of TLE or any
particular AED regimen, but they were seen in both well con-
trolled and refractory patients, as well as in patients taking
different AEDs. Therefore, according to the present results,
TLE itself may be implicated.
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control subjects

Table 4 Heart rate and measures of heart rate variability in patients with TLE and

Patients with Patients with

Measure/ refractory TLE  well controlled  All patients Control subjects p Valuet
variable (n=9) TLE (n=25) (n=44) (n=4) (Mann-Whitney)
RRI (ms) 863 (103) 819 (112) 838 (109) 850 (71) 0.403
SDNN (ms) 154 (32) 158 (51) 156 (43) 177 (44) 0.039
VLF (ms?) 1538 (762) 1749 (1005) 1658 (905) 3256 (1765) <0.001
LF ( ms?) 905 (472) 1038 (507) 981 (491) 1901 (1308) 0.001
HF (ms?) 604 (502) 628 (365) 618 (424) 1710 (2050) 0.011
ApEn 0.93 (0.21)t 1.09 (0.32) 1.02 (0.29) 1.15(0.21) 0.045
al 1.22 (0.18) 1.17 (0.18) 1.19 (0.18 1.16 (0.1) 0.292
a2 1.03 (9.0) 0.99 (7.64)* 1.01 (8.45) 1.01 (6.13) 0.824
Slope of HRV ~ -1.32 (0.13) -1.37 (0.21) -1.35(0.18) -1.20 (0.21) 0.002

Values are mean (SD); RRI, RR interval; SDNN, SD of all RRIs; VLF, very low frequency; LF, low frequency;
HF, high frequency; ApEn, approximate entropy; a1, short term scaling exponent; a2, long-term scaling
exponent; *p=0.037 compared with the patients with refractory TLE; p=0.021 compared to the patients
with well controlled TLE; % all patients compared with the control subjects.

Although contrary to some earlier studies,' " * AEDs did
not seem to differ with regard to their propensity of modifying
HR variation, this does not exclude the possibility that AEDs
could have effects on cardiovascular regulatory function. All
AEDs taken by the patients in the present study act by block-
ing sodium channels as do many antiarrhythmic agents—for
instance, those which are associated with increased arrhyth-
mogenic mortality.* * Therefore, AEDs may have effects on
the cardiac conduction system as well as on centrally
mediated cardiovascular control system function and contrib-
ute to the changes. However, the present results do not
support the view that carbamazepine has a more potent effect
on the cardiac regulatory system than the other commonly
used AEDS.‘ 11 16-18 43 46

Traditional spectral and non-spectral measurements have
proved useful in determining autonomic regulatory dysfunc-
tion in various clinical conditions.” The physiological and
clinical applicability of fractal and complexity measures of HR
dynamics are not yet completely understood, but they are
suggested to show abnormal patterns of RR interval behaviour
that are not easily detected by commonly used moment statis-
tics of HR variation.” Reduced ApEn indicates larger predict-
ability in HR behaviour and it has previously been described to
correlate with various pathological conditions—for example,
risk of the sudden infant death syndrome."” "

Reduced ApEn has been found to be associated with the
onset of paroxysmal atrial fibrillation in subjects without any
structural heart disease™ and infusion of noradrenaline,” pos-
sibly reflecting concomitant, accentuated sympathetic and
vagal outflow to the sinus node. Interestingly, in the present
study, ApEn was significantly lower in patients with refractory
TLE than in patients with well controlled TLE. This may result
from increased serum concentrations of noradrenaline in-
duced by frequent seizures. The mean values of ApEn and the
slope of the power law relation of HR variability did not corre-
late with the traditional spectral measures of HR variability,
showing that these new indices may be more sensitive than
conventional methods in detecting altered cardiovascular
regulation in patients with TLE.

Similar to our findings in patients with TLE, altered
autonomic cardiovascular function has also been described in
various cardiac diseases. Several studies have shown that
reduced HR variability is an independent risk factor for
arrhythmic sudden death after myocardial infarction.” *** ** A
recent study on a large number of elderly people also showed
that the slope of the power law relation of HR variability most
strongly predicts cardiovascular mortality in a general popula-
tion of elderly subjects.” Therefore, it is possible that changes
in these variables may also predict the cardiovascular risk in
patients with TLE.

In summary, HR variability is altered in patients with TLE
and the reduced HR variability can be quantified by using both

traditional and dynamic measures of HR variability. The
altered cardiovascular regulation seems to be related to the
epileptic process itself rather than to the severity or duration
of TLE or to any specific AED regimen, although ApEn of the
complexity measures seems to be lower in patients with
refractory TLE than in patients with well controlled TLE.
Methods used in this study may be useful in evaluating
abnormal HR dynamics in patients with TLE. However, further
studies are needed to assess the association between altered
HR dynamics and risk for sudden death in patients with TLE.
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