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Abstract
Objective  Epilepsy and seizures can have dramatic effects on cardiac function. The aim of the present study was to inves-
tigate deceleration capacity, acceleration capacity and their 24-h fluctuations of heart rate variability in patients with drug-
resistant epilepsy.
Methods  Deceleration capacity, acceleration capacity of heart rate and their 24-h dynamics derived from the phase rectified 
signal averaging method as well as traditional measures were analyzed in 39 patients with drug-resistant epilepsy and 33 
healthy control subjects using 24-h electrocardiogram recordings. The discriminatory power of heart rate variability measures 
were validated by assessment of the area under the receiver operating characteristic curve. Net reclassification improvement 
and integrated discrimination improvement models were also estimated.
Results  Both deceleration capacity and absolute values of acceleration capacity were significantly lower in patients with 
drug-resistant epilepsy. The abnormal suppression of absolute deceleration capacity and acceleration capacity values were 
observed throughout the 24-h recording time (peaked at about 3 to 5 A.M.). Deceleration capacity had the greatest discrimi-
natory power to differentiate the patients from the healthy controls. Moreover, in both net reclassification improvement and 
integrated discrimination improvement models, the combination of acceleration capacity or deceleration capacity with tra-
ditional heart rate variability measures has greater discriminatory power than any of the single heart rate variability features.
Interpretation  Drug-resistant epilepsy was associated with a significant inhibition of vagal modulation of heart rate, which 
was more pronounced during the night than during the day. These findings indicate that phase rectified signal averaging 
method may serve as a complementary approach for characterizing and understanding the neuro-pathophysiology in epilepsy, 
and may provide a new clue to sudden unexpected death in epilepsy.
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Introduction

More than 65 million people worldwide have epilepsy, 
which is a chronic non-communicable disorder of the brain 
that affects people of all ages. Between 30 and 40% of 
all epilepsy patients are refractory to medical treatment 
and considered to have drug-resistant epilepsy (DRE) [1, 
2]. Epilepsy may not only lead to recurrent and unpro-
voked seizures, but also to alterations in cardiac autonomic 
regulation, exhibited as low vagal modulation associated 
with high sympathetic modulation of the heart rate, com-
bined inhibition of sympathetic and vagal modulation of 
the heart rate, or inhibition of either the vagal or sym-
pathetic modulation of the heart rate [3, 4]. In addition, 
sudden unexpected death in epilepsy (SUDEP) is the lead-
ing cause of death in patients with DRE, with an esti-
mated lifetime risk of 35% in this patient population [5]. 
Although the underlying mechanisms of SUDEP remain 
poorly understood, cardiac, respiratory and brainstem dys-
functions have been widely suggested as potential con-
tributing factors [5, 6]. Furthermore, the authors of some 
studies have also concluded that most cases of SUDEP 
occur in or by the bed during the night, demonstrating that 
24-h rhythms of cardiac, respiratory and brainstem activity 
may contribute to its pathogenesis [7, 8].

Heart rate variability (HRV) analysis is a non-invasive, 
simple and effective method for assessing the function of 
the autonomic nervous system (ANS) and is a common 
strategy used to predict the risk of many cardiovascular 
diseases and neurological disorders [9, 10]. However, 
conventional linear analyses are often applied to calculate 
measures of HRV, even though the regulation of cardiac 
activity by the ANS is considered to involve non-linear 
physiological mechanisms [11]. Although many studies 
have investigated the effects of epilepsy on the cardiac 
autonomic function using traditional linear HRV analy-
ses, the results are still mixed or even contradictory [3, 
4]. Despite the widespread application of HRV analysis, 
linear approaches are neither adequate nor appropriate 
to describe the non-linear properties of the HRV signal. 
Moreover, since traditional linear HRV analyses cannot 
accurately distinguish between the vagal and sympathetic 
activities of the ANS, interpretation of the HRV measures 
is more complex than generally appreciated, and there is 
potential for incorrect conclusions and for excessive or 
unfounded extrapolations [9, 12].

Therefore, efficient methods for characterizing the com-
plex non-linear, non-stationary and quasi-periodic HRV 
signal remain to be established. In 2006, the phase recti-
fied signal averaging (PRSA) method, which is a robust 
tool for the extraction of periodic and quasi-periodic 
oscillations masked by the noise and artifacts of complex 

signals, was introduced to quantify the coherence time for 
each quasi-periodicity and to separate processes occur-
ring during increasing and decreasing parts of the signal 
[13, 14]. This method is based on the definition of anchor 
points in the signal that are used to align the oscillatory 
fluctuations, followed by an averaging of the surroundings 
of the anchor points [13]. The PRSA technique provides 
more differentiated insights into the non-linear dynamical 
characteristics of cardiac autonomic regulation and offers 
a novel approach by which to quantify the effects of the 
sympathetic and vagal nervous systems on cardiac physi-
ology. Bauer et al. also found that deceleration capacity 
(DC) of the heart rate quantified by the PRSA method was 
a powerful predictor of mortality after myocardial infarc-
tion, better than that of the left ventricular ejection frac-
tion, conventional measures of HRV and the combination 
of the two [14]. However, the controversial physiological 
interpretation of DC and acceleration capacity (AC) quan-
tified by the PRSA method may considered as potential 
drawback.

The advantages of the PRSA method have been shown 
for the risk stratification and prognosis of cardiovascular 
diseases. However, to date there has been no assessment 
of deceleration-related and acceleration-related HRV based 
on the PRSA method in patients with DRE. In the study 
reported here, alterations in DC, AC and their 24-h fluctua-
tions were evaluated with the aim to assess the efficacy of 
their values for assessing the cardiac autonomic function 
of patients with DRE. We postulate that DC and AC are, in 
terms of cardiac autonomic discrimination, better indices 
of cardiac autonomic function than the established global 
HRV indices.

Method

Participants

Patients affected by DRE as defined by the International 
League Against Epilepsy (ILAE) (adequate trials show-
ing failure of two tolerated, appropriately chosen and 
used antiepileptic drug schedules) were examined [2]. All 
selected patients underwent complete pre-surgical evalu-
ations, including long-term (interictal and ictal) video-
electroencephalography, 24-h electrocardiogram (ECG) 
recordings, brain magnetic resonance imaging or positron 
emission tomography, as well as a comprehensive clinical 
and neuropsychological assessment as part of the diagnosis 
process to ascertain DRE. Inclusion criteria were: (1) age 
18–60 years; (2) previous treatment with at least two appro-
priate antiepileptic drugs (AED) tested for tolerance or to 
blood levels at the upper end of the target range, of which 
at least two were tolerated at normal dose; (3) at least 1 
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seizure per month. Exclusion criteria: (1) cardiopulmonary 
anomaly, progressive neurological diseases, asthma, mental 
disease or any other known disease that might affect ANS 
function; (2) alcohol addiction, smoking and sleep-related 
breathing disorders; (3) a history of medication or concomi-
tant substances that may have impacted autonomic function. 
Demographic data and clinical factors for each patient were 
collected, including included age, sex, body mass index, 
epilepsy duration, seizure frequency and number and daily 
dose of AED used by each patient. Healthy control subjects 
were recruited into this study based on their medical history 
and physical examination results. The exclusion criteria for 
the control subjects were a history of cardiovascular dis-
ease and mental disorders, such as coronary artery disease, 
atrial fibrillation, myocardial infarction, peripheral artery 
disease, heart failure, renal insufficiency, schizophrenia, 
depression, obsessive–compulsive disorder and anxiety. The 
Institutional Review Committee of Beijing Tiantan Hospi-
tal Capital Medical University approved this study, and all 
participants or their parents/guardians gave written informed 
consent for the collection of patient information and the use 
of this information for research. The methods in the study 
were carried out in accordance with the approved guidelines.

ECG recording and pre‑processing

A 12-lead ambulatory ECG monitoring system (model MIC-
12H-3S; JincoMed, Beijing, China) with a digital sampling 
rate of 500 samples/second per channel was used to record 
a consecutive 24-h ECG in all subjects. Participants under-
went 24-h ECG monitoring in freely moving conditions and 
were asked to keep activity diaries, which included the time, 
duration and type of each daily activity and possible seizures 
during the whole recording period. We defined seven types 
of activity in accordance with those used by Warwick and 
colleagues in their study [15], namely, sleeping overnight; 
sitting quietly or lying quietly (includes reading, thinking, 
listening, watching TV, being a passenger in a vehicle); sit-
ting busy (includes talking, eating, playing cards, typing, 
driving a vehicle, sewing, handcrafts, writing; light on-foot 
activities involving some walking and moving around or 
active work; moderate on-foot activities involving walking 
or moving around quite a lot and activities which involve 
some bursts of heavy work; strenuous activities including 
very heavy gardening and home activities; very strenuous 
activities such as rowing, cycling, squash, running, among 
others. The amount of time patients and healthy controls 
spent doing the different types of activity that determined 
their activity level were analyzed.

HRV was analyzed based on the 24-h ambulatory ECG 
recordings. The ECG episodes with possible seizures and 
the data recorded during periods within at least 50 min of 
seizure onset were discarded to avoid their potential effects 

on DC, AC and HRV measurements [16]. The QRS wave 
complex of the recorded ECG signal was first classified 
automatically with a PC-based acquisition system (Sky-
Holter; JincoMed) and then checked manually and adjusted 
by technicians. Since patients with epilepsy have wide vari-
ations in HRV [17], the heartbeat intervals (RR time series) 
were obtained without filtering. At least 21 h of a 24-h ECG 
recording had to be suitable for a record to be included in 
the analysis of circadian rhythm [18].

DC and AC calculations

To quantify the DC and AC for all participants, we applied 
the phase rectified signal averaging (PRSA) technique to 
process the heartbeat interval time series obtained from the 
24-h ambulatory ECG recordings. The DC and AC were 
computed according to Bauer et al. [13, 14] as follows: (1) 
accelerating and decelerating anchor points are determined 
on the time series of the heartbeat interval; (2) segments of 
the heartbeat interval time series centered on each anchor 
point are selected; (3) all of the above segments are finally 
aligned and averaged; (4) the PRSA signal, PRSA(I), is 
obtained by averaging the signals within the aligned seg-
ments; (5) the DC and AC are calculated based on Eq. (1), 
with a segment length (L ) = 32, timescale (T) = 1 and wave-
let scale (s ) = 2. In the final analysis of 24-h rhythms of DC 
and AC, each heartbeat interval time series was divided into 
segments with a length of 3600 s. The short-term DC and 
AC were calculated from each heartbeat interval segment for 
further 24-h rhythm analysis.

Traditional linear HRV analysis

The resting heart rate was measured from a 5-min ECG 
segment, which was selected from the same period 
(between 8 p.m. and 9 p.m., with subjects lying quietly 
in an awake state) to reduce the variability and influence 
of the circadian rhythm and physical activity. The time 
domain and frequency domain HRV measures were calcu-
lated from the 24-h ECG recordings using recommended 
methods [9]. The mean RR intervals (Mean RR), stand-
ard deviation of the RR intervals (SDNN), square root 
of the mean of the sum of the squares of the differences 
between adjacent RR intervals (RMSSD), and percentage 
of the absolute change in consecutive normal RR intervals 
that exceeds 50 ms (pNN50) were obtained with a sim-
ple way. SDNN reflects a global measure of HRV while 
RMSSD provides a useful evaluation of vagal modulation 
of the heart rate [10]. However, these measures do not 

(1)
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provide the means to adequately quantify cardiac auto-
nomic function or determine the rhythmic activity gen-
erated by the different physiological control mechanisms 
related to the heart. A fast Fourier transform was used to 
calculate the four main spectral components, namely, total 
power (TP; 0.0033–0.40 Hz), very low frequency (VLF; 
0.0033–0.04 Hz), low frequency (LF; 0.04–0.15 Hz) and 
high frequency (HF; 0.15–0.40 Hz) [9]. It has been sug-
gested that LF reflects the modulations of both the para-
sympathetic and sympathetic nervous systems, whereas 
HF primarily reflects parasympathetic nervous system 
activity. Recent experimental results suggests that the VLF 
spectral component appears to be generated intrinsically 
by the heart itself and that the frequency and amplitude 
of these oscillations are regulated by efferent sympathetic 
activity [9, 10].

Statistical analysis

Gaussian distribution and tests for homogeneity of vari-
ance were applied to determine the distribution and homo-
scedasticity of DC, AC and the traditional HRV measures. 
Because of the non-normal distribution and heterogeneity 
of variance of some measures, data were presented as the 
median with the interquartile range for continuous vari-
ables. Mann–Whitney U tests were applied to examine the 
differences in variables between the patients with DRE 
and the healthy control subjects. For the single predic-
tive variable analysis using qualitative or categorical 
variables, we used Fisher’s exact tests to compare the two 
groups. The single cosinor method was used to analyze 
hourly mean values of DC and AC [19]. Three param-
eters, including MESOR, amplitude and acrophase, were 
characterized to illustrate the characteristic of a cardiovas-
cular daily rhythm. The significance of the 24-h rhythms 
was evaluated by the zero amplitude test. The relationship 
between the HRV indices and the demographic/clinical 
factors was analyzed using multiple regression analysis. 
To compare the ability of DC, AC and traditional HRV 
indices to differentiate the DRE patients from the healthy 
control subjects, we used receiver operating characteris-
tic (ROC) curve analysis and calculated the area under 
the ROC curve (AUC). C-statistics was used to describe 
the discrimination of the models before and after add-
ing the confidence interval [20–22]. The net reclassifica-
tion improvement (NRI) and integrated discrimination 
improvement (IDI) models were used to assess improve-
ments in prediction using two different logistic regression 
models, with 0.2 and 0.4 used as the cutoff points [21, 22]. 
All statistical analyses were performed using SPSS version 
20 (IBM Corp., Armonk, NY, USA) and Matlab R2013 
(MathWorks Inc., Natick, MA, USA). All the p values 

were adjusted using the false discovery rate method, and 
a value of p  < 0.05 was considered to indicate statistical 
significance.

Results

Study population

A total of 39 patients with DRE and 33 healthy control 
subjects met the inclusion criteria and were included in 
the study. Among the 39 DRE patients, five reported hav-
ing experienced possible seizures during the 24-h ECG 
recording, and 11 patients reported having focal seizures, 
with each seizure attack not exceeding 60 s. As the HRV 
of the five patients reporting a possible seizure during the 
ECG recording was not particularly different from that of 
the other patients, we considered that that the occurrence 
of seizures did not significantly affect our results. Demo-
graphic data and clinical factors of patients with DRE 
are presented in Table 1and Electronic Supplementary 
Material (Table E). There were no significant differences 
between patients and controls in terms of demographic 
data and clinical factors. In addition, there was no statisti-
cally significant difference between the patients with DRE 
and the healthy control subjects on the different types of 
daily physical activity. Detailed information on the clinical 
and therapeutic characteristics of the 39 patients with DRE 
is given in Table 2. 

DC, AC and traditional HRV parameters

The results of the PRSA, time domain analysis and fre-
quency domain analysis of HRV from 24-h ECG record-
ings in patients with DRE and healthy controls are shown 
in Table 3. With regard to the PRSA indices, Both DC 
(p  < 0.001) and absolute values of AC (p  < 0.001) were 
significantly lower in the DRE group than in the healthy 
control group. All of the analyzed traditional linear 
HRV measurements were significantly lower in the DRE 
patients (all p  < 0.001) than in healthy control subjects, 
with the exception of the LF/HF (p  = 0.692) and resting 
heart rate (p  = 0.668). In the multiple regression analyses, 
SDNN positively correlated with the seizure frequency 
of patients with DRE (β  = 0.519, p  < 0.001) , while 
SDNN (β  = − 0.555, p  = 0.002), RMSSD (β  = − 0.475, p  
= 0.029), VLF (β  = − 0.554, p  = 0.011), LF (β  = − 0.480, 
p  = 0.029) and TP (β = − 0.523, p = 0.018) negatively cor-
related with the total daily dose of AED. Moreover, there 
were no independent factors associated with AC and DC 
in the final models.
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24‑h rhythms of the DC and AC

The hourly mean DC and AC of both the patients with 
DRE and the healthy controls showed significant cir-
cadian rhythms (Fig. 1). DC and absolute values of the 
AC increased at night and decreased during the day. The 
parameters characterizing the circadian rhythms of DC and 
AC are summarized in Table 4. The MESOR, amplitude 
and acrophase of DC were similar in the patients with DRE 
and the healthy controls, as were those of AC. In addition, 
both the DC and absolute values of AC for the patients 
with DRE were suppressed throughout the 24-h record-
ing time (Fig. 1). The differences in DC and AC between 
the patients with DRE and healthy control subjects were 

more pronounced during the night, approximately peaking 
between 3 a.m. and 5 a.m.

ROC curve analysis

In the ROC curve analysis, DC (AUC = 0.818) had the great-
est discriminatory power for the DRE patients and healthy 
control subjects compared to AC and the other traditional 
HRV parameters (Fig. 2). The AUC of Mean RR, SDNN, 
RMSSD, pNN50, VLF, LF, HF, TP, AC and DC were 0.660, 
0.743, 0.735, 0.719, 0.796, 0.776, 0.693, 0.759, 0.810 and 
0.818, respectively. In both the NRI and IDI models, the 
combination of AC or DC with traditional HRV measures 
had the greater discriminatory power than any of the HRV 
features singly (Table 5).

Table 1   Demographic data, 
clinical factors, physical activity 
types and epilepsy duration 
for patients with drug-resistant 
epilepsy and healthy control 
subjects

Values are presented as number or as the median with the interquartile range (IQR) in parenthesis
 DRE drug-resistant epilepsy,AED anti-epileptic drugs, N.A. not available

Demographic data and clinical factors Healthy control sub-
jects (n  = 33)

Patients with DRE (n  = 39) p value

Male/female 25/8 28/11 0.792
Age (years) 25 (23–28) 25 (19–30) 0.727
Body mass index (kg/m2) 22.34 (21.28–23.54) 23.39 (20.83–27.04) 0.064
Epilepsy duration (years) N.A. 13 (10–17) N.A.
Seizures per month N.A. 13 (6–60) N.A.
Number of AEDs N.A. 2 (1–3) N.A.
Total dose of AEDs per day (mg) N.A. 1500 (1000–2350) N.A.
Physical activity
 Sleeping overnight (h) 8.0 (8.0–9.0) 8.0 (7.0–9.0) 0.669
 Sitting quietly or lying quietly (h) 3.4 (2.7–3.9) 3.0 (2.3–4.9) 0.938
 Sitting busy (h) 5.4 (5.4–6.0) 5.0 (4.0–6.1) 0.599
 Light on-foot activities (h) 5.1 (4.5–6.2) 5.0 (3.1–6.6) 0.510
 Moderate on-foot activities (h) 2.0 (1.0–2.7) 2.0 (1.1–2.5) 0.585
 Strenuous activities (h) 0.0 (0.0–0.0) 0.0 (0.0–0.0) 1.000
 Very strenuous activities (h) 0.0 (0.0–0.0) 0.0 (0.0–0.0) 1.000

Table 2   Clinical and therapeutic 
data for the 39 patients with 
drug-resistant epilepsy

EEG Electroencephalography, VPA valproate, LTG lamotrigine, CBZ carbamazepine, OXCBZ oxcarbaze-
pine, LEV levetiracetam, TPM topiramate, PHB phenobarbital, CZP clonazepam, PHT phenytoin, MGVPA 
magnesium valproate, CPNCM compound phenobarbital nitrazepam and chlorphenamine maleate, DZP 
diazepam, TCM traditional Chinese medicine, GBP gabapentin, GS generalized seizure, FS focal seizure

Characteristics Number of patients in each sub-category

AED therapy Single drug: 11; multiple drugs:28
Type of AED VPA: 21; LTG: 12; CBZ: 17; OXCBZ: 7

LEV: 8; TPM: 5; PHB: 6; CZP: 3
PHT: 4; MGVPA: 4; CPNCM: 2; DZP: 2
TCM: 2; GBP: 1

Seizure type GS: 12; FS: 3; GS + FS: 24
Seizure frequency per month ≤ 10: 18; > 10: 21
Ictal scalp EEG characteristics Single focus: 3; multifocal: 25; unknown: 11
Etiology Cryptogenic: 24; symptomatic: 15
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Discussion

To the best of our knowledge, this is the first study to use 
the novel PRSA technique to investigate DC, AC and their 
circadian rhythms in patients with DRE. The major findings 
of our study are: (1) DRE was associated with suppressed 
magnitude of DC, AC and traditional HRV measures; (2) 
the circadian rhythms of DC and AC did not differ signifi-
cantly in the two groups, while suppressed DC and absolute 
AC values were observed in DRE patients throughout the 

Table 3   Time domain, 
frequency domain heart rate 
variability parameters and 
deceleration and acceleration 
capacity, respectively, in the 
patients with drug-resistant 
epilepsy and the healthy control 
subjects

Values are presented as the median with the IQR in parenthesis
Mean RR Mean RR interval, SDNN standard deviation of the RR intervals, RMSSD square root of the mean 
of the sum of the squares of the differences between adjacent RR intervals, pNN50 percentage of the abso-
lute change in consecutive normal RR interval that exceeds 50 ms, VLF very low frequency, LF low fre-
quency, HF high frequency, TP total power, AC acceleration capacity, DC deceleration capacity

Variables Healthy control subjects (n  = 33) Patients with DRE (n  = 39) p value

Resting heart rate (bpm) 80 (75–90) 79 (76– 89) 0.668
Mean RR (ms) 797(776–842) 753 (696–821) 0.020
SDNN (ms) 165 (138–187) 124 (98–159) < 0.001
RMSSD (ms) 40 (33–51) 30 (21–40) < 0.001
pNN50 (%) 17.21 (10.37–21.40) 10.08 (2.93–16.60) 0.001
VLF (ms2) 203 (156–282) 125 (81–176) < 0.001
LF (ms2) 986 (733–1662) 629 (316–778) < 0.001
HF (ms2) 643 (361–1194) 382 (180–684) 0.005
TP (ms2) 1753 (1304–3136) 1087 (605–1630) < 0.001
LF/HF 1.66 (1.10–2.18) 1.43 (1.13–2.11) 0.692
AC (ms) − 15.64 (− 17.90 to − 13.99) − 9.79 (− 14.52 to − 8.15) < 0.001
DC (ms) 15.10 (13.06–18.29) 10.53 (8.18–13.84) < 0.001

Fig. 1   Median 24-h fluctuations in deceleration capacity (DC) and 
acceleration capacity (AC) inthe heart rate of patients with drug-
resistant epilepsy (DRE) and their healthy matched controls. Aster-

isks indicate significant differences between patients and controls at 
*p  < 0.05, **p  < 0.01 and ***p  < 0.001 using the Mann–Whitney U 
test

Table 4   Chronobiological parameters of 24-h deceleration capacity 
and acceleration capacity rhythms for the patients with drug-resistant 
epilepsy and the 33 healthy controls

Variables MESOR Amplitude Acrophase p value

DRE patients
 DC 261.50 253.09 − 3.40 < 0.001
 AC − 265.50 257.32 − 0.24 < 0.001

Healthy controls
 DC 268.39 256.10 − 3.44 < 0.001
 AC − 275.79 263.23 − 0.29 < 0.001
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24-h EEG recording time with the between-group differ-
ence peaking approximately between 3 a.m. and 5 a.m.; (3) 
DC was the best factor to classify DRE, with an AUC of 
0.818, and the combination of AC or DC with traditional 
HRV measures had greater discriminatory power than any 
of the HRV features singly.

ANS balance plays a vital and sophisticated role in main-
taining the homeostasis of normal physiological processes 
in the human body [10, 23]. HRV measurements provide 
information on the degree of regulation of the heart rate, and 
these are often used as indirect indices to evaluate cardiac 
autonomic function. With respect to the spectral components 
of HRV, LF reflects the modulations of both the sympathetic 
and the parasympathetic nervous system, whereas HF mainly 
reflects parasympathetic nervous system activity [10]. The 
LF/HF ratio is an assessment of the global balance between 
sympathetic and parasympathetic nervous system activity 
[24]. However, traditional methods of analyzing HRV do 
not distinguish clearly between the vagal and sympathetic 
modulation of heart rate. Consequently, the PRSA method 
for quantifying DC and AC, two parameters which reflect 
cardiac vagal modulation of the heart rate, was introduced, 
and this method now is used as a prognostic tool for risk 
stratification in cardiovascular diseases and neurological 

Fig. 2   Analysis of the discrimination power of the two groups by 
receiver operating characteristic curve analysis. The areas under the 
curve of Mean RR, SDNN, RMSSD, pNN50, VLF, LF, HF, TP, AC 
and DC were 0.660, 0.743, 0.735, 0.719, 0.796, 0.776, 0.693, 0.759, 
0.810 and 0.818, respectively. See footnote to Table 3 for definition of 
abbreviations

Table 5   Area under the curve, 
net reclassification improvement 
and integrated discrimination 
improvement models of 
traditional linear heart rate 
variability measurements 
before and after the addition 
of acceleration capacity and 
deceleration capacity to the 
model

AUC​ Area under the receiver operating characteristic curve, NRI net reclassification improvement method, 
IDI integrated discrimination improvement method

Parameters AUC​ R2 NRI NRI p value IDI IDI p value

Mean RR 0.660 0.063
 AC 0.820 0.404 0.429 0.003 0.256 < 0.001
 DC 0.836 0.430 0.497 0.001 0.282 < 0.001

SDNN 0.743 0.218
 AC 0.819 0.419 0.491 0.001 0.082 0.001
 DC 0.834 0.440 0.600 < 0.001 0.095 < 0.001

RMSSD 0.735 0.242
 AC 0.814 0.402 0.429 0.003 0.128 0.003
 DC 0.825 0.422 0.389 0.008 0.147 0.001

pNN50 0.719 0.186
 AC 0.814 0.401 0.360 0.013 0.164 0.001
 DC 0.826 0.425 0.497 0.001 0.186 < 0.001

VLF 0.796 0.244
 AC 0.832 0.422 0.291 0.045 0.126 0.005
 DC 0.841 0.444 0.211 0.146 0.143 0.002

LF 0.776 0.269
 AC 0.824 0.416 0.103 0.480 0.112 0.007
 DC 0.834 0.443 0.240 0.099 0.133 0.002

HF 0.693 0.197
 AC 0.814 0.401 0.417 0.004 0.164 < 0.001
 DC 0.820 0.422 0.423 0.004 0.183 < 0.001

TP 0.759 0.277
 AC 0.816 0.409 0.171 0.239 0.106 0.007
 DC 0.826 0.431 0.200 0.169 0.125 0.002



202	 Clinical Autonomic Research (2019) 29:195–204

1 3

disorders, such that it has been demonstrated that a lower 
DC is significantly related to a higher risk of death [12, 14, 
25–30].

Epilepsy and recurrent seizures can have profound effects 
on interictal and ictal cardiac autonomic function [3]. It 
has been previously documented that decreased HRV and 
autonomic dysregulation may induce lethal arrhythmias in 
patients with epilepsy [31]. Time domain, frequency domain 
and non-linear HRV analyses have also been applied to 
investigate the cardiac autonomic function of patients with 
epilepsy (especially those with temporal lobe epilepsy), but 
the findings to date have been mixed or even contradictory 
[32–40]. The results of our study show that our patients with 
DRE had lower Mean RR, SDNN, RMSSD, pNN50, TP, 
VLF, LF and HF than did their healthy controls, thereby 
confirming that DRE patients have an impaired cardiac auto-
nomic regulation with a significantly overall reduced HRV. 
Taken together, these data suggest an impairment of the 
ANS affecting both the vagal and the sympathetic branches. 
Furthermore, the lower RMSSD, pNN50 and HF are defi-
nitely the result of a reduction of vagal modulation of the 
heart rate, but the cardiac sympathetic regulation is difficult 
to determine based on HRV parameters. Several research 
groups have reported significantly altered HRV measure-
ments in patients with epilepsy compared to healthy controls 
[32–41]; however, the duration of ECG recordings, HRV 
analysis methods, variables, characteristics and sample size 
of patients used as well as study protocols are very diverse 
in different studies, and thus the results of each study are 
difficult to compare totally.

To date, there have been no reports of DC, AC and their 
24-h rhythms in epilepsy. Bauer et al. reported that DC and 
AC could provide non-invasive assessments of cardiac vagal 
and sympathetic modulations, respectively [14]. Up to the 
present this method has been applied primarily in risk strati-
fication of cardiovascular disease, but not yet in the assess-
ment of cardiac autonomic function in patients with DRE. 
In our study, we observed significant lower DC and absolute 
AC values in our patients with DRE, which reflected a loss 
of vagal modulation of heart rate in these patients. More 
importantly, DC and AC significantly improved the discrimi-
natory power of traditional HRV measurements. Our results 
indicate the additive effects of traditional HRV parameters 
and DC (or AC) to differentiate DRE patients from healthy 
controls with normal cardiac autonomic function. Our obser-
vation of the withdrawal of vagal modulation is in line with 
the findings of previous studies based on traditional HRV 
analyses [39, 40]. AC characterizes the capacity to speed 
the heart up, which illustrates the total acceleration capac-
ity of the sinus rhythm, unnecessarily being combined with 
one special physiological adjustment process. According to 
a recent study by Pan et al., both DC and AC are solely 
dependent on vagal activity under conventional conditions 

(T  = 1, s  = 2) [42]. Therefore, our observation of a decrease 
in the magnitude of AC, which also reflects a depression of 
parasympathetic nervous system in DRE patients, is consist-
ent with previously reported evidence [32–38]. In fact, ictal 
tachycardia is commonly observed in the clinic for patients 
with DRE [3]. We also found that the interictal Mean RR of 
DRE patients was significantly shorter than that in healthy 
control subjects, which may possibly be an indication of 
sympathetic activation.

Impaired cardiorespiratory regulatory functions in 
epilepsy may be involved in the pathogenesis of SUDEP, 
which is the most common cause of death in patients 
with epilepsy [5, 43]. Previous studies have reported that 
SUDEP occurs most often at night or during sleep [7–9]. 
There is evidence of suppressed circadian HRV in epilep-
tic patients [32, 36–38, 40, 43, 44], and it is important to 
note that most studies have selected patients with temporal 
lobe epilepsy as their subjects and that these results cannot 
be extrapolated to people with epilepsy in general. In the 
present study, both DC and AC of the two groups showed 
significant circadian rhythms. However, the patients with 
DRE were found to have a significantly lower magni-
tude of DC and AC than did the healthy controls, with a 
more significant nocturnal difference (peaking at about 
3–5 a.m.), indicating a inhibited vagal modulation of the 
heart rate throughout the 24-h monitoring time. Persson 
et al. [44] previously found a decrease in HRV in patients 
with epilepsy that more pronounced during the night, thus 
affecting the circadian HRV. Ronkainen et al. [38] reported 
the depression of the circadian rhythms of the HF and 
LF spectral components in patients with temporal lobe 
epilepsy. These authors also found that the HF spectral 
component of epileptic patients was significantly lower 
than that in healthy controls between 11:00 p.m. and 10:00 
a.m., thereby demonstrating that there was no significant 
difference in vagal modulation of the heart rate in both 
the epileptic patients and healthy control subjects during 
the daytime [38]. These observations based on traditional 
HRV indices are inconsistent with our findings. Such dif-
ferences may be due to the homogeneity of their cohort 
[38], which comprised only patients with epilepsy occur-
ring in specific brain regions in order to provide a conse-
quential comparison to healthy controls. In our study, we 
evaluated circadian rhythm of cardiac autonomic function 
with only ECG signals. As previously described, variation 
of sleep determined by EEG is associated with diurnal 
fluctuation in HRV [17, 45]. Without validated subjec-
tive scales or clinical evaluation, it is difficult to exclude 
the influences of sleep- or sleep stage-specific circadian 
modulation of the autonomic control of the heart in the 
light of the high prevalence of sleep events in patients with 
epilepsy [46]. Future polysomnographic studies are war-
ranted to help clarify the interaction between sleep phases 
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and the circadian rhythm of HRV in epileptic patients. The 
PRSA method used in our study has a number of signifi-
cant advantages over traditional methods in terms of ana-
lyzing the non-linear, non-stationary and quasi-periodic 
ECG signal. The potential relevance of our observations 
on the more pronounced suppression of vagal modula-
tion of the heart rate during the night (especially between 
approx. 3 a.m. and 5 a.m.) for the risk of SUDEP remains 
to be elucidated, but these findings provide a new clue to 
the cause of SUDEP. Our results suggest that the PRSA 
method may be applied in future studies for risk stratifica-
tion, prognosis and treatment assessment in DRE patients.

Our study has a number of limitations. First, it included 
patients receiving various AED, whereby the effects of 
these different AED on the cardiac autonomic function 
may be unpredictable. It is also difficult to distinguish 
a specific effect caused by a certain AED. Second, we 
recruited heterogeneous DRE characterized by different 
types of seizures and various localizations/lateralizations 
of epileptic focus; the potential effects of these differences 
should be elucidated in future studies. Third, our findings 
are based on a small sample size of patients with DRE and 
thus we were unable to discriminate between other pos-
sible contributing factors.

Conclusion

Drug-resistant is associated with diminished HRV and with 
diminished magnitude of DC and AC, thereby reflecting the 
loss of vagal modulation of the heart rate. This abnormal 
change in cardiac autonomic function in patients with DRE 
is more pronounced during the night than during the day. 
We found that DC was the best HRV index to classify DRE 
and that the combination of AC or DC with traditional HRV 
measures had a greater discriminatory power than any one 
of the HRV features used alone. Our findings suggest that 
DC and AC are more accurate parameters than other HRV 
measures to assess cardiac autonomic function in patients 
with DRE. This newly introduced quantification of HRV 
may provide new insights into the cardiac health of patients 
with DRE.

Acknowledgements  The authors gratefully acknowledge Professor 
Meng Fangang and Zhang Jianguo in Beijing Tian Tan Hospital for 
their valuable work in diagnosing patients with drug-resistant epilepsy. 
We also thank Sanbo Brain Hospital Capital Medical University, Tsin-
gHua University YuQuan Hospital, Peking University First Hospital 
FengTai Hospital, Chinese PLA General Hospital, First Affiliated Hos-
pital of PLA General Hospital and Navy General Hospital for their 
medical technological support.

Funding  This work was supported by the National Key Tech-
nology R&D Program funded by Ministry of Science and 

Technology, sponsored by the Chinese Government (2012BAI16B01, 
2013BAI03B03, 2015BAI01B08, 2016YFC1305703).

Compliance with ethical standards 

Conflict of interest  All authors declare that they have no conflict of 
interest.

Ethical approval  The study protocol was approved by the Institutional 
Review Committee of Beijing Tiantan Hospital Capital Medical Uni-
versity (No. qx2014-010-02), and all subjects (or parents/guardians of 
subjects) provided written informed consent.

References

	 1.	 Moshé SL, Perucca E, Ryvlin R, Tomson T (2015) Epilepsy: new 
advances. Lancet 385:884–898

	 2.	 Kwan P, Arzimanoglou A, Berg AT, Brodie MJ, Allen Hauser 
W, Mathern G, Moshé SL, Perucca E, Wiebe S, French J (2010) 
Definition of drug resistant epilepsy: consensus proposal by the ad 
hoc Task Force of the ILAE Commission on Therapeutic Strate-
gies. Epilepsia 51:1069–1077

	 3.	 Sevcencu C, Struijk JJ (2010) Autonomic alterations and cardiac 
changes in epilepsy. Epilepsia 51:725–737

	 4.	 Romigi A, Albanese M, Placidi F, Izzi F, Mercuri NB, Marchi A, 
Liguori C, Campagna N, Duggento A, Canichella A, Ricciardo 
RG, Guerrisi M, Marciani MG, Toschi N (2016) Heart rate vari-
ability in untreated newly diagnosed temporal lobe epilepsy: evi-
dence for ictal sympathetic dysregulation. Epilepsia 57:418–426

	 5.	 Massey CA, Sowers LP, Dlouhy BJ, Richerson GB (2014) Mecha-
nisms of sudden unexpected death in epilepsy: the pathway to 
prevention. Nat Rev Neurol 10:271–282

	 6.	 Ryvlin P, Nashef L, Tomson T (2013) Prevention of sudden unex-
pected death in epilepsy: a realistic goal? Epilepsia 54:23–28

	 7.	 Ryvlin P, Nashef L, Lhatoo SD, Bateman LM, Bird J, Bleasel A 
(2013) Incidence and mechanisms of cardiorespiratory arrests in 
epilepsy monitoring units (MORTEMUS): a retrospective study. 
Lancet Neurol 12:966–977

	 8.	 Nobili L, Proserpio P, Rubboli G, Montano N, Didato G, Tassinari 
CA (2011) Sudden unexpected death in epilepsy (SUDEP) and 
sleep. Sleep Med Rev 15:237–246

	 9.	 Task Force of the European Society of Cardiology and the North 
American Society of Pacing and Electrophysiology (1996) Heart 
rate variability: standards of measurement, physiological interpre-
tation and clinical use. Circulation 93:1043–1065

	10.	 McCraty R, Shaffer F (2015) Heart rate variability: new perspec-
tives on physiological mechanisms, assessment of self-regulatory 
capacity, and health risk. Glob Adv Health Med 4:46–61

	11.	 Manor B, Costa MD, Hu K, Newton E, Starobinets O, Kang HG, 
Peng CK, Novak V, Lipsitz LA (2010) Physiological complexity 
and system adaptability: evidence from postural control dynamics 
of older adults. J Appl Physiol 109:1786–1791

	12.	 Hu W, Jin X, Zhang P, Yu Q, Yin G, Lu Y, Xiao H, Chen Y, 
Zhang D (2016) Deceleration and acceleration capacities of heart 
rate associated with heart failure with high discriminating perfor-
mance. Sci Rep 6:23617

	13.	 Bauer A, Kantelhardt JW, Bunde A, Barthel P, Schneider R, Malik 
M, Schmidt G (2006) Phase-rectified signal averaging detects 
quasi-periodicities in non-stationary data. Physica A Stat Mech 
Appl 364:423–434

	14.	 Bauer A, Kantelhardt JW, Barthel P, Schneider R, Mäkikallio T, 
Ulm K, Hnatkova K, Schömig A, Huikuri H, Bunde A, Malik M, 



204	 Clinical Autonomic Research (2019) 29:195–204

1 3

Schmidt G (2006) Deceleration capacity of heart rate as a predic-
tor of mortality after myocardial infarction: cohort study. Lancet 
367:1674–1681

	15.	 Warwick PM (1988) Prediction of energy expenditure: simplified 
FAO/WHO/UNU factorial method vs continuous respirometry 
and habitual energy intake. Am J Clin Nutr 48:1188–1196

	16.	 Fujiwara K, Miyajima M, Yamakawa T, Abe E, Suzuki Y, Sawada 
Y, Kano M, Maehara T, Ohta K, Sasai-Sakuma T, Sasano T, Mat-
suura M, Matsushima E (2016) Epileptic seizure prediction based 
on multivariate statistical process control of heart rate variability 
features. IEEE Trans Biomed Eng 63:1321–1332

	17.	 Myers KA, Bello-Espinosa LE, Symonds JD, Zuberi SM, Clegg 
R, Sadleir L, Buchhalter J, Scheffer IE (2018) Heart rate variabil-
ity in epilepsy: a potential biomarker of sudden unexpected death 
in epilepsy risk using a simple threshold. Epilepsia 59:1372–1380

	18.	 Nakagawa M, Iwao T, Ishida S, Yonemochi H, Fujino T, Saikawa 
T, Ito M (1998) Circadian rhythm of the signal averaged elec-
trocardiogram and its relation to heart rate variability in healthy 
subjects. Heart 79:493–496

	19.	 Nelson W, Tong YL, Lee JK, Halberg F (1979) Methods for 
cosinor-rhythmometry. Chronobiologia 6:305–323

	20.	 Pencina MJ, D’Agostino RBS, D’Agostino RBJ, Vasan RS (2008) 
Evaluating the added predictive ability of a new marker:from area 
under the ROC curve to reclassification and beyond. Stat Med 
27:157–172

	21.	 Pickering JW, Endre ZH (2012) New metrics for assessing diag-
nostic potential of candidate biomarkers. Clin J Am Soc Nephrol 
7:1355–1364

	22.	 Steyerberg EW, Vickers AJ, Cook NR, Gerds T, Gonen M, Obu-
chowski N, Pencina MJ, Kattan MW (2010) Assessing the perfor-
mance of prediction models a framework for traditional and novel 
measures. Epidemiology 21:128–138

	23.	 Shaffer F, Mccraty R, Zerr CL (2014) A healthy heart is not a 
metronome: an integrative review of the heart’s anatomy and heart 
rate variability. Front Psychol 5:1040

	24.	 Pagani M, Lombardi F, Guzzetti S, Sandrone G, Rimoldi O, Mal-
fatto G, Cerutti S, Malliani A (1984) Power spectral density of 
heart rate variability as an index of symptho-vagal interactions in 
normal and hypertensive subjects. J Hypertens Suppl 2:383–385

	25.	 Bas R, Vallverdú M, Valencia JF, Voss A, de Luna AB, Cami-
nal P (2015) Evaluation of acceleration and deceleration car-
diac processes using phase-rectified signal averaging in healthy 
and idiopathic dilated cardiomyopathy subjects. Med Eng Phys 
37:195–202

	26.	 Tagliaferri S, Fanelli A, Esposito G, Esposito FG, Magenes G, 
Signorini MG, Campanile M, Martinelli P (2015) Evaluation of 
the acceleration and deceleration phase-rectified slope to detect 
and improve IUGR clinical management. Comput Math Methods 
Med 2015:1–9

	27.	 Graatsma EM, Mulder EJ, Vasak B, Lobmaier SM, Pildner von 
Steinburg S, Schneider KT, Schmidt G, Visser GH (2012) Average 
acceleration and deceleration capacity of fetal heart rate in normal 
pregnancy and in pregnancies complicated by fetal growth restric-
tion. J Matern Fetal Neonatal Med 25:2517–2522

	28.	 Nasari Junior O, Benchimol-Barbosa PR, Pedrosa RC, Nadal J 
(2015) Assessment of autonomic function by phase rectification 
of RR interval histogram analysis in Chagas disease. Arq Bras 
Cardiol 104:450–455

	29.	 Xu YH, Wang XD, Yang JJ, Zhou L, Pan YC (2016) Changes of 
deceleration and acceleration capacity of heart rate in patients 

with acute hemispheric ischemic stroke. Clin Interv Aging 
11:293–298

	30.	 Buzea CA, Dan GA, Dan AR, Delcea C, Balea MI, Gologanu D, 
Popescu RA, Dobranici M (2017) Deceleration and acceleration 
capacities in risk stratification for arrhythmias in patients with 
chronic obstructive pulmonary disease. Am J Ther 24:e44

	31.	 Lotufo PA, Valiengo L, Benseñor IM, Brunoni AR (2012) A 
systematic review and meta-analysis of heart rate variability in 
epilepsy and antiepileptic drugs. Epilepsia 53:272–282

	32.	 Tomson T, Ericson M, Ihrman C, Lindblad LE (1998) Heart rate 
variability in patients with epilepsy. Epilepsy Res 30:77–83

	33.	 El-Sayed HL, Kotby AA, Tomoum HY, El-Hadidi ES, El Behery 
SE, El-Ganzory AM (2007) Non-invasive assessment of cardi-
oregulatory autonomic functions in children with epilepsy. Acta 
Neurol Scand 115:377–384

	34.	 Shobha N, Satishchandra P, Sathyaprabha TN, Udupa K (2007) 
A study of interictal cardiac autonomic functions in patients with 
refractory complex partial epilepsy secondary to medial lobe 
pathology: before and after surgery. Neurol Asia 12:69–70

	35.	 Massetani R, Strata G, Galli R, Gori S, Gneri C, Limbruno U, 
Di Santo D, Mariani M, Murri L (1997) Alteration of cardiac 
function in patients with temporal lobe epilepsy: different roles 
of EEG-ECG monitoring and spectral analysis of RR variability. 
Epilepsia 38:363–369

	36.	 Ansakorpi H, Korpelainen JT, Suominen K, Tolonen U, Myl-
lylä VV, Isojärvi JI (1998) Interictal cardiovascular autonomic 
responses in patients with epilepsy. Epilepsia 39:420–426

	37.	 Ansakorpi H, Korpelainen JT, Huikuri HV, Tolonen U, Myllylä 
VV, Isojärvi JI (2002) Heart rate dynamics in refractory and well 
controlled temporal lobe epilepsy. J Neurol Neurosurg Psychiatry 
72:26–30

	38.	 Ronkainen E, Ansakorpi H, Huikuri HV, Myllylä VV, Isojärvi JI, 
Korpelainen JT (2005) Suppressed circadian heart rate dynam-
ics in temporal lobe epilepsy. J Neurol Neurosurg Psychiatry 
76:1382–1386

	39.	 Dutsch M, Hilz MJ, Devinsky O (2006) Impaired baroreflex func-
tion in temporal lobe epilepsy. J Neurol 253:1300–1308

	40.	 Evrengül H, Tanriverdi H, Dursunoglu D, Kaftan A, Kuru O, Unlu 
U, Kilic M (2005) Time and frequency domain analyses of heart 
rate variability in patients with epilepsy. Epilepsy Res 63:131–139

	41.	 Harnod T, Yang CC, Hsin YL, Shieh KR, Wang PJ, Kuo TB 
(2008) Heart rate variability in children with refractory general-
ized epilepsy. Seizure 17:297–301

	42.	 Pan Q, Zhou GZ, Wang RF, Yu YH, Li F, Fang LP, Yan J, Ning 
GM (2016) The degree of heart rate asymmetry is crucial for the 
validity of the deceleration and acceleration capacity indices of 
heart rate: a model-based study. Comput Biol Med 76:39–49

	43.	 Hofstra WA, deWeerd AW (2009) The circadian rhythm and its 
interaction with human epilepsy: a review of literature. Sleep Med 
Rev 13:413–420

	44.	 Persson H, Kumlien E, Ericson M, Tomson T (2007) Circadian 
variation in heart rate variability in localization-related epilepsy. 
Epilepsia 48:917–922

	45.	 Sivakumar SS, Namath AG, Tuxhorn IE, Lewis SJ, Galán RF 
(2016) Decreased heart rate and enhanced sinus arrhythmia during 
interictal sleep demonstrate autonomic imbalance in generalized 
epilepsy. J Neurophysiol 115:1988–1999

	46.	 Lin Z, Si Q, Xiaoyi Z (2017) Obstructive sleep apnoea in patients 
with epilepsy: a meta-analysis. Sleep Breath 21:263–270


	Deceleration and acceleration capacities of heart rate in patients with drug-resistant epilepsy
	Abstract
	Objective 
	Methods 
	Results 
	Interpretation 

	Introduction
	Method
	Participants
	ECG recording and pre-processing
	DC and AC calculations
	Traditional linear HRV analysis
	Statistical analysis

	Results
	Study population
	DC, AC and traditional HRV parameters
	24-h rhythms of the DC and AC
	ROC curve analysis

	Discussion
	Conclusion
	Acknowledgements 
	References




