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Abstract
Background: Sudden unexpected death in epilepsy (SUDEP) is a sudden, unexpected 
death in people with epilepsy, with or without evidence of an epileptic seizure. The 
pathophysiological mechanism underlying SUDEP appears to be partly associated with 
an autonomic nervous system (ANS) dysfunction. Heart rate variability (HRV) analysis is 
a reliable, non- invasive method for detecting fluctuations in the ANS. In this systematic 
review we analyzed the data available in the literature on changes in HRV parameters in 
patients with SUDEP.
Methods: We carried out a systematic search of the literature to identify the quantitative 
variations of HRV in epileptic patients with SUDEP. The following databases were used: 
Pubmed, Google Scholar, EMBASE, and CrossRef. A pooled analysis was carried out, and 
the results obtained were compared using mean difference (MD). The review was regis-
tered on the PROSPERO platform (CRD42021291586).
Results: Seven articles were included, with a total of 72 SUDEP cases associated with 
altered HRV parameters. Generally, a reduction of SDNN (standard deviation of the RR 
intervals) and RMSSD (root mean square differences of successive RR intervals) was re-
ported in most SUDEP patients. According to MD, the SUDEP patients showed no differ-
ences in time and frequency domain parameters compared to controls. However, a trend 
toward increased low frequency and high frequency ratio (LF/HF) was observed in the 
SUDEP patients.
Conclusions: HRV analysis is a valuable method for assessing cardiovascular risk and car-
dioautonomic impairment. Although a possible association between HRV variation and 
SUDEP has been reported, further studies are needed to assess the potential role of HRV 
modifications as a SUDEP biomarker.
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INTRODUC TION

Sudden unexpected death in epilepsy (SUDEP) refers to the death of 
seemingly healthy people with epilepsy (PwE), with or without the 
occurrence of a seizure [1]. The incidence of SUDEP in young adults 
(aged 20– 45 years) is 27 times higher than sudden death in the gen-
eral population [2,3]. Uncontrolled generalized tonic– clonic seizures 
(GTCS) are the most critical risk factor for SUDEP [4]. Epilepsy onset 
before 16 years of age and duration of disease longer than 15 years 
[4] are other well- known SUDEP risk factors [4- 6].

Little is known about the possible pathophysiological pathways 
underpinning SUDEP onset. According to the literature, autonomic 
nervous systems (ANS) imbalance –  leading to central hypoventi-
lation or cardiac dysrhythmia [7- 9] –  seems to play a pivotal role. 
Hence, evaluating ANS functioning in PwE should be mandatory, 
especially in those with a high risk of SUDEP [10,11]. Several non- 
invasive assessments can be carried out to that aim, including blood 
pressure and heart rate variation tests during postural changes, 
Valsalva maneuvre [12], sudomotor functioning testing [13], or heart 
rate variability (HRV) evaluation [10,11]. The latter is an easy- to- 
make index of cardiac autonomic control [14]. It can be calculated 
on the basis of electrocardiogram (ECG) derivations of a standard 
electroencephalogram (EEG) recording [15]. The HRV represents the 
change in time intervals between successive heartbeats [16,17]. An 
increased HRV suggests vagal dominance over sympathetic com-
ponents, while a decreased HRV reflects a reduced vagal output 
[14,18].

According to the literature, the decrease in HRV is associ-
ated with a higher risk of death for cardiovascular [19,20] and 

non- cardiovascular causes [21- 25]. Recently, HRV has been evalu-
ated in the SUDEP population with inconclusive results. Even though 
a decreased HRV has been shown to correlate with other SUDEP 
risk factors [26,27], some reports show that an increased HRV may 
also be associated with SUDEP [28]. Thus, the possible role of HRV 
evaluation in SUDEP risk management and prediction has yet to be 
understood.

This systematic review aims to analyze the available data on HRV 
parameter changes in patients with SUDEP underlying the possible 
role of HRV modification as a SUDEP predictive factor.

METHODS

Searching strategy and review organization

The research question was expressed according to the PICOS 
(Population, Intervention, Comparison and Outcomes) criteria 
(Table S1). In particular, we compared HRV parameters pooled data 
between SUDEP and pharmacoresistant epilepsy cohorts. In addi-
tion, we collected data regarding demographics, epilepsy and sei-
zure type, epilepsy etiology as well as epilepsy treatment in patients 
who died of SUDEP.

Results of this systematic review have been reported follow-
ing the guidelines of the Preferred Reporting Items for Systematic 
Reviews and Meta- Analyses (PRISMA) statement.

Two authors (G.E., F.D.) independently searched from the first 
date available up to January 2022 using the following syntax: 
(“SUDEP” OR “Sudden unexpected death in epilepsy”) AND (“HRV” 

TA B L E  1  Articles included in the systematic review.

Authors (year)
SUDEP 
patients

Control 
patients

HRV analysis (time 
interval)

HRV analysis 
parameters

HRV during 
wake and 
sleep

Included in the 
pooled data analysis

Surges et al. (2009) 7 7 Long- lasting
(1 h)

Mean RR, SDNN, 
RMSSD, LF/HF

Yes Yes

Rauscher et al. (2011) 1 0 Long- lasting
(1 h)

SDNN, RMSSD, LF, HF, 
LF/HF

Yes Yes

Jeppesen et al. (2014) 1 9 Short- lasting
(30 min)

SDNN, RMSSD, 
pNN50, LF, HF, 
LF/HF

Yes Yes

Lacuey et al. (2016) 2 0 Short- lasting
(5 min)

Mean RR, LF/HF No Yes

Myers et al. (2018) 10 40 Short- lasting
(5 min)

Mean RR, SDNN, 
RMSSD, pNN50

Yes No

Szurhaj et al. (2021) 20 20 Ultra short- lasting
(2 min)

SDNN, RMSSD, LF/HF No No

Sivathamboo et al. 
(2021)

31 56 Short- lasting (5 min) SDNN, RMSSD, LF, HF Yes No

Abbreviations: HF, high frequency; HRV, heart rate variability; LF, low frequency; LF/HF, low frequency/high frequency ratio; Mean RR, mean 
of successive RR intervals; pNN50, the proportion of successive RR intervals (NN) that differ by more than 50 ms divided by the total number of 
NN intervals; RMSSD, root mean square differences of successive RR intervals; SDNN, standard deviation of the RR intervals; SUDEP, sudden 
unexpected death in epilepsy.

 14681331, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.15792 by U

ni C
hieti Pescarale, W

iley O
nline L

ibrary on [13/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2124  |     EVANGELISTA et al.

OR “heart rate variability variability”). The following electronic da-
tabases and data sources were systematically searched: MEDLINE 
(accessed through PubMed), EMBASE, and Google Scholar.

As per the inclusion criteria, we selected articles written in 
English and studies that reported at least one HRV parameter mea-
surement. Hence, for each included study we evaluated the con-
sistency of HRV parameter changes, comparing SUDEP cases and 
respective controls. For the pooled data analysis we considered arti-
cles that reported HRV measurements expressed in mean ± standard 
deviation (SD).

We performed individual and comprehensive quality assess-
ments for each study, looking for selection bias (i.e., whether 
the diagnostic methods for epilepsy patients were described 
and the matching of controls was adequate) and measurement 
bias (i.e., whether HRV analysis was performed according to the 
European Society of Cardiology and the North American Society 
of Pacing and Electrophysiology Task Force guideline). The qual-
ity of studies included in the meta- analysis was assessed using 
the Newcastle- Ottawa Quality Assessment Scale (NOS), which 
ranges from 0 to 9. Studies scoring ≥5 were regarded as having 
good quality [29]. Seven reviewers (G.E., F.D., S.C., J.L., F.A., C.C., 
C.V., S.L.S.) independently screened the retrieved articles for in-
clusion. Disagreements were collegially discussed and resolved. 
Data were extracted on a digital spreadsheet. The entire list of 
variables used for statistical analysis and missing data is reported 
in Table S2.

We extracted and collected the following patients' data: age, 
sex, comorbidity (Yes or No), SUDEP classification (definite, possi-
ble, probable, none) [30], SUDEP risk score [26], seizure semiology, 
seizure frequency, seizure etiology, epilepsy syndrome diagnosis, 
anti- seizure medication (ASM) therapy (number and type), surgery 
of epilepsy (Yes or No), vagal nerve stimulation (Yes or No), HRV re-
cording methods (long- lasting or short- lasting recording, acquisition 
during wake or sleep state), HRV parameters analyzed. If available, 
data on HRV during sleep were also collected.

The final study protocol was registered in the PROSPERO interna-
tional prospective register of systematic reviews (https://www.crd.
york.ac.uk/PROSP ERO/, registration number CRD42021291586).

Statistics

For statistical analysis we considered only the studies that evalu-
ated HRV in a resting state condition according to the European 
Society of Cardiology and the North American Society of Pacing 
and Electrophysiology Task Force's guideline [14] and reporting re-
sults as absolute values and/or mean ± SD. We performed a pooled 
analysis using descriptive statistics (mean ± SD, frequency) to depict 
the pooled dataset. We compared HRV parameters between the 
SUDEP- group and the Control- group using pooled mean difference 
(MD) comparison [31]. The level of significance was p < 0.05. Cases 
with insufficient information were not included in the statistical 
analysis. Data were analyzed using IBM SPSS™.

RESULTS

Literature search

The literature search yielded 1180 articles (MEDLINE: 128 results; 
Google Scholar: 853; EMBASE: 126; other sources: 73). Of the 1180 
records screened, the full texts of 31 articles were reviewed for eligi-
bility. Of these, 24 articles were excluded (see Table S3 for exclusion 
reasons). Only seven retrospective studies (five case– control studies 
and two case reports) fulfilled the selection criteria and accessed the 
following steps (Figure 1) [29,33- 38].

The quality assessment revealed that the risk of selection bias 
was low as almost all studies used age-  and gender- matched con-
trols. All of them had confirmed epilepsy diagnosis according to 
International League Against Epilepsy (ILAE) criteria. Measurement 

TA B L E  2  Demographics and clinical data.

Parameter

SUDEP

(n = 72)

Age (years) 33.1 ± 11.6

Sex (M) 37

Seizure types

Focal 25 (35%)

Focal- to- bilateral 19 (26%)

Tonic– clonic 9 (13%)

Not available 19 (26%)

Epilepsy types

TLE 21 (29.2%)

FLE 3 (4.2%)

IGE 3 (4.2%)

Not available 36 (50%)

Epilepsy syndrome

Dravet syndrome 9 (13%)

Etiology

Unknown etiology 28 (39.9%)

Known etiology 44 (61.1%)

Genetic 13

Structural 31

Drug- resistant

Yes 64 (88.9%)

No 8 (11.1%)

Vagal nerve stimulation

Yes 2 (2.8%)

No 70 (97.2%)

Surgical treatment

No 64 (88.9%)

Yes 8 (11.1%)

Abbreviations: FLE, frontal lobe epilepsy; IGE, idiopathic generalized 
epilepsy; M, male; SUDEP, sudden unexpected death in epilepsy; TLE, 
temporal lobe epilepsy.
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bias evaluation showed that all the studies performed HRV anal-
ysis according to the international criteria [14]. According to the 
NOS, five articles reviewed were scored 5, one article was scored 
4, and one article was scored 3 (detailed score results are shown in 
Table S4).

Details of the included articles are reported in Table 1.

Demographics and clinical features

Data of 72 patients who died of SUDEP (37 males, mean age: 
33.1 ± 11.6 years) were extrapolated from the included studies. 
SUDEP diagnosis was made according to ILAE diagnostic criteria in 
all cases [31]. Diagnosis of possible or definite SUDEP was made in 
64 cases (64/72, 88.9%). The SUDEP- 7 inventory was evaluated be-
fore SUDEP occurrence in just one study [37] showing a high score, 
which was related to increase risk of mortality.

TA B L E  3  Heart rate variability analysis and electrocardiogram 
recording methods.

Parameter

SUDEP

(n = 72)

ECG recording

Ultra- short- term 20 (27.8%)

Short- term 44 (61.1%)

Long- term 8 (11.1%)

HRV during awake and sleep

Yes 50 (69%)

No 22 (31%)

HRV analysis parameters

Both time and frequency domain 62 (86.1%)

Only time domain 10 (13.9%)

Abbreviations: ECG, electrocardiogram; HRV, heart rate variability; 
SUDEP, sudden unexpected death in epilepsy.

F I G U R E  1  Preferred Reporting Items for Systematic Reviews and Meta- Analyses (PRISMA) diagram describing the literature search; 1180 
records were screened from which seven articles (two case reports and five retrospective studies) were selected. HRV, heart rate variability; 
SUDEP, sudden unexpected death in epilespy.
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According to seizure type, 25 patients (25/72, 35%) had 
only focal seizure, 19 patients (19/72, 26%) presented focal and 
focal- to- bilateral seizures, whereas nine patients (9/72, 13%) had 
 tonic– clonic generalized seizures. Temporal lobe epilepsy (TLE) 
(21/72, 29.2%) was the most common epilepsy type reported, 
 followed by frontal lobe epilepsy (FLE) (3/72, 4.2%) and idio-
pathic generalized epilepsy (IGE) (3/72, 4.2%). Dravet syndrome 
(9/72, 13%) with SCN1A mutation was the only epilepsy syn-
drome described associated with SUDEP. Epilepsy etiology was 
described in 44 patients, with 13 patients with a genetic etiology 
(13/72, 18.1%) and 31 patients with a structural etiology (31/72, 
43.1%).

Sixty- four patients (64/72, 88.9%) showed a pharmacoresis-
tant epilepsy. Specific information about patients' treatment were 
available in three studies [33,37,38]. A total of 24 patients (24/72, 
33.3%) were treated with sodium channel blockers (i.e., lacosamide, 
carbamazepine, or phenytoin). Eight patients (8/72, 11.1%) under-
went surgical treatment of epilepsy. Two patients (2/72, 2.8%) 
were treated with vagal nerve stimulation (VNS).

No information was reported about the past medical history of 
endocrine disorders, metabolic deficits, uremia, or any other known 
disease that could have affected autonomic functions, including 
sleep- related apnea.

Demographics and data on past medical history are summarized 
in Table 2.

HRV analysis methods

ECG recording and data length

In all the reviewed studies, ECG recordings were obtained through 
an EEG + ECG integrated system which consisted of a 21- lead EEG 
recording and an associated 1- lead ECG system. Only in one pa-
tient was HRV analysis performed over an ECG with a simultaneous 
stereo- EEG + ECG recording. Generally, if multiple EEG + ECG re-
cordings were available, the one with the best ECG data quality was 
chosen. In all but one study [34], HRV analysis was performed in a 
resting- state condition (i.e., patients lying on the bed with a normal 
breathing rate).

The time interval between the EEG + ECG recording and SUDEP 
occurrence was reported in 34 patients (47.2%). Only in one patient 
was HRV analysis performed on an EEG + ECG recorded concomi-
tantly SUDEP occurrence [28]. In most cases, HRV analysis was per-
formed on the last EEG + ECG recording available (median: 730 days 
before SUDEP occurrence, IQR: 365– 2007). HRV analysis was per-
formed on less than 5 min of ECG recording (i.e., ultra short- term 
recordings) in 20 patients (27.8%), on 5 min of ECG recording (i.e., 
short- term recordings) in 44 patients (88.9%), whereas only in eight 
patients (11.1%) HRV data were calculated over longer ECG record-
ings. In 50 patients (69.4%), HRV parameters were evaluated during 
wake and sleep periods.

Details of ECG recordings are reported in Table 3.TA
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HRV analysis parameters

HRV analysis during wake was made according to both time and fre-
quency domain parameters in 62 patients (86.1%). In contrast, only 
a time- domain analysis was performed in the remaining 10 patients 
(13.9%). In particular, the most reported time- domain parameters 
were the standard deviation of the RR intervals (SDNN, 97.2%), the 
root mean square differences of successive RR intervals (RMSSD, 
97.2%), and the mean of successive RR intervals in milliseconds (ms) 
(Mean RR, 26.4%). Moreover, the main frequency domain param-
eter was the low frequency/high frequency ratio (LF/HF, 43.1%). 
Nonlinear analysis was performed in only one patient (1.4%).

HRV analysis during sleep was made according to time and 
frequency domain parameters in 40 patients (55.6%). In contrast, 
only a time- domain analysis was performed in 10 patients (13.9%). 
As in the waking state, the most reported parameters were the 
SDNN (50/72, 69.4%), RMSSD (50/72, 69.4%), and Mean RR 
(18/72, 25%) for the time domain, and LF/HF (40/72, 55.6%) for 
the frequency domain. Nonlinear analysis was performed in only 
one patient (1.4%).

Summary of HRV modification in case– control studies

To assess how consistent changes in HRV were associated with 
SUDEP, we summarized the mean modification of the most frequently 
reported HRV parameters (see Section ‘HRV analysis parameters’), 
comparing SUDEP cases with respective controls (Table 4). According 
to the single included studies, even if no statistical differences were 
reported in all the explored HRV parameters, a trend toward a reduc-
tion of SDNN, RMSSD, and LF/HF during the wake phase as well as 
a reduction of Mean RR, SDNN, RMSSD, and increased LF/HF during 
the sleep state were reported in most of the SUDEP population.

It has to be acknowledged that the control groups in the included 
studies showed some inconstancies (i.e., epilepsy and seizure type as 

well as diagnosis of pharmacoresistant epilepsy), which may impair 
the significance of this comparison.

HRV pooled analysis

According to the inclusion criteria (see Methods Section), only four 
articles [29,35,37,38] (two case reports and two case– control stud-
ies) were included in the pooled analysis, which enrolled 11 patients 
who died of SUDEP (four patients with defined and seven patients 
with probable diagnosis) and 16 controls. Controls patients in the 
included studies showed a remarkable consistency according to de-
mographics, seizure type, and pharmacoresistant epilepsy.

Due to the heterogeneity of the HRV parameters analyzed in the 
included studies, we considered only those parameters explored in 
a consistent number of patients, as reported in the Section ‘HRV 
analysis parameters’.

According to HRV analysis performed during the awake sta-
tus, no differences between SUDEP subjects and controls were 
observed in terms of Mean RR (p- value = 0.679), SDNN (p- 
value = 0.9179), and RMSSD (p- value = 0.570). A non- significant 
trend toward an increased LF/HF (p- value = 0.154) was observed in 
the SUDEP group. No significant differences between groups were 
detected during the sleep either for Mean RR (p- value = 0.564), 
SDNN (p- value = 0.722), or RMSSD (p- value = 0.994). Also in this 
case, a trend of increased LF/HF (p- value = 0.24) was reported in 
the SUDEP group.

HRV pooled analyses are summarized in Table 5.

DISCUSSION

In the present review, we collected clinical and HRV data of 72 pa-
tients who died of SUDEP. In line with the current literature [2], most 
of the patients who developed SUDEP were male and presented 

TA B L E  5  Heart rate variability analysis during wake and sleep according to groups.

Parameter SUDEP (mean ± SD) n
Controls 
(mean ± SD) n β ± SEβ

Pooled 
comparison 
p- value

Mean RR wake (ms) 830.41 ± 150.41 9 799 ± 143.81 7 −31.41 ± 74.39 0.679

SDNN wake (ms) 71.8 ± 21.24 9 76.64 ± 24.89 11 4.84 ± 10.49 0.917

RMSSD wake (ms) 42.88 ± 23.53 9 48.92 ± 22.99 11 6.04 ± 10.44 0.570

LF/HF wake 4.27 ± 2.45 11 2.93 ± 1.73 11 −1.34 ± 0.90 0.154

Mean RR sleep (ms) 936 ± 172.08 7 994 ± 193 7 58 ± 97.73 0.564

SDNN sleep (ms) 77.27 ± 51.29 8 84.31 ± 44.49 16 7.04 ± 19.57 0.722

RMSSD sleep (ms) 52.99 ± 53.17 8 52.82 ± 55.96 16 −0.17 ± 22.92 0.994

LF/HF sleep 3.03 ± 0.81 3 1.97 ± 1.46 16 −1.06 ± 0.88 0.245

Note: Mean ± SD, β ± SEβ for the mean differences.
Abbreviations: LF/HF, low frequency/high frequency ratio; Mean RR, mean of successive RR intervals; RMSSD, root mean square differences of 
successive RR intervals; SDNN, standard deviation of the RR intervals; SD, standard deviation; SE, standard error; SUDEP, sudden unexpected death 
in epilepsy.
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with pharmacoresistant epilepsy. Surprisingly, our data highlight that 
a great number of patients in the SUDEP group showed only focal 
seizures in the context of TLE. These data are intriguing if we con-
sider the pivotal role of the temporal lobe in the central autonomic 
network [39] –  a system encompassing cortical, midbrain, and brain-
stem areas involved in the central control of autonomic functions 
–  and may support autonomic dysfunction as a major cause leading 
to SUDEP occurrence.

According to our results, patients in SUDEP cohorts hardly 
ever underwent surgical treatment or VNS therapy. Surgical and 
neurostimulation approaches are fundamental in pharmacoresis-
tant focal epilepsy and may help patients in achieving a reduction 
of seizure frequency as well as seizure freedom. Generally, non- 
eligibility to these procedures may be related to several factors 
including the epilepsy type and etiology, the localization of the 
seizure onset zone, the concomitant comorbidities, or the low ac-
cess to specialized neurosurgical epilepsy centers. However, it was 
not possible to ascertain the reason a low rate of such procedures 
was detected.

It has to be pointed out that the demographics and clinical char-
acteristics described in the SUDEP population present a strong se-
lection bias given the fact that these data only refer to patients who 
underwent HRV evaluation.

With regard to HRV parameters evaluation, our data show 
that patients who died of SUDEP did not present any differences 
compared to surviving patients with pharmacoresistant epilepsy. 
However, our meta- analysis shows a trend towards an increased LF/
HF in both the wake and sleep state in the SUDEP group. The physi-
ological origin underpinning the LF/HF ratio has been the subject of 
debate in recent years. Indeed, the LF/HF ratio has been considered 
for a long time a reliable substitute measure of the cardiac autonomic 
balance [39- 41] even though more recent evidence rejected its va-
lidity as a sympathovagal balance index [42]. However, several stud-
ies have reported that this index has prognostic value regarding the 
mortality risk due to cardiovascular [19,20] or non- cardiovascular 
causes [21- 25]. Even though the LF/HF ratio may represent a possi-
ble index to identify patients with a higher risk of SUDEP, no major 
conclusion can be drawn on the basis of the available evidence.

Furthermore, the summary of HRV modification between SUDEP 
and controls, according to the current literature, highlighted a trend 
towards a reduction of Mean RR, SDNN, and RMSSD during wake 
and sleep phases in the SUDEP population. According to the litera-
ture, SDNN and RMSSD are reliable indexes of cardiovagal compo-
nents [43]. A reduced cardiovagal output increases the risk of death 
for cardiovascular and non- cardiovascular causes. In addition, a re-
duction of RMSSD, pNN50 (the proportion of successive RR inter-
vals [NN] that differ by more than 50 ms divided by the total number 
of NN intervals), and SDNN have been associated with higher values 
in the SUDEP- 7 score [10,27,44]. Thus, this evidence supports the 
possible cardioautonomic imbalance in patients who died of SUDEP.

A major result of our systematic review is the significant inho-
mogeneity among the measures and reports on HRV analyses in 
SUDEP cohorts. This finding is noteworthy since the heterogeneity 

can profoundly affect our understanding of the cardio- autonomic 
alterations, which may have a substantial role in SUDEP prediction. 
For this reason, the present article is not only aimed at highlight-
ing methodological biases but also prompts suggestions to achieve 
better standardization of procedures and improve the reliability of 
future studies on this topic.

Time interval between ECG recordings and SUDEP

The time interval between SUDEP occurrence and the referral 
EEG + ECG recording used for the HRV analysis varied consistently 
in the included studies. The EEG + ECG assessment, considered as 
“pre- mortem evaluation” was seldom performed during an adequate 
period (e.g., at most 1 month before the patient's death). Even 2- year 
pre- mortem recordings were considered reliable data to be evalu-
ated for research purposes. Furthermore, no studies performed a 
follow- up analysis, carrying out, even retrospectively, multiple and 
extended evaluations of HRV measurements over time in the exam-
ined patients. Indeed, the presence of an HRV worsening trajectory 
over the years in patients who died of SUDEP could enforce this 
method's prognostic and predicting value.

HRV parameters choice

Several parameters regarding time and frequency domains were an-
alyzed in the included studies. As a first issue, units of measurement 
of frequency domain parameters (i.e., absolute value expressed in 
ms2, or relative value expressed as a percentage or normalized unit) 
were not always specified. The correct interpretation of HRV fre-
quency domain parameters depends on the actual type of units of 
measurement. For example, HF only represents a reliable index of a 
cardiovagal component when expressed in absolute values (ms2). In 
contrast, its interpretation is questionable when expressed in rela-
tive values (percentage or normalized unit).

As a second issue, the choice of HRV parameters was rarely 
oriented to test a specific hypothesis (e.g., the modification of car-
diovagal balance in patients who died of SUDEP) rather than a ran-
dom presentation of variables without any underlying physiological 
meaning [43]. Indeed, it must be pointed out that the HRV modifi-
cations observed in the SUDEP group do not allow the possibility of 
drawing any conclusion about the possible cardiac sympathovagal 
imbalance or cardiovagal dysfunction in this population. Supporting 
this statement, HRV parameters more closely associated with the 
cardiovagal function (RMSSD, SDNN, pNN50, and HF) [39] did not 
differ between the two groups.

HRV circadian variation

It is well known that HRV exhibits circadian variations [45,46]. 
Autonomic activity shows a circadian rhythm with a predominance 
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of sympathetic tone during the day and a significant relative increase 
in vagal tone during the night and the first hours after awakening 
[45- 47]. According to the literature, adverse cardiovascular events 
show a clear circadian pattern, with maximal occurrence during the 
morning hours [48,49]. Indeed, there is a ∼ 40% higher incidence of 
acute myocardial infarction, sudden cardiac death, atrioventricular 
block, ventricular fibrillation, ventricular tachycardia, and ischemic 
events between 06:00 h and 12:00 h compared with the rest of the 
day [50]. In almost all the reviewed studies, there is no mention of 
the time of EEG- ECG recording in patients and controls. Recordings 
must be performed taking into consideration the circadian variation 
of HRV to avoid the misinterpretation of results between patients 
and controls due to physiological HRV variation.

Epilepsy- related factors and ASM impact on HRV

All the included studies generally did not focus on the possible influ-
ence of ASMs [52] or certain epilepsy- related factors (i.e., lateraliza-
tion of the epileptic focus) [53] on HRV analysis.

The influence of ASM on HRV has been frequently stressed in the 
current literature [52]. Some ASMs can modify HRV and be associ-
ated with developing cardiac conduction abnormalities and arrhyth-
mias. Supporting this evidence, some studies showed that sodium 
channel blockers such as carbamazepine and phenytoin could lead to 
autonomic impairment and HRV modifications [54]. However, of all 
the included studies, only four [29,33,37,38] reported details about 
specific ASM regimens and performed a subgroup analysis to shed 
light on the possible correlation between the administration of cer-
tain ASMs and HRV worsening.

The possible influence of the specific localization of the epilep-
tic focus in patients with TLE on HRV modifications represents a 
second pitfall. In fact, according to the literature [53], the right lo-
calization of the epileptic focus may reduce the HRV and the vagal 
output. Hence, more details are needed to correctly interpret the 
HRV modifications in the SUDEP cohort.

CONCLUSIONS

HRV analysis is a valuable method for assessing cardiovascular 
risk and cardioautonomic impairment. The autonomic imbalance 
may play a pivotal role in SUDEP occurrence. Although a possi-
ble association between HRV changes and SUDEP risk has been 
reported, the exact mechanism remains unclear. In our study, we 
show a trend towards an increased LF/HF ratio both in wake and 
sleep states in the SUDEP group; these findings could be inter-
preted as a potential new biomarker useful in clinical practice for 
SUDEP risk stratification. However, there is still no common strat-
egy in the analysis and recording of EEG- ECG for HRV calculation. 
Hence, although a possible association between HRV changes and 
SUDEP occurrence has been reported, caution should be paid in 
interpreting these data considering some methodological issues. 

The possible correlation between HRV changes and SUDEP could 
guide the choice of ASM, as some drugs significantly affect HRV 
[52,55]. Future studies should be performed with more rigorous 
methods to better understand the predictive value of HRV modifi-
cations over SUDEP occurrence.

AUTHOR CONTRIBUTIONS
G.E. and F.D. contributed to the conception and design of the study. 
G.E., F.D., and S.C. organized the database. C.V. performed the 
statistical analysis. G.E., F.D., and S.L.S. wrote the manuscript. All 
authors contributed to manuscript revisions and approved the sub-
mitted version.

FUNDING INFORMATION
This work has been supported by the following non- profit agen-
cies: Italian Department of Health (RF- 2013– 02358785 and NET- 
2011- 02346784- 1), the AIRAlzh Onlus (ANCC- COOP), European 
Union's Horizon 2020 research and innovation programme under 
the Marie Skłodowska- Curie grant agreement iMIND (grant number 
84166), the Alzheimer's Association –  Part the Cloud: Translational 
Research Funding for Alzheimer's Disease (18PTC- 19- 602325), and 
the Alzheimer's Association –  GAAIN Exploration to Evaluate Novel 
Alzheimer's Queries (GEENA- Q- 19- 596282).

CONFLIC T OF INTERE S T S TATEMENT
None of the authors has any conflict of interest to disclose.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon request.

E THIC AL APPROVAL
We confirm that we have read the Journal's position on issues in-
volved in ethical publication and affirm that this article is consistent 
with those guidelines.

ORCID
Giacomo Evangelista  https://orcid.org/0000-0002-1828-5345 
Stefano Consoli  https://orcid.org/0000-0003-2523-4578 
Jacopo Lanzone  https://orcid.org/0000-0001-7217-6281 
Mirella Russo  https://orcid.org/0000-0002-9937-5923 
Francesca Anzellotti  https://orcid.org/0000-0002-5150-604X 
Marco Onofrj  https://orcid.org/0000-0002-0480-2495 
Catello Vollono  https://orcid.org/0000-0001-9371-8035 
Stefano L. Sensi  https://orcid.org/0000-0002-0710-2574 

R E FE R E N C E S
 1. Shorvon S, Tomson T. Sudden unexpected death in epilepsy. Lancet. 

2011;378(9808):2028- 2038. doi:10.1016/S0140- 6736(11)60176- 1
 2. Devinsky O, Hesdorffer DC, Thurman DJ, Lhatoo S, Richerson 

G. Sudden unexpected death in epilepsy: epidemiology, mech-
anisms, and prevention. Lancet Neurol. 2016;15(10):1075- 1088. 
doi:10.1016/S1474- 4422(16)30158- 2

 14681331, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.15792 by U

ni C
hieti Pescarale, W

iley O
nline L

ibrary on [13/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-1828-5345
https://orcid.org/0000-0002-1828-5345
https://orcid.org/0000-0003-2523-4578
https://orcid.org/0000-0003-2523-4578
https://orcid.org/0000-0001-7217-6281
https://orcid.org/0000-0001-7217-6281
https://orcid.org/0000-0002-9937-5923
https://orcid.org/0000-0002-9937-5923
https://orcid.org/0000-0002-5150-604X
https://orcid.org/0000-0002-5150-604X
https://orcid.org/0000-0002-0480-2495
https://orcid.org/0000-0002-0480-2495
https://orcid.org/0000-0001-9371-8035
https://orcid.org/0000-0001-9371-8035
https://orcid.org/0000-0002-0710-2574
https://orcid.org/0000-0002-0710-2574
https://doi.org//10.1016/S0140-6736(11)60176-1
https://doi.org//10.1016/S1474-4422(16)30158-2


2130  |     EVANGELISTA et al.

 3. Tomson T. Mortality in epilepsy. J Neurol. 2000;247(1):15- 21. 
doi:10.1007/s004150050004

 4. Tomson T, Walczak T, Sillanpaa M, Sander JW. Sudden un-
expected death in epilepsy: a review of incidence 
and risk factors. Epilepsia. 2005;46((Suppl 11)):54- 61. 
doi:10.1111/j.1528- 1167.2005.00411.x

 5. Sveinsson O, Andersson T, Mattsson P, Carlsson S, Tomson T. 
Clinical risk factors in SUDEP: a nationwide population- based 
case- control study [published correction appears in Neurology. 
2020 Mar 10;94(10):459]. Neurology. 2020;94(4):e419- e429. 
doi:10.1212/WNL.0000000000008741

 6. Sveinsson O, Andersson T, Mattsson P, Carlsson S, Tomson 
T. Pharmacologic treatment and SUDEP risk: a nationwide, 
population- based, case- control study. Neurology. 2020;95(18):e25
09- e2518. doi:10.1212/WNL.0000000000010874

 7. Hesdorffer DC, Tomson T, Benn E, et al. ILAE Commission on 
Epidemiology; Subcommission on Mortality. Combined analy-
sis of risk factors for SUDEP. Epilepsia. 2011;52(6):1150- 1159. 
doi:10.1111/j.1528- 1167.2010.02952.x

 8. Hou Y, Zhou Q, Po SS. Neuromodulation for cardiac arrhythmia. 
Heart Rhythm. 2016;13:584- 592. doi:10.1016/j.hrthm.2015.10.001

 9. Gould PA, Yii M, McLean C, et al. Evidence for increased 
atrial sympathetic innervation in persistent human atrial 
fibrillation. Pacing Clin Electrophysiol. 2006;29:821- 829. 
doi:10.1111/j.1540- 8159.2006.00447

 10. Marshall DW, Westmoreland BF, Sharbrough FW. Ictal tachycardia 
during temporal lobe seizures. Mayo Clin Proc. 1983;58:443- 446.

 11. Hamdy RM, Abdel- Tawab H, Abd Elaziz OH, Sobhy El Attar R, Kotb 
FM. Evaluation of heart rate variability parameters during awake 
and sleep in refractory and controlled epileptic patients. Int J Gen 
Med. 2022;15:3865- 3877. doi:10.2147/IJGM.S354895

 12. Health Research Authority. Heart rate variability (HRV) analysis in 
patients with epilepsy. Available from: https://www.hra.nhs.uk/
plann ing-and-impro ving-resea rch/appli cation-summa ries/resea 
rch-summa ries/heart-rate-varia bility-hrv-analy sis-in-patie nts-
with-epile psy/. Accessed September 23, 2021.

 13. Goldstein DS, Cheshire WP Jr. Beat- to- beat blood pressure and 
heart rate responses to the Valsalva maneuver. Clin Auton Res. 
2017;27(6):361- 367. doi:10.1007/s10286- 017- 0474- y

 14. Illigens BMW, Gibbons CH. Autonomic testing, methods and 
techniques. Handb Clin Neurol. 2019;160:419- 433. doi:10.1016/
B978- 0- 444- 64032- 1.00028- X

 15. Malik M, Bigger JT, Breithardt G, et al. Heart rate variability stan-
dards of measurement, physiological interpretation, and clinical 
use. Task Force of the European Society of Cardiology and the 
North American Society of Pacing and Electrophysiology. Eur Heart 
J. 1996;17:354- 381.

 16. Myers AK, Sivathamboo S, Perrucca P. Heart rate variability mea-
surement in epilepsy: how can we move from research to clinical 
practice? Epilepsia. 2018;59:2169- 2178. doi:10.1111/epi.14587

 17. Camm JA, Malik M, Bigger JT, et al. Heart rate variability: standards 
of measurement, physiological interpretation and clinical use. 
Circulation. 1996;93:1043- 1065.

 18. Akselrod S, Gordon D, Ubel AF, Shannon DC, Barger AC, Cohen 
RJ. Power spectrum analysis of heart rate fluctuation: a quan-
titative probe of beat- to- beat cardiovascular control. Science. 
1981;213:220- 222. doi:10.1126/science.6166045

 19. Chapleau MW, Sabharwal R. Methods of assessing vagus nerve 
activity and reflexes. Heart Fail Rev. 2011;16:109- 127. doi:10.1007/
s10741- 010- 9174- 6

 20. Kubota Y, Chen LY, Whitsel EA, Folsom AR. Heart rate variabil-
ity and lifetime risk of cardiovascular disease: the atherosclerosis 
risk in communities study. Ann Epidemiol. 2017;27(10):619- 625.e2. 
doi:10.1016/j.annepidem.2017.08.024

 21. Thayer JF, Yamamoto SS, Brosschot JF. The relationship of auto-
nomic imbalance, heart rate variability and cardiovascular disease 

risk factors. Int J Cardiol. 2010;141(2):122- 131. doi:10.1016/j.
ijcard.2009.09.543

 22. de Castilho FM, Ribeiro ALP, Nobre V, Barros G, de Sousa MR. 
Heart rate variability as predictor of mortality in sepsis: a system-
atic review. PLoS One. 2018;13(9):e0203487.

 23. Chang Y, Huang Y, Chen I, et al. Heart rate variability as an inde-
pendent predictor for 8- year mortality among chronic hemodialysis 
patients. Sci Rep. 2020;10:881.

 24. Tsuji H, Venditti FJ Jr, Manders ES, et al. Reduced heart rate vari-
ability and mortality risk in an elderly cohort. The Framingham 
Heart Study. Circulation. 1994;90(2):878- 883.

 25. Kuo G, Chen SW, Huang JY, et al. Short- term heart rate variabil-
ity as a predictor of long- term survival in patients with chronic 
hemodialysis: a prospective cohort study. J Formos Med Assoc. 
2018;117(12):1058- 1064.

 26. Chandra P, Sands RL, Gillespie BW, et al. Predictors of heart rate 
variability and its prognostic significance in chronic kidney disease. 
Nephrol Dial Transplant. 2012;27(2):700- 709.

 27. Novak JL, Miller PR, Markovic D, Meymandi SK, DeGiorgio CM. 
Risk assessment for sudden death in epilepsy: the SUDEP- 7 inven-
tory. Front Neurol. 2015;9(6):252. doi:10.3389/fneur.2015.00252

 28. DeGiorgio CM, Miller P, Meymandi S, et al. RMSSD, a measure of 
vagus- mediated heart rate variability, is associated with risk factors 
for SUDEP: the SUDEP- 7 inventory. Epilepsy Behav. 2010;19:78- 81. 
doi:10.1016/j.yebeh.2010.06.011

 29. Jeppesen J, Fuglsang- Frederiksen A, Brugada R, et al. Heart 
rate variability analysis indicates preictal parasympathetic over-
drive preceding seizure- induced cardiac dysrhythmias leading 
to sudden unexpected death in a patient with epilepsy. Epilepsia. 
2014;55(7):e67- e71. doi:10.1111/epi.12614

 30. Wells GA, Shea B, O'Connell D, et al. The Newcastle- Ottawa scale 
(NOS) for assessing the quality of nonrandomized studies in meta- 
analyses. Available from: URL: http://www.ohri.ca/progr ams/clini 
cal_epide miolo gy/oxford.htm

 31. Nashef L, So EL, Ryvlin P, Tomson T. Unifying the definitions of sud-
den unexpected death in epilepsy. Epilepsia. 2012;53(2):227- 233. 
doi:10.1111/j.1528- 1167.2011.03358.x

 32. Andrade C. Mean difference, standardized mean difference (SMD), 
and their use in meta- analysis: as simple as it gets. J Clin Psychiatry. 
2020;81(5):20f13681. doi:10.4088/JCP.20f13681

 33. Sivathamboo S, Friedman D, Laze J, et al. Association of short- 
term heart rate variability and sudden unexpected death in 
epilepsy. Neurology. 2021;97(24):e2357- e2367. doi:10.1212/
WNL.0000000000012946

 34. Szurhaj W, Leclancher A, Nica A, et al. Cardiac autonomic 
dysfunction and risk of sudden unexpected death in epi-
lepsy. Neurology. 2021;96(21):e2619- e2626. doi:10.1212/
WNL.0000000000011998

 35. Surges R, Henneberger C, Adjei P, Scott CA, Sander JW, Walker MC. 
Do alterations in inter- ictal heart rate variability predict sudden un-
expected death in epilepsy? Epilepsy Res. 2009;87(2– 3):277- 280. 
doi:10.1016/j.eplepsyres.2009.08.008

 36. Myers KA, Bello- Espinosa LE, Symonds JD, et al. Heart rate variabil-
ity in epilepsy: a potential biomarker of sudden unexpected death 
in epilepsy risk. Epilepsia. 2018;59(7):1372- 1380. doi:10.1111/
epi.14438

 37. Rauscher G, DeGiorgio AC, Miller PR, DeGiorgio CM. Sudden un-
expected death in epilepsy associated with progressive deteriora-
tion in heart rate variability. Epilepsy Behav. 2011;21(1):103- 105. 
doi:10.1016/j.yebeh.2011.03.002

 38. Lacuey N, Zonjy B, Theerannaew W, et al. Left- insular damage, 
autonomic instability, and sudden unexpected death in epilepsy. 
Epilepsy Behav. 2016;55:170- 173. doi:10.1016/j.yebeh.2015.12.009

 39. Benarroch EE. The central autonomic network: functional or-
ganization, dysfunction, and perspective. Mayo Clin Proc. 
1993;68(10):988- 1001.

 14681331, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.15792 by U

ni C
hieti Pescarale, W

iley O
nline L

ibrary on [13/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org//10.1007/s004150050004
https://doi.org//10.1111/j.1528-1167.2005.00411.x
https://doi.org//10.1212/WNL.0000000000008741
https://doi.org//10.1212/WNL.0000000000010874
https://doi.org//10.1111/j.1528-1167.2010.02952.x
https://doi.org//10.1016/j.hrthm.2015.10.001
https://doi.org//10.1111/j.1540-8159.2006.00447
https://doi.org//10.2147/IJGM.S354895
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/heart-rate-variability-hrv-analysis-in-patients-with-epilepsy/
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/heart-rate-variability-hrv-analysis-in-patients-with-epilepsy/
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/heart-rate-variability-hrv-analysis-in-patients-with-epilepsy/
https://www.hra.nhs.uk/planning-and-improving-research/application-summaries/research-summaries/heart-rate-variability-hrv-analysis-in-patients-with-epilepsy/
https://doi.org//10.1007/s10286-017-0474-y
https://doi.org//10.1016/B978-0-444-64032-1.00028-X
https://doi.org//10.1016/B978-0-444-64032-1.00028-X
https://doi.org//10.1111/epi.14587
https://doi.org//10.1126/science.6166045
https://doi.org//10.1007/s10741-010-9174-6
https://doi.org//10.1007/s10741-010-9174-6
https://doi.org//10.1016/j.annepidem.2017.08.024
https://doi.org//10.1016/j.ijcard.2009.09.543
https://doi.org//10.1016/j.ijcard.2009.09.543
https://doi.org//10.3389/fneur.2015.00252
https://doi.org//10.1016/j.yebeh.2010.06.011
https://doi.org//10.1111/epi.12614
http://www.ohri.ca/programs/clinical_epidemiology/oxford.htm
http://www.ohri.ca/programs/clinical_epidemiology/oxford.htm
https://doi.org//10.1111/j.1528-1167.2011.03358.x
https://doi.org//10.4088/JCP.20f13681
https://doi.org//10.1212/WNL.0000000000012946
https://doi.org//10.1212/WNL.0000000000012946
https://doi.org//10.1212/WNL.0000000000011998
https://doi.org//10.1212/WNL.0000000000011998
https://doi.org//10.1016/j.eplepsyres.2009.08.008
https://doi.org//10.1111/epi.14438
https://doi.org//10.1111/epi.14438
https://doi.org//10.1016/j.yebeh.2011.03.002
https://doi.org//10.1016/j.yebeh.2015.12.009


    |  2131HEART RATE VARIABILITY MODIFICATION IN EPILEPSY

 40. Pagani M, Lombardi F, Guzzetti S, et al. Power spectral density of 
heart rate variability as an index of symptho- vagal interactions in 
normal and hypertensive subjects. J Hypertens Suppl. 1984;2(3):S38
3- S385.

 41. Pagani M, Lombardi F, Guzzetti S, et al. Power spectral analy-
sis of heart rate and arterial pressure variabilities as a marker of 
sympatho- vagal interactions in man and conscious dog. Circ Res. 
1986;59:178- 193.

 42. Malliani A, Pagani M, Lombardi F, Cerutti S. Cardiovascular neu-
ral regulation explored in the frequency domain. Circulation. 
1991;84:482- 492.

 43. Martelli D, Silvani A, McAllen RM, May CN, Ramchandra R. The 
low frequency power of heart rate variability is neither a measure 
of cardiac sympathetic tone nor of baroreflex sensitivity. Am J 
Physiol Heart Circ Physiol. 2014;307(7):H1005- H1012. doi:10.1152/
ajpheart.00361.2014

 44. Laborde S, Mosley E, Thayer JF. Heart rate variability and cardiac 
vagal tone in psychophysiological research –  recommendations 
for experiment planning, data analysis, and data reporting. Front 
Psychol. 2017;8:213. doi:10.3389/fpsyg.2017.00213

 45. do Nascimento Vinholes L, Sousa da Silva A, Marinho Tassi E, Corrêa 
Borges de Lacerda G. Heart rate variability in frontal lobe epilepsy: 
association with SUDEP risk. Acta Neurol Scand. 2021;143(1):62- 70. 
doi:10.1111/ane.13330

 46. Malpas SC, Purdie GL. Circadian variation of heart rate variability. 
Cardiovasc Res. 1990;24(3):210- 213. doi:10.1093/cvr/24.3.210

 47. Massin MM, Maeyns K, Withofs N, Ravet F, Gérard P. Circadian 
rhythm of heart rate and heart rate variability. Arch Dis Child. 
2000;83(2):179- 182. doi:10.1136/adc.83.2.179

 48. Boudreau P, Yeh WH, Dumont GA, Boivin DB. Circadian variation of 
heart rate variability across sleep stages. Sleep. 2013;36(12):1919- 
1928. doi:10.5665/sleep.3230

 49. Morris CJ, Yang JN, Scheer FAJL. The impact of the circadian timing 
system on cardiovascular and metabolic function. Prog Brain Res. 
2012;199:337- 358. doi:10.1016/B978- 0- 444- 59427- 3.00019- 8

 50. Takeda N, Maemura K. Circadian clock and the onset of cardio-
vascular events. Hypertens Res. 2016;39(6):383- 390. doi:10.1038/
hr.2016.9

 51. Muller JE. Circadian variation in cardiovascular events. 
Am J Hypertens. 1999;12(2 Pt 2):35S- 42S. doi:10.1016/
s0895- 7061(98)00278- 7

 52. Lotufo PA, Valiengo L, Benseñor IM, Brunoni AR. A systematic re-
view and meta- analysis of heart rate variability in epilepsy and an-
tiepileptic drugs. Epilepsia. 2012;53(2):272- 282.

 53. Dono F, Evangelista G, Frazzini V, et al. Interictal heart rate vari-
ability analysis reveals lateralization of cardiac autonomic control 
in temporal lobe epilepsy. Front Neurol. 2020;11:842. doi:10.3389/
fneur.2020.00842

 54. Tomson T, Kennebäck G. Arrhythmia, heart rate variability, 
and antiepileptic drugs. Epilepsia. 1997;38(11 Suppl):S48- S51. 
doi:10.1111/j.1528- 1157.1997.tb06128.x

 55. Dono F, Evangelista G, Consoli S, et al. Perampanel enhances the 
cardiovagal tone and heart rate variability (HRV) in patients with 
drug- resistant temporal lobe epilepsy. Seizure. 2022;99:16- 23. 
doi:10.1016/j.seizure.2022.04.013

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Evangelista G, Dono F, Consoli S, 
et al. Heart rate variability modification as a predictive factor 
of sudden unexpected death in epilepsy: How far are we? A 
systematic review and meta- analysis. Eur J Neurol. 
2023;30:2122-2131. doi:10.1111/ene.15792

 14681331, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.15792 by U

ni C
hieti Pescarale, W

iley O
nline L

ibrary on [13/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org//10.1152/ajpheart.00361.2014
https://doi.org//10.1152/ajpheart.00361.2014
https://doi.org//10.3389/fpsyg.2017.00213
https://doi.org//10.1111/ane.13330
https://doi.org//10.1093/cvr/24.3.210
https://doi.org//10.1136/adc.83.2.179
https://doi.org//10.5665/sleep.3230
https://doi.org//10.1016/B978-0-444-59427-3.00019-8
https://doi.org//10.1038/hr.2016.9
https://doi.org//10.1038/hr.2016.9
https://doi.org//10.1016/s0895-7061(98)00278-7
https://doi.org//10.1016/s0895-7061(98)00278-7
https://doi.org//10.3389/fneur.2020.00842
https://doi.org//10.3389/fneur.2020.00842
https://doi.org//10.1111/j.1528-1157.1997.tb06128.x
https://doi.org//10.1016/j.seizure.2022.04.013
https://doi.org/10.1111/ene.15792


https://onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3A1ca68197-7fde-4cb6-b37a-3098058621e8&url=https%3A%2F%2Fad.doubleclick.net%2Fddm%2Fclk%2F562188017%3B371331745%3Bh&pubDoi=10.1111/ene.15792&viewOrigin=offlinePdf

	Heart rate variability modification as a predictive factor of sudden unexpected death in epilepsy: How far are we? A systematic review and meta-�analysis
	Abstract
	INTRODUCTION
	METHODS
	Searching strategy and review organization
	Statistics

	RESULTS
	Literature search
	Demographics and clinical features
	HRV analysis methods
	ECG recording and data length
	HRV analysis parameters

	Summary of HRV modification in case–�control studies
	HRV pooled analysis

	DISCUSSION
	Time interval between ECG recordings and SUDEP
	HRV parameters choice
	HRV circadian variation
	Epilepsy-�related factors and ASM impact on HRV

	CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICAL APPROVAL
	REFERENCES


