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Summary
Our objective was toritically evaluate the literature surrounding heart rate varialffigV) in
people with epilepsy, and to make recommendations as to how future research caodctee di
to facilitate and accelerate integration into clinical practidke reviewed relevantRV
publications including those involving human subjerith seizures HRV has been studied in
epilepsypatientsfor over 30 years andyerall, patients with epilepsy display altered interictal
HRV suggesting a shift in autonomic balance towards sympathetic dominance. This
derangement appears more sevetbasewith temporal lobe epilepsy and drugsistant
epilepsy. Normal diurnal variation KRV is also disturbed in at least sopwople with
epilepsy, butthis aspect has received less study. Some therapeutenimes, including vagal
nerve stimulation and angpileptic medications, magyartially normaliz altered HRV, but
studies in this area are sometimes contradictory. During seizures, the changes in HRV may be
complex, but;the general trend is towards a further increase in sympathetic overactivity.
Reseach in HRV in people with epilepsy has been limited by inconsistent experimental
protocols and'studies that are often underpowe measurement has the potential to aid
clinical epilepsy management in several possible ways. HRV may be useful in predicting which
patients are likely to benefit from surgical interventions such as vage stemulation and focal
cerebral reseetionAs well, HRV could eventually have utility as a biomarker of risk for sudden
unexpected-death in epilepsy. However, at present, the inconsistent measpretoeals used
in researehare hindering translation into clinical practice. A minimum prdmddRV
evaluation, to'he used in all studies involving epilepsy patients, is necessary in order to
eventually allonHRV to become a useful tool for clinicians. We propose a straightforward
protocol, involvingfive-minute measurements of root mean square of successive differences in

wakefulness and light sleep.
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Introduction
Heart rate variability (HRV) is the variation in the tinnéerval between consecutive heart beats.
Evaluating-HRV is useful from a physiologic perspective because HRV reflects the balance
between parasympathetic and sympathetic activity in the autonomic nervous’syatgemeral,
increases iNHRYV reflect a shift towards parasympathetic dominance, while decreases indicate
relativejncreases in sympathetic activity (FigureThis is, of course, a simplification as the
realworld relationships are more complex and nonlifelir clinical medicine, HRV has been
of interest since the late 1970s due to the recognition that lower HRV is predictive of mortality in

certain adult populations, including the elderly andéhwith cardiac diseasé
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Epilepsy is a disease of the brain characterised lepduning predisposition to generate

epileptic seizure3 There are many different epilepsy phenotypes and a wide spectrum of
severity. Altered paterns of HRV have been recognized in people with epilepsy for nearly 25
years® Understanding autonomic function (and filystion) in epilepsy is of interest for several
reasons.Many.seizure types involve rapid changes in autonomic balance, depending on what
regions of'the brain are involved. In addition, autonomic dysfunction has been hypothesised to
contribute"towardsuglden unexpected death in epilepsy (SUDEP)..

Despite a considerable wealth of research into altered HRV in ep{lejgsye 2), evaluation of
HRYV has yet to,become a part of the clinical toolbox of clinical epilepyoldg this critical
review, wediscussublishedresearclof HRV in humans withepilepsy, and thpath forward to

integratingHRVinto clinical practice

Search:Strategy and Review Criteria
We searched PubMed up to June 2018, using the following terms: “epilepsy” and “heart rate
variability”. Only articles published in English were reviewed. We also ifieditielevant

published articles by searching reference lists of retrieved papers and from our own files.

M ethods of Evaluation
In cardiac'medicine, there are guidelineseealuation of HRV, first published in 1996While
these can be applied to epilepsy studies to an extent, evaluating HRV in a person who
experiences.saures is a more complex endeavour compared to an individual with primary
cardiac pathology. In patients with epilepsy, HRV can be assessed between seizures (interictal),
during seizures (ictal), before seizures {jotal), after seizures (posttal), or over a long period

of time which may or may not include seizures (e.gh@dr Holter monitor)

In addition, there are a number of options for specific outcome measures, inclondirtpimain
parameterseg(.g.root mean square of successive differefBd8SSD), standard deviation of R-
interval (SDNN) and percentage of consecutivéRRntervals differing by more than 50
milliseconds (pNN50)) and frequency domain parameters (very low frequency (VLF), power

frequency (LF) power, high frequency (HF) powaand LF/HF ratio).
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Time domainmetrics are convenient because calculasastraightforwardand can be performed
using basic spreadsheet software progra®83NN is simply the standard deviation ofRR-
intervals qver a period of time. SDNN reflects all components which contributedbility but

is partially dependent on the period of timeowhich measurements are made. For this reason,
SDNN measures obtained from different durations should not be comparele(iSDNN
calculatedfrom"a-Bninute recording should not be compared to a 24-hour recordRigySD

and pNN50"are“all more dependent on skemichanges iteart rate and thus reflect primarily

high frequency variatioh.

Frequency*domain parameters require more elabalgtathmic calculation whichin most
casesnvolve fastFourier transformHowever,methods of calculatioare less standardized.

From this spectral analysis, HF power, LF power, and LF/HF ratio can be determivexd.isT
also a very.low frequency (VLF) component, but the physiological significance of thés is le
clear! LFand#F can be expressed in absagbaeer (m$) or in normalized units (nu; ¢
proportion of the power to the total power minus the VLF compore&pectral analysis has
been reported to allow separatimirautonomic components, withe LF band primarily thought

to representcardiac sympathetic driaed HF bangbarasympatheti¢vagal) outflow’

However there ismore ecent evidence that LF/HF ratio is not a reliable surrogate measure of

autonomic.balanc?.

In general, liere has been considerabgiationin the experimental approaches takeassess
HRV in epilepsy, which may partially explain the contradictory findings betweer sbthe

studies discussed hereafter.

Interictal HRV Patternsin Different Epilepsy Types
Tempor al.lzobe Epilepsy
The majority ofiepilepsy HRV research has involved study of adult patients wipotainobe
epilepsy(TLE). This population is a logical choice because seizuré&ihcommonly have
autonomic featuresncluding tachycardia, bradycardia and sweating. When compared to

healthy, aganatched controls, most studies found thatkeand 24-houHRYV measures are
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lower, including variance, HF, LF and LF/HF ratio, suggesting a shift towards syripathe
dominanceé:*® One study found that with hyperventilation, an exaggerated sympathetic response

was seen in patients with mesial TLE when compared to caftrols

Autonomic_derangements appear to be more severe in patients with refractory seizures and/or
with hippocampal sclerostd*® Over time, the derangements can vary, with worsening
correlatihg'with"acute deterioratigtsbutalsoprogressive worsening over tirie Notably, the
results of one study suggested that more severe dRRAMhgement was predictive of a poorer

outcome following resective surge'y.

Although the vast majority of studies have involved adult patients, one study compared ten
children with TLE totenwith absence epilepsy, as welltashealthy controls’ That study
examined awake HRV from ar&inute recording, and performed only frequency domain
analysis. No significant differences wefeund between patients with TLE and controls;
however, thesnumber of patients studied was relatively small and standacdbtiragn outcome

measures were not evaluated.

Generalized’Epilepsy

In adults with generalized epilepsy, the overall evidendieates that HRV is also abnormal.
Findings indicating an interictal shift towards sympathetic dominance havedyeted for

adult patients'with juvenile myoclonic epilep®gnd epilepsy with generalized tonic-clonic
seizures® however, the degree of derangement tends to be milder than observed with TLE. One
study of a relatively small cohort of drungtive genetic generalized epilepsy patients didindt

statistically. significant differencein HRV when compared to contrdfs.

In children.with/generalized epilepsy, the same patterns haezally been observéd?! The
previously.mefitioned study of Varon et’dbundthat inchildrenwith absence epilepsy, heart
rate was higher and entropy measures different, suggesting autonomic dysfuntiise with

absenceeizures

Epileptic Spasms
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HRV has been studied in patients with epileptic spasms in infancytwatstudies reporting
findings indicating a shift towards sympathetic dominagié&and one no significant differences
other than lower heart rate in slow wave sl&ep fourth study examined HRV in sleep only,
finding increased LF componefit.Following treatment, there is a shift towards recovery of

parasympathetic functicit:?>#

Dravet Syndrome

Three studies'have examined HRV in patients with Dravet syndrome () studies found

that HRV values from 24-hour Holter monitors wdeereaseth patients with DSvhen
compared.to healthy contrd®?’ In fact, patients with DS appear to have extremely depressed
parasympathetic function, even amongst the general epilepsy population. Delogu et daound t
HRYV values from 24hour Holter were lower even when compared to a group of patients with
other forms of epilepsy. A more recent study evaluated 5-minute periods in wakefaihke

sleep, and.found that patients with DS had lower awake HRV valuesdtientp with other

drugresistantepilepss’

Lennox-Gastaut Syndrome
There is.assingle case report of a patient with Lennox-Gastaut syndrome who halg severe
depressed HRYV at baseline, which improved following implantation of a vagal nerve

stimulator®®

Frontal LobeEpilepsy
One study comparing patients with frontal lobe epilepsy to healthy controls fouedHeatt
rate and increasedF power in the epilepsy patients, suggesting a shift towards sympathetic

dominance.in.this population as w&ll.
Hot Water Epilepsy

A study using,Sminute awakd=CG recordings found a shift towards sympathetic dominance,
evidenced by increased LF, LF/HF ratio, and decreased RMSSD attd HF

Non-Specific Epilepsy
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There have been a number of studies of interictal HRV in more heterogeneougpiéehdye
populations Most have reported trends indicating a shift towards sympathetic domiighce,
though some failed to find statistically significant differentem similarly designed studies of
pediatric patients, the same patterns are typically seen, though children witlesistignt

epilepsy often,have more severe derargesi®>*

Psychogenic Non-Epileptic Seizures
One last epilepsyelated area of studhat merits discussion gatients with psychogenic non-
epileptic seizures (PNES). PNES are clinical events that may resemble epileptic seizures;
however, there'is no EEG abnormality and the events are presumed to be manifestations of
underlying psychological stress. Interestingly, individuals with PNES (but no gpikdps
have loweiinterictal HRV than control&*! One studyound that interictal HRV wasot
significanty.differentin PNES patients and those with epilef5ythese findings raise the
guestion —are-HRV abnormalities in epilepsy related to the underlying patholdgydi$ease,

or are they more a reflection of the psychological stress of having epilepsy?

Effects.of Treatment on Interictal HRV
The effects.efvarious angipileptictherapies on HRV have been investigated. Some, such as
vagal nerve stimulatiortMNS), have a fairly clear physiological hypothesis by which they might
exert effeetsm=iIn other cases, such asegmteptic drugsit is unclear if the treatment has iaedt
effect on the autonomic nervous systemif effects on HRVbccursecondary to improved

epilepsy control.

Vagal Nerve Stimulation

The effects 0of VNSn HRV have been intensely studied, as direct stimulation of the vagal nerve
appears to'be"an obviossategyby which to modulate autonomic balance. When studied
acutelygexamining the differences in HRV when the stimulator is on versus off, #HE pEak
ratiowas repofted to bewer when the stimulator is dn a single patient case stytfywhile

two other studies reported no significant differences in HRV measures across patients,

suggesting considerable interindividual variabifity*
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When studying interictal HRV before anfiea implantationa number of studies reported

findings indicating a shift back towardereased parasympathetictivity with VNS;>*4*4" with

a similar shift noted in healthy subjectsrailated using transcutaneous VAfSHowever,

multiple other studies failed to find a statistically significant difference before and/afger
treatmenf™>2.0One study reported that \B\actually decreased HRY Another study reported
only a blunting.of daye-night changes in the power of LF and HF components 36 months after
treatmentifitiation* Some of the studiesso reporteddifferencesn outcomes other than
traditionalHRV"measuressuch as T wave alternans, a different measucaraliac electrical

stability*®2*

or reversal of abnormal heart rate compleXity

One possible explanation for the variability in results is that different studies used diffagent
points for evaluation and, while the response may be preseatlgsis 6 months, the effects are
not necessarily sustainéd Additionally, the choice of right versus left vagal nerve stimulation
may be important; studies incorporating sodium amytal injections have suggeste iz
primarily driven’by the right hemisphet®>’ Interestingly, recent data has suggested that the

degree oHRVaderangement could predict the likelihood of clinical response to ¥RPS.

Effects of Anti-Epileptic Drug Treatment

A number of studies have investigated the effects of drug treatment on abnormai HRV i
epilepsy. ‘In some cases, such as the alrdatyissed West syndrome, thare multiple studies
with datathat'generally agrees that ther¢iRV improvement following treatment
initiation.?*232/n epilepsy with older childhood onset, autonomic balance also appears to
partially normalize following treatment initiation as welf®

However, in.adult studies the findings have been less consistent. One study repok&Ythat
became even lower in adults with epilepsy following initiation of carbamaz&biaeaumber of
studies haveexamined the effegtsveaning medication in adults, including the rapid tapering
that typicallyoccursduring epilepsy monitoring unit admissions. Here, results were conflicting:
two studies found that rapid weans led to acute decreases in HRV, though one study only

reviewed sleep activify* ®*the thirdstudy found insteadio significant difference¥ One study
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examinedmore typical, gentle outpatient medication weans, and found that HRV actually
appeared to improvater weaning medicatiain this mannef*

Surgical Resection

Two studies.examined HRV before and after resective surgery in patienBLkitivoth found
thatthere Wwas no change in HRost-operatively>®® HRV could have tility in pre-surgical
work-up; however, as one study found that patients with more severe HRV derangements pre-

operatively'Wad"poorer surgical outcon®s.

Wake=Sleep Differences
Relatively few'studies have examined the relationship between HRV in sleep and wakefulness in
epilepsy; this is surprising given that the autonomic balance has obvious diurak@bwar
Parasympathetic activity progressively increases with deeper stages of sleep, with a shift back
towards sympathetic dominance during rapid eye movement%|&éyere is considerable
evidence that diurnal patterns of HRV are deranged in patients with epilepsy; hatveexact

nature of the derangement is not completely clear.

One study of patients with generalized epilepsy found that there was an exaggerated shif
towards parasympathetic dominance in sffem contrast, two studies published by the same
group found.a.blunting of the normal parasympathetic shift in sfé8g=inally, another study
found no difference in sleep:awake HRYV ratios between patients with epilepsyrdraisco
however, that'study used only nocturnal versus daytime HRV from Holter monitor regsyrdi
and did nat actually confirm the arousal statéhefpatients at the time of the HRV period

analysed®

A numbersofistudies have specifically looked at HRV during sleep alone. One studyedmpar
children.with focal epilepsy to healthy controls, and found that epilepsy patients readHBWV

in sleep’” Anether study examined only an aspect of the cyclic alternating pattern in sleep, in
patients with sleepelated hypermotoepilepsy, with results suggesting a shift towards

sympathetic dominancé Finally, one research group examined HRV aroundirte of sleep
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apneas in patients with both.E and juvenile myoclonic epilepsy, finding that both groups
displayed a lack of the normal autonomic response to a sleep apne&é&vent

Peri-1ctal Patterns
There haverbeen a great number of studi@sh have examined peigtal changesn HRV, and
these will netdbe.discussed in detail heAdthough the results are not completely consistést,
general theme is that there is a further increase in sympathetic dominance during virtually all
types of seizures, most dramatic in temporal lobe and generalizedkmmicseizure$®’’ The
postictal changes can be lofgsting demonstrateth one study which found that tonatenic
seizures were associated with decreaséme domain metrics of HRV which lasteg to 5-6

hours’®

In many casessuthese studies have been conducted with the goal of devadapirgprediction
devices; the.ebservation of HRV changes prior to clinical seizure onset suggests this could be
useful”® In"addition, some studies have found subtle differences egraparing ictal HRV in
epileptic seizufes arNES®*® however the wide interindividual variability suggests thahis
point HRV'weuld not be a useful tool in differentiating the two event types.

SUDEP

SUDEP is thdeadingcause of death in several epilepsy populations, and in the United States is
the second leading neurological cause of total years of potifietiaist after stroké*®* SUDEP

is defined'as a “sudden, unexpected, withnessed or unwitnessed, nontraumatic and nondrowning
death in.patients with epilepsy, with or without evidence for a seizure andlgxgtdocumented
status epilepticus, in which pestortem examination doe®t reveal a toxicologic or anatomic
cause for deatf® The strongest risk factor for SUDEP #hne presence, but more importantly,

the frequeficy ofincontrolled tonieclonic seizure&>®® Other risk factors comprisef not being
seizure fredor 1:5 years andot adding an antiepileptic drug when medically refractdry

One of the primary reasons for the enthusif@nmvestigation of HRV in epilepsy is the

potential to bedr understand SUDEP. This entity is thought to at least partially relate to
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autonomic dysfunction, arttireestudies have shown correlation of SUDEP risk factors with

"#though a third did not find a significant correlatiin.

more severely deranged HR
Postictal EEG suppression may potentially be a biomarker of SUDéR, in one study was
associated with_decreased HF poWetlowever, these findings were not confirmed in another

larger stualy.>:

A moredirectlink between SUDEP and altered HRV was recently repargesdtudy that
retrospectively‘evaluated HRV in patients with dragistant epilepsy, half of whom had sodium
channel mutations; those with sodium channel mutations who went orfidoSUDEP were
found to havamereextreme HRV derangements, with low HRV in wakefulness and extremely
high or low:sleép:awake HRV ratié% An earlier study with a similar design but fewer patients
reported no difference between patients suffering SUDEP and others waghsgpthough the

method ofanalysis of the results was subsequently questitridd

Finally, theeeshave been several studies of acute and subacute HRV changes in individual cases
of sudden‘death in patients with seizures. Jeppesen et al described an adult patient-with drug
resistant'epilepsy due to a focal cortical dyspladia died whie admitted to hospital; they

found an.incfease in parasympathetic activity in the hours and days leading un £ déysers

et al described a child with a chromosomal disorder and febrile seizures, who suffered sudden
unexpected death dag continuous EEG monitoring; in that case, HRV was extremely low in

the hours prionto death, but eight minutes prior to death there was a dramatio ${fiRé i

indicating assudden parasympathetic shift.

Discussion
Over 25 years:of study of HRV in epilepsy, we have learned a considerable amount. Across
different ferms<0f epilepsy, interictal HRV is consistently lower, demonstrating a shift towards
sympathetic dominance. These abnormalities are most severe ingattardrugresistant
epilepsy, as well as those with other risk factors for SUDEP. Treatment of seizures can have a
positive effect on deranged HRV; but does se#m tacompletely normalize autonomic
dysfunction. Unfortunately, HRV epilepsy researsipriesently limited by inconsistent

methodology between different research groups, which makes inter-study comparisculs diff
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Often, confounding factors such as age, sex, medications andrbad medical conditiongre
not properly accounted for. Furthermore, many studies involve small numbers of patikents a

are underpowered.

The lack of a.standardized protocol for measurement and reporting of HRV in epilepsyspati

is currently.limiting the use of HRV as a clinical biomarker for people witlepgy. Solving

this problemris crucial, as studies have suggested HRV could be useful in predicting the success
of resective'epilepsy surgeries, as well as determining which candidates are most likely to benefit

from VNS, HRVY might even eventually becoraeeful as a biomarker of SUDEP risk.

While theresarguidelinesfor HRV measuremeritom cardiology associatiodshese do not
translate well to, pede with epilepsy. A 24-hour Holter monitor does not allow for accurate
evaluation of sleep versus awake HRWd diurnal variations in HRV may have considerable
relevance for people with seizureBSurthermore, HRV over a 24-hour period could be increased
or decreasedreonsiderably by a patient’s seizure frequency during that period, bnstea
standardized 'minimurprotocol for HRV more appropriate for epilepsy patients is necessary.
With that.mind, we propose the following outcome measures be the primary valoksden

all epilepsy-studies involving interictal HRV:

(1) 5-minuteAwake RMSSD: RMSSD measured over-enute period during which the
patient is awake and alert, and resting comfortably.

(2) 5-minuteSleep RMSSD: RMSSD measured overmifute period during which the patient
is in stageN1 or N2 sleep

(3) Sleep:Awake RMSSD ratiGleep RMSSD divided by awake RMSSD.

* Given that.seizures are associated with acute changes to HRV, we recommend edtieg sel
five-minute epochs, these afa) at leas8 hours after the lasonicclonic seizure (b) at least 1
hour after the“last knowlinical (excluding tonieclonic seizures)subclinical, electrographic

seizure and«(c).at least 1 hour before the indinical seizure.

Additionally, minimal clinical data should be collected and reported, includipg; sex,
medications, epilepsy syndrome, seizure type(s), amdarbid medical conditions.
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This protocol haseveral advantagesor one, hese valuesan be recorded during most routine
EEG studiesand in fact the ECG data may be extracted from the EEG recording itself, allowing
for retrospective data collectior-urthermore, the use of a time domain parameter simplifies the
method of analysis, avoiding pitfalls due to variations in the Fourier transform g@isotoc
necessary-for frequency domain analysiss true that RMSSD is primarily a measure of short
term variation‘in heart rate; however, this is all that is necessary when evaluating over a
relatively brief'Bminute period.Other measures, includi®@PNN, pNN50,24-hour HRV and
frequency domain measures, can stildescribedf course, but the above minimal protocol
should be reported in all studies of interictal HRV in epilepsy populatiéfith this approach,

we hope that HR\épilepsy studies will move forward in a manner that will facilitate an ultimate

jump fromresearch to clinical practice.
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Key-Point Box
- Interictal"heart rate variability studissiggest sympathetic overactivity occurs in most forms of
epilepsy.
- Autonomie.dysregulation appears to be most severe in those with temporal lobeygitéps
drug-+esistant epilepsy.
- Heart ratevariability has potential clinical applicationsluding predicting response to certain
therapiesand as a SUDEP risk biomarker
- Heart rate variability research in epilepsy has been limited by the lack of consistsauly
protocols.
- For heartsrate’variability measurements to be successfully integrategdimital practice, a

standardized evaluation protocol is needed.
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Figure Legends
Figure 1 Heart rate variability is a surrogate measure of autonomic nervous system balance.
Increased heart rate variability indicates a shift towpestasympathetic dominance, while lower

heart rate variability is seen in times of high sympathetic output.
Figure 2: The.aumber of Pubmediexed papers related to heart rate variability and epilegisy

year, with publication dates between 1990 and 20@ta generated by a Pubmed search for

“heart rate variability epilepsy” performed on-3dly-2018.
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