
C

A

O
t
P
m
(
R
t
r
C
i
©

K

1

c
e
(
o
t
s
o
s
d

5
f

0
d

ARTICLE IN PRESSLINEU-1719; No. of Pages 4

Clinical Neurology and Neurosurgery xxx (2007) xxx–xxx

Cardiac responses of vagus nerve stimulation: Intraoperative
bradycardia and subsequent chronic stimulation

J.J. Ardesch a,∗, H.P.J. Buschman b, P.H. van der Burgh c,
L.J.J.C. Wagener-Schimmel a, H.E. van der Aa b,d, G. Hageman a

a Department of Neurology, Medisch Spectum Twente, Enschede, The Netherlands
b Twente Institute for Neuromodulation, Medisch Spectrum Twente, Enschede, The Netherlands

c Department of Cardiology, Medisch Spectrum Twente, Enschede, The Netherlands
d Department of Neurosurgery, Medisch Spectrum Twente, Enschede, The Netherlands

Received 6 May 2007; received in revised form 29 July 2007; accepted 30 July 2007

bstract

bjectives: Few adverse events on heart rate have been reported with vagus nerve stimulation (VNS) for refractory epilepsy. We describe
hree cases with intraoperative bradycardia during device testing.
atients and methods: At our hospital 111 patients have received a VNS system. Intraoperative device testing is performed under ECG-
onitoring. We reviewed the patients and their VNS-therapy follow-up outcome who experienced a change in heart rate, during device testing

Lead Test).
esults: Three patients with medically refractory epilepsy showed a bradycardia during intraoperative Lead Test. Postoperative the VNS-

herapy started under ECG-monitoring. No change in cardiac rhythm occurred. Subsequent chronic stimulation is uneventful. All three have

educed seizure frequency. Two already have had their second implant, without the occurrence of bradycardia.
onclusion: In case of intraoperative bradycardia VNS-therapy onset should be done under ECG-monitoring. Subsequent chronic stimulation

s safe in respect to heart rate. Bradycardia during intraoperative device testing is no reason to abort the operation.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Bradycardia or even asystole have been reported in asso-
iation with vagus nerve stimulation (VNS). Most of these
vents have occurred during intraoperative device testing
Lead Test) of the VNS pulse generator [1–3], and have
ften lead to the decision of the neurosurgeon to discontinue
he VNS-system implant procedure. Implantation of a VNS-
ystem for medically refractory epilepsy is a relatively routine
Please cite this article in press as: Ardesch JJ, et al., Cardiac responses of v
chronic stimulation, Clin Neurol Neurosurg (2007), doi:10.1016/j.clineu

peration for the neurosurgeon. But what should the neuro-
urgeon do when a bradycardia occurs during intraoperative
evice testing? Should he continue the operation or not?
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electrical stimulation

Normally, the left vagus nerve is used for stimulation,
ecause it contains mainly afferent cardiac fibers and the-
efore should have less effect on cardiac rhythm, in contrast
o the right vagus nerve which has mainly efferent cardiac
bers. Vagus nerve stimulation experiments on animals and
umans have shown profound effects on the sinoatrial and
trioventricular node and therefore on cardiac rhythm [4,5].
thers reported slight changes in cardiac autonomic regu-

ation [6–8]. There are few reports on the effect of chronic
agus nerve stimulation in patients who experienced intrao-
erative bradycardia [1,9]. In our hospital, out of 111 patients,
hree experienced an intraopertive bradycardia during Lead
est. At this time it was up to the neurosurgeon to decide
agus nerve stimulation: Intraoperative bradycardia and subsequent
ro.2007.07.024

hether or not to continue with the operation. We would like
o present these three patients with intraoperative bradycar-
ia during VNS device testing, evaluate the VNS follow-up
utcome and discuss possible mechanisms.

dx.doi.org/10.1016/j.clineuro.2007.07.024
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Table 1
Patients’ characteristics

Mean Standard
deviation

Age at onset epilepsy 13 years 11
Years of epilepsy 25 years 14
Seizure frequency

per month prior to VNS
56 105

Number AEDs prior to VNS 3 1
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ge at vagus nerve stimulation 39 years 14

NS, vagus nerve stimulation; AED, antiepileptic drug.

. Patients and methods

Between July 1999 and July 2006, 119 VNS-systems were
mplanted in 111 patients, at our hospital, Medisch Spec-
rum Twente, Enschede. Patients’ characteristics are shown
n Table 1. MRI and EEG findings are listed in Table 2.
mplantations were carried out according to protocol under
ull anaesthesia. All patients received lorazepam, thiopen-
al, fentanyl and rocuronium during surgery. During the
ime of operation an ECG is being recorded to monitor
ardiac rhythm. An intraoperative Lead Test with 1.0 mA
urrent output, 500 �s pulse width and 20 Hz frequency,
or approximately 20 s, is always performed for testing the
ulse generator. Of these 111 patients, 3 patients experienced
clearly noticeable change in heart rate on ECG recor-

ing during this test. These intraoperative ECGs were seen
y a consulted cardiologist. Initiation of VNS was done
Please cite this article in press as: Ardesch JJ, et al., Cardiac responses of v
chronic stimulation, Clin Neurol Neurosurg (2007), doi:10.1016/j.clineu

nder ECG-monitoring. Initial stimulator parameters are:
urrent output 0.25 mA, 250 �s pulse width and 20 Hz fre-
uency. These three patients are described here in more detail,

able 2
RI and EEG findings

RI findings Number of patients

ormal 64
emporal sclerosis 9
ultiple lesions/gliosis 8
ortical malformation 8
umor 3
ascular malformation 1
oss of white matter 5
ot otherwise specified 13

ocation of epileptic activity on EEG
eneralized 10
eft temporal 19
eft frontal 2
eft parieto-occipital 1
ight temporal 10
ight frontal 4
ight parieto-occipital 2
ilateral frontal 27
ilateral temporal 6
entral 2
eft central 2
ight central 1
nknown 25
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ncluding their long-term follow-up of VNS (we have not
ublished other papers based on these cases, some years ago).

. Results

Patient 1 is a 32-year-old female, with medically refractory
omplex-partial seizures since age 14. Various EEG’s showed
pileptic activity in the right temporal region, but MRI did
ot show any structural lesions. She had no medical history
f cardiac disease. Physical examination at first consultation
as normal, blood pressure was 130/85 mm Hg and heart

ate was 84 beats/min. At the time of implantation her current
ntiepileptic drugs (AED) were oxcarbazepine 1200 mg and
elbamate 2100 mg.

In June 1999, a VNS-system was implanted. There were
o side-branches noticed at inspection of the vagus nerve.
uring the intraoperative Lead Test of VNS her heart rate

hanged from 65 beats/min to a bradycardia of ∼43 beats/min
uring the period of stimulation. A second test resulted in a
imilar response, with 25 beats/min. Heart rate returned to
ormal, rapidly after stimulation and the implantation proce-
ure was carried out as planned.

Postoperatively there were no complications. After 10
ays VNS was initiated under ECG-monitoring. No cardiac
ffects were noted. She was evaluated by a cardiologist with
24-h ECG monitoring and echocardiogram. There were no
ardiac dysfunctions. Once, the patient reported a rebounce
achycardia when she interrupted stimulation for 10 min with
he use of the magnet. This could not be reproduced under
CG monitoring at the hospital.

After 2 years, she had a seizure reduction of 50%. Sti-
ulation parameters were: current output of 1.50 mA, pulse
idth 250 �s and was on the rapid cycle (7 s on/0.3 min off).
fter 6 years of VNS she still has a 50% seizure reduction

ompared to baseline. The patient reported that her seizures
re less severe and that postictal duration is shorter. Further-
ore, she is now able to live independently. Side effects are
ild, and consist of hoarseness, coughing and paraesthesia

uring stimulation.
In 2006 she received a new stimulator, when the battery

as depleted. This time, during the intraoperative Lead Test
here were no changes on ECG.

Patient 2 is a 52-year-old male, with medically refractory
artial seizures since age 6. No abnormalities were found on
RI. He had a medical history of depression and no car-

iac history. Physical examination at first consultation was
ormal, with a blood pressure of 140/80 and heart rate of
0 beats/min. His current medication was phenytoin 375 mg
nd topiramate 500 mg daily.

In September 1999, a VNS-system was implanted. There
ere no anatomic variations of the vagus nerve. During
agus nerve stimulation: Intraoperative bradycardia and subsequent
ro.2007.07.024

ntraoperative lead testing of the VNS ECG changes were
oted, his heart rate changed from 52 to 40 beats/min for
he period of stimulation. A second measurement showed a
imilar result. After the test the heart rate rapidly returned

dx.doi.org/10.1016/j.clineuro.2007.07.024
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o normal. The VNS-system implantation proceeded as plan-
ed. ECG was reviewed by a cardiologist, who noted a PR
nterval of 0.20 s. Further evaluation with 24 h ECG recording
howed a first degree AV block (PR interval 0.23 s) during
ight time period with an episode of sinusbradycardia with a
requency of 54 beats/min, considered as normal variation.

Strong voice alterations were reported within 3 days fol-
owing implantation. Laryngoscopy confirmed a left vocal
ord paralysis. At the patient’s request the initiation of VNS
as postponed until his voice improved. Three month after

mplantation the voice regained its strength and the hoarse-
ess diminished. VNS was initiated. Under ECG registration
o cardiac effects were recorded. During current ramp-up the
atient did not report any cardiac side effect. Repeated ECG’s
nd evaluation by a cardiologist with echocardiogram, and
4-h ECG recording, revealed no cardiac dysfunction. There
ere no signs left of a first degree AV-node block.
Currently, after 6 years, the patient has the following

timulation parameters; 2.00 mA, 250 �s, 30 Hz, on/off per-
od 30 s/3 min. After 6 years of VNS seizure frequency has
ecreased by 35%. The patient claims to have less severe sei-
ures and also his postictal period diminished, especially with
he magnet activation of the stimulator. Patients or caregivers
an activate an extra, on-demand stimulation by passing a
agnet over the pulse generator. This can be used in order to

bort or prevent a seizure.
In 2005 he received a new pulse generator due to battery

epletion. During the Lead Test no cardiac changes were
oticed on ECG.

Patient 3 is a 59-year-old female, with tonic clonic sei-
ures from age 2, probably as a result of meningitis. EEG
howed frontotemporal epileptic activity. MRI showed bila-
eral temporal sclerosis. From age 30, seizures became more
requent and severe. Antiepileptic drugs were not well tole-
ated. There was no cardiac history and physical examination
t first consultation was normal.

In January 2002, a VNS-therapy system was implanted. At
he time of implantation she used carbamazepine 1000 mg,
alproate 900 mg and clobazam 20 mg for her epilepsy. No
natomical variation of the vagus nerve was described by
he surgeon. Heart rate prior to stimulation was 63 beats/min.
n intraoperative testing of the VNS-system (Lead Test) a

bradycardia” of 54 beats/min was recorded. A second test
howed the same effect on heart rate. After the test the heart
ate returned to normal. The VNS-system implantation was
receded as planned.

Eleven days after surgery VNS was initiated, under ECG
onitoring. No changes in cardiac rhythm were detected

pon initiation of therapy. During current ramp-up the patient
id not report any cardiac side effects. After 3 years of VNS
he had a seizure frequency reduction of 80%, with the fol-
owing parameters; 1.25 mA, 500 �s, 30 Hz, on/off period
Please cite this article in press as: Ardesch JJ, et al., Cardiac responses of v
chronic stimulation, Clin Neurol Neurosurg (2007), doi:10.1016/j.clineu

0 s/3 min.
We found no difference in patient’s characteristics, MRI,

EG and ECG of the three cases compared to the other 108
atients receiving VNS, which could explain the bradycardia.
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. Discussion

Out of 111 patients who received a VNS-therapy system
t our hospital, only three patients experienced a clearly noti-
eable slowing of their heart rate, during intraoperative device
esting (Lead Test). The bradycardia only occurred during
evice testing, and heart rate returned to normal when stimu-
ation stopped. In all three patients it was decided not to abort
he operation and to implant the VNS-system. The stimula-
or was switched on, under ECG-monitoring 2 weeks later.
o bradycardia or other changes in heart rate were noted. At

ong-term VNS follow-up, all three had a significant seizure
requency reduction, and experienced other benefits with the
id of VNS. Two patients received a new pulse generator
ithout any complications concerning cardiac response.
The mechanism of intraoperative bradycardia with VNS is

till unclear. Few studies described changes in heart rate with
NS-therapy [6,7] or showed profound effects on the sinoa-

rial and atrioventricular node cardiac rhythms [4,5]. Most
tudies showed no cardiac effects of VNS [8,10,11]. Howe-
er, the patients in these studies were already implanted with
he VNS-system at time of ECG-monitoring, this in contrast
o our patients who experienced intraoperative bradycardia.
oth animal and human studies have demonstrated that there
ay be a role for the immune system in the modulating effect

f VNS (which might subsequently alter cardiac rhythm).
NS is associated with a marked increase in the plasma levels
f pro- and anti-inflammatory circulating cytokines like Il-6,
NF-alpha and TGF-beta [12,13]. These changes are unli-
ely to be non-specific inflammatory reactions and may be
herapeutically relevant. Although this is very interesting to
nvestigate, retrospectively there is no method to evaluate in
hat way this might have been an influence on our cases.
One explanation for the observed bradycardia concerns

lectrical stimulation of the small myelinated ‘B-fibers’.
hese fibers carry parasympathetic motor information res-
onsible for cardiovascular changes, such as bradycardia or
rolongation of P-R and S-T intervals [10,14]. These studies
howed that increasing stimulation current output and dura-
ion, recruits vagal fibers in the order A, B and then C. They
oncluded that stimulation of the human vagus with the VNS-
ystem is not strong enough to activate B or C-fibers. In their
ttempt to induce respiratory responses of C-fiber activation,
hey found no changes in ECG, heart rate or arterial pressure,
hich are typical for B-fiber activation [10,14]. However,
ecause the patient population already received VNS for
–12 months, they suggested a habituation to persistent vagus
erve stimulation and central adaptation to brief vagus nerve
timulation [14]. The effects found in our three patients can be
xplained by B-fibers activation during intraoperative Lead
est. Central adaptation can explain why bradycardia did not
e-occur during the Lead Test after surgical replacement of
agus nerve stimulation: Intraoperative bradycardia and subsequent
ro.2007.07.024

he pulse generator several years later.
In literature a number of other possibilities have been

onsidered to explain VNS induced bradycardia. Asconapé
t al. hypothesized that the electrodes could have been pla-

dx.doi.org/10.1016/j.clineuro.2007.07.024
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ed on the cervical cardiac branches of the vagus nerve. They
eported one case of bradycardia and eventually an asystole
ntraoperatively during device testing. In that patient the sti-

ulator was not implanted [2]. This explanation does not
eem to relate to our patients, since bradycardia did not occur
ostoperatively, nor at the second implantation. However,
n patients both the superior and inferior cervical branches

ay be stimulated. Activation of all cardiac efferent fibers
ould then possibly result in asystole. Although cranial para-
ympathetic nerves are located proximal to the electrode,
timulation of these fibers can anatomically also be explai-
ed by stimulating the recurrent laryngeal nerve which give
ise to cranial cardiac nerves [15]. The finding that one of the
hree patients reported a cardiac rebounce tachycardia during
ost surgical follow-up, when chronic intermittent stimula-
ion was temporarily halted using the magnet, supports the
dea that a large number of cardiac fibers is being stimulated
n this patient.

Asconapé et al. also suggested impairment of the conduc-
ion mechanism by saline solution used during surgery and
ooling of blood. During intraoperative stimulation of the
agus nerve, current may spread and could possibly stimu-
ate the cardiac nerves located next to the vagus [2]. This
emporarily altered conduction mechanism can also explain
he intraoperative occurrence of bradycardia in our patients
nd those cases reported by others [1,3,9]. However, the
ebounce tachycardia during VNS follow-up in one of our
atients contradicts this.

Effects of vagus nerve stimulation on the sympathovagal
alance during full anaesthesia are still unclear. One patient
ith an asystole during Lead Test was reported to be asso-

iated with anaesthesia. However, no explanation is given
or this association [16]. Dardis et al. describe one episode
f asystole followed by bradycardia during Lead Test and
ecommend deactivating the device during any subsequent
naesthesia of VNS patients [17]. One study describes the
xact anaesthesia (propofol, remifentanil and vecuronium
romide) used in eleven patients. Bradycardia occurred in
ne patient. They reported no association with anaesthesia
18]. In our three patients we did not find an association with
naesthesia and bradycardia, because all patients received the
ame anaesthesia.

Intraoperative VNS Lead Test may rarely result in a brady-
ardia. Our data might suggest that intraoperative bradycardia
oes not have to be a reason to abort implantation. We do
Please cite this article in press as: Ardesch JJ, et al., Cardiac responses of v
chronic stimulation, Clin Neurol Neurosurg (2007), doi:10.1016/j.clineu

owever, suggest starting VNS under ECG monitoring when
ntraoperative bradycardia has occurred. Furthermore, long-
erm VNS in these patients does seem safe in respect to heart
ate.

[

[

 PRESS
Neurosurgery xxx (2007) xxx–xxx

cknowledgement

We would like to thank Professor O.F. Brouwer, MD, PhD,
eurologist, for his valuable comments on this paper.

eferences

[1] Ali II, Pirzada NA, Kanjwal Y, et al. Complete heart block with ventri-
cular asystole during left vagus nerve stimulation for epilepsy. Epilepsy
Behav 2004;5:768–71.
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