
K2

807

	 C H A P T E R 	 67

Vagus Nerve Stimulation  
for Intractable Epilepsy

James E. Baumgartner n Gretchen K. Von Allmen

Since receiving Food and Drug Administration (FDA) approval 
in 1997, vagus nerve stimulation (VNS) delivered via the implant-
able Neurocybernetic Prosthesis (NCP) from Cyberonics, Inc. 
(Houston, Tex) has become an established method for treating 
patients with medically refractory seizures. The NCP delivers 
intermittent afferent electrical stimulation to the left cervical 
vagus nerve trunk, which secondarily transmits impulses that 
exert widespread effects on neuronal excitability throughout the 
central nervous system.1 More than 46,000 NCP devices have 
been implanted to treat epilepsy worldwide. Since introduction 
of the original model 100 generator, the device has been made 
progressively smaller and easier to implant and program (Figs. 
67-1 and 67-2).

BRIEF	HISTORY
Experimental use of VNS to treat epilepsy can be traced to the 
1880s.2 In 1938, Bailey and Bremmer demonstrated desynchro-
nization of orbital cortex activity with the use of VNS in a cat 
model.3 Zanchetti and colleagues showed that intermittent VNS 
reduced or eliminated interictal epileptic events that were chemi-
cally induced in the frontal cortex of cats.4 In 1980, Radna and 
MacLean found that VNS caused changes in single-unit activity 
within the basal limbic structures of squirrel monkeys.5 Based on 
these experiments, Zabara in 1985 proposed that if VNS could 
desynchronize electroencephalographic activity, it might be 
effective in attenuating epileptic seizures.6 Subsequent animal 
work by Zabara7 and others8-10 supported Zabara’s hypothesis and 
allowed clinical trials to be performed in humans.

In 1987, a company—Cyberonics, Inc. (Houston, Tex)—was 
founded to develop VNS therapy in humans. In 1988, the first 
epileptic patient to undergo implantation of a VNS therapy 
device became seizure free.11 Five acute-phase clinical studies 
analyzing the safety and effectiveness of VNS therapy fol-
lowed12-16 and culminated in FDA approval of VNS therapy “for 
use as an adjunctive therapy in reducing the frequency of seizures 
in adults and adolescents over 12 years of age with partial onset 
seizures that are refractory to antiepileptic medications.”17

Cyberonics, Inc., created a long-term outcome registry that 
compiled information on patients receiving VNS therapy. The 
registry opened on November 7, 1997, and closed on April 1, 
2003. Participation was voluntary and data were provided by 
participating physicians. Data were not available for all patients 
at all time intervals. Median reductions in seizure activity were 
46% (n = 4448) at 3 months, 57% (n = 2696) at 1 year, and 63% 
(n = 1114) after 2 years of VNS therapy.18 Overall, studies report 
that in responding patients, the effectiveness of VNS steadily 
improves over the first 3 to 12 months of stimulation. Many 
subsequent long-term studies have been published supporting the 
efficacy, durability, and cost-effectiveness of VNS therapy for 
epilepsy.19-33 In addition to refractory partial-onset seizures, VNS 
is used, off-label, to treat children younger than 12 years with 
generalized epilepsy and as an adjunct to other surgical proce-
dures (when they are insufficient to control seizure activity).34-37

PATIENT	SELECTION
Before considering VNS therapy, patients with medically refrac-
tory epilepsy should undergo evaluation at a comprehensive epi-
lepsy center. The evaluation usually includes a complete history 
and physical examination, video electroencephalographic moni-
toring to obtain ictal and interictal data, neuropsychological 
testing, and anatomic and functional neuroimaging. Antiepileptic 
medications are optimized by an epileptologist, and surgery is 
considered only after failure of two or more adequate antiepilep-
tic drug trials and the completion of a phase I evaluation. VNS 
is generally considered palliative because it is rarely curative. 
Surgical resection of the epileptogenic zone, when indicated, 
typically achieves higher rates of seizure control. Therefore, 
VNS is usually offered to those who are not candidates for poten-
tially more effective resective surgical procedures or for patients 
who refuse resective surgery. In addition, with current clinical 
data, it is not possible to predict which patients will achieve a 
favorable response to VNS therapy or in what way VNS therapy 
will affect their seizure control. VNS therapy, when effective, can 
cause decreases in seizure duration, frequency, or intensity and 
may make it feasible to decrease the amount of antiepileptic 
medications needed to achieve adequate seizure control.

Once identified as candidates for the device, patients should 
be counseled about the potential risks and benefits of VNS 
therapy, as well as the risks and benefits of other therapeutic 
options, including resective or other surgeries, further medica-
tion trials, and a ketogenic diet (in the case of eligible children). 
It is also important to describe the long-term outcome and 
seizure control data that are available, including the possible 
length of time needed to achieve full efficacy of the device. This 
approach will result in more realistic expectations and better 
compliance.

ANATOMIC	CONSIDERATIONS
The majority of vagal nerve fibers are general somatic and special 
visceral afferents projecting to the brain, along with efferent 
projections to the larynx and parasympathetic projections to the 
heart, lungs, and gastrointestinal tract. The VNS electrode is 
applied to the midcervical portion of the vagal nerve, which is 
relatively free of branches. The upper cervical vagal nerve gives 
off branches to the pharynx, carotid sinus, and superior and 
inferior cardiac branches leading to the cardiac plexus. Studies in 
dogs suggest that the right vagal nerve preferentially innervates 
the sinoatrial node of the heart whereas the left vagal nerve pro-
jects to the atrioventricular node. Accordingly, the NCP elec-
trode is usually applied to the left vagal nerve to avoid 
stimulation-related asystole or bradycardia.38 A small series of 
right-sided VNS implants in children, which included Holter 
monitoring of patients after surgery, failed to demonstrate any 
changes in heart rate with stimulation.39

The recurrent laryngeal nerve travels with the main vagal 
nerve trunk and then branches caudally at the aortic arch before 
ascending in the tracheoesophageal groove. As a result, changes 
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gramming telemetry wand and transfers them to a microproces-
sor that regulates the electrical output of the pulse generator. 
The generator delivers a charge-balanced waveform character-
ized by five programmable parameters: output current, signal 
frequency, pulse width, signal-on time, and signal-off time. 
Higher stimulation frequencies and longer signal-on times result 
in a shorter duration of battery service life. The NCP electrode 
is insulated with a silicone elastomer and can be implanted safely 
in patients with latex allergies. One end of the lead has a connec-
tor pin or pins that insert directly into the generator (see Figs. 
67-3 and 67-4); the other end has an electrode array consisting 
of three discrete helical coils that are placed around the vagal 
nerve (see Figs. 67-5 and 67-6). The middle and distal coils are 
the positive and negative electrodes, respectively, and the most 
proximal coil serves as an anchoring tether to prevent excessive 
force from being transmitted to the electrodes when patients turn 
their neck. Each electrode helix contains three loops. Embedded 
inside the middle turn is a platinum coil that is welded to the lead 
wire. Suture tails extending from either end of the helix allow 
manipulation of the coils without injuring the platinum contacts. 
A silicone electrode collar is included with the electrode and is 
used to anchor the electrode to the soft tissue of the neck, proxi-
mal to the helical coils. The portion of the electrode between the 
electrode collar and the inferior helix creates a “strain release 
loop” that further protects the vagal nerve from unwanted trac-
tion. A handheld NCP magnet performs several functions. When 
passed over the chest wall overlying the generator, it triggers 
stimulation superimposed on the baseline output. This on-
demand stimulation can be performed by a patient or caregiver 
at the onset of an aura and can sometimes diminish or abort an 
impending seizure. In addition, if the NCP appears to be mal-
functioning or if the patient wishes to terminate stimulation for 
any other reason, the system can be turned off by placing the 
magnet over the generator site continuously.

The NCP has undergone a series of revisions since introduc-
tion of the model 100 (see Fig. 67-1). The original model 100 
and the second-generation model 101 were used with a bipolar 
helical lead. The third- and fourth-generation models (102 and 
103) incorporated a monopolar lead. Generators 102R and 104 
have bipolar lead acceptors, so revision of models 100 and 101 
(with bipolar electrodes) can be performed without replacing the 
electrodes (see Figs. 67-3 and 67-4). The original programming 
hardware included a programming wand attached to a laptop 
computer. The laptop has been replaced with a personal digital 
assistant (PDA) and a similar programming wand (Fig. 67-7). 
Typically, we turn the generator on at low stimulation settings 
in the operating room at the time of implantation. The device is 
turned up sequentially over a period of several weeks until the 

in the character and quality of voice are common during nerve 
stimulation in the early period after NCP implantation. The 
voice changes usually resolve within weeks of surgery.

Other nerves in the region of the vagal nerve can be affected 
at surgery. The phrenic nerve lies deep to the carotid sheath, and 
unilateral paralysis of the left hemidiaphragm has been reported 
during periods of VNS. Hypoglossal and facial nerve fibers are 
found well above the midcervical trunk, but injuries to both have 
been reported after VNS implantation. The sympathetic trunk 
runs deep to the common carotid artery and provides fibers that 
ascend with the internal carotid artery. There is a report of 
Horner’s syndrome developing after VNS implantation, presum-
ably caused by injury to the sympathetic plexus or the fibers along 
the internal carotid.40

NEUROCYBERNETIC	PROSTHESIS
The NCP has two implantable components: a generator and a 
stimulating electrode (Figs. 67-3 to 67-6; also see Figs. 67-1 and 
67-2). The generator consists of an epoxy resin header with a 
receptacle for the connector pin or pins from the electrode and 
a titanium module containing a lithium battery and the genera-
tor. The electrode is secured to the connector pin receptacle with 
a set screw or screws tightened with a hexagonal torque wrench 
included with the generator packaging. The generator contains 
an antenna that receives radiofrequency signals from the pro-

Model 100
Thickness: 0.52” (13.2 mm)

Volume: 31 cc

Model 101
0.41” (10.3 mm)

26 cc

Model 102/102R
0.27” (6.9 mm)

14/16 cc

Model 103/104
0.27” (6.9 mm)

8 cc/10 cc

FIGURE	67-1  Side views of vagal nerve stimulation generators showing a progressive decrease in size over time, from the original model 100 
generator (1994) to the current model 103/104 generator (2007).

FIGURE	 67-2  A  model  103  generator  (left)  next  to  a  model  102 
generator (right) demonstrating decreased size.
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desired stimulation parameters are reached, and then adjustments 
can be made every few months as needed.

With the early generators and diagnostic software, it was dif-
ficult to estimate time until the end of service of the battery. This 
is important because replacement of the generator before the 
battery stops working allows the stimulation parameters to con-
tinue unchanged without an interruption in VNS therapy. 
Replacement of the generator after the battery’s end of service 
requires that the stimulation parameters be set at minimal set-
tings and be slowly increased as though the VNS were newly 
implanted. With the new PDA software, an estimate of remain-
ing battery lifetime is possible, thereby allowing improved plan-
ning for replacement of the generator before the end of service 
of the battery.

OPERATIVE	PROCEDURE

General	Considerations
Although implantation of the NCP system can be performed by 
any surgeon familiar with the anatomy and exposure of the 
carotid sheath, neurosurgeons active in comprehensive epilepsy 
programs are ideal NCP implanters. As discussed earlier, VNS 
therapy should be considered only for refractory epilepsy patients 
who have undergone evaluation through a comprehensive epi-
lepsy program and who are not candidates for resective epilepsy 
surgery.

The operation is typically performed with the patient under 
general anesthesia. Patients receive prophylactic intravenous 
antibiotics preoperatively and for 24 hours postoperatively. 
Patients are admitted for 23 hours and observed for vocal cord 
dysfunction, dysphagia, respiratory compromise, or seizures 
induced by anesthesia. It is our practice to turn the generator on 
while the patient is under general anesthesia and to turn the 
device up on the day after surgery, before discharge.

Lead

Suture hole—always suture to fascia
Insert fully

Fully insertedBefore insertion

FIGURE	67-3  Diagram demonstrating connection of a monopolar electrode to a monopolar vagal nerve stimulation generator.

Lead

Suture hole–always suture to fascia
Insert fully

Fully insertedBefore insertion

FIGURE	67-4  Diagram demonstrating connection of a bipolar electrode to a bipolar vagal nerve stimulation generator. Note that the positive 
lead is inserted into the inferior pin site. The positive electrode pin has a white mark.

Operative	Technique
After endotracheal intubation, the operating table is rotated 90 
degrees clockwise from the anesthesia setup to expose the left 
side of the neck and chest to the surgeon. The patient’s head is 
supported on a horseshoe headrest, and a small roll is placed 
between the patient’s shoulder blades. The neck is slightly 
extended. After the preparation has been completed, attention is 
directed to the patient’s neck. At the midbody of the sterno-
cleidomastoid (SCM), a horizontal incision measuring 2 to 3 cm 
in length is created sharply. Dissection is continued sharply 
through the platysma and then bluntly along the medial border 
of the SCM to the carotid sheath. Soft tissues are retracted with 
vein retractors. At the level of the thyroid cartilage, the carotid 
sheath is opened bluntly and the vagal nerve is found deep to the 
internal jugular vein and lateral to the common carotid artery. 
The vagal nerve is exposed by blunt dissection and mobilized 
over a length of approximately 4 cm. The nerve is then gently 
retracted superiorly with a vessel loop. The inferior two electrode 
helices are placed around the nerve. The nerve is then gently 
retracted inferiorly with the vessel loop, and the superior helix is 
placed around the nerve. The vessel loop is divided at the level 
of the skin and gently withdrawn while applying gentle digital 
compression of the helical electrodes and vagal nerve to prevent 
displacement of the electrode. Next, the strain release electrode 
loop is created by anchoring the electrode to the mesial border 
of the SCM with an electrode collar, with roughly 6 cm of elec-
trode between the inferior helix and the electrode collar.

Attention is then directed to the chest wall overlying the 
lateral border of the pectoralis major (PM). An incision overlying 
and running parallel to the PM and measuring between 2 and 
1.5 cm (models 103 and 104) to 6 cm (models 100 to 102) is 
created sharply. Dissection is then continued through soft tissue 
to the lateral border of the PM. A plane is developed between 
the PM and pectoralis minor with a blunt technique. Once a 
pocket large enough to accommodate the generator has been 
created between the two muscles, a NCP tunneling device is used 
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tory data are obtained. The NCP is then programmed by the 
neurologist to the initial stimulating parameters with the PDA. 
Closure of the neck and chest wall incisions is completed with 
Dermabond.

Generator	Revision
As discussed earlier, it is desirable to replace the generator before 
the end of battery service. The patient is returned to the operat-
ing room where general endotracheal anesthesia is induced and 
antibiotics are administered. The operating table is rotated clock-
wise away from the anesthesiologist, and the neck and chest are 
prepared, including both the chest wall and neck incisions. The 
chest wall incision is reopened, and dissection is carried down to 
the generator capsule with Bovie cautery at low-coagulation set-
tings. Care is taken to avoid damaging the electrode, the genera-
tor is removed, and the electrode or electrodes are disconnected 
from the generator after the set screws have been loosened. If a 
monopolar electrode is present, the appropriate single-channel 
generator is brought into the field and attached to the electrode 
with the torque screwdriver. If a bipolar electrode is present, the 
appropriate bipolar generator is brought into the field. The posi-
tive electrode has a white mark proximal to the actual connector 
and is introduced into the inferior lead channel closest to the 
titanium portion of the generator. The set screws are tightened 
for both connectors with the torque screw driver. The generator 
is then placed into the chest wall pocket and the incision is closed 
in layers. The programming wand in a sterile drape is then intro-
duced into the operative field and used for diagnostics and pro-
gramming. The chest wound is closed in layers and the skin 
closed with Dermabond.

to create a track from the chest wall pocket to the neck incision 
(Fig. 67-8). Tunneling can be performed in either direction 
(chest to neck or neck to chest). Care must be taken to avoid 
injuring the soft tissues of the neck with the tunneling device. 
The tunneling device has a bullet tip that screws onto the end of 
the metal shaft of the tunneling device and holds a clear hollow 
sheath around the tunneler. Once the track has been created, the 
bullet tip is removed and the shaft withdrawn from the clear 
sheath. The free end of the electrode is then placed inside the 
sheath and drawn, with the sheath, from the neck incision to the 
chest wall incision. The electrode is then removed from the 
sheath. The generator is next brought into the field and attached 
to the electrode with the set screw or screws and torque wrench. 
The generator is then introduced into the chest wall pocket while 
keeping the electrode deep to the generator. An anchoring stitch 
can be passed through the generator header and pectoralis to 
secure the generator to the chest wall. The platysma and subcu-
taneous structures of the neck, as well as the pectoralis fascia and 
soft tissues of the chest, are closed in layers. Next, the program-
ming wand is introduced into the operative field within a sterile 
drape. Electrodiagnostic testing is performed by the neurologist 
with the PDA. The draped programming wand is held over the 
generator during this process. Anesthesia personnel are alerted 
before performing the lead test portion of the electrodiagnostics 
and asked to carefully monitor the patient’s vital signs during this 
test. Rarely, profound bradycardia/asystole necessitating the use 
of atropine has been reported during the lead test. If the diag-
nostic parameters are unsatisfactory, the neck wound is reopened 
to confirm or adjust electrode placement, and the chest wall 
wound is reopened to confirm good contact between the elec-
trode and generator. The diagnostics are repeated until satisfac-

FIGURE	 67-8  Disassembled  vagal  nerve  stimulation  tunneling 
device, with the screw on the bullet head and clear electrode sheaths.

FIGURE	67-5  Monopolar vagal nerve stimulation electrode.

FIGURE	67-6  Bipolar vagal nerve stimulation electrode.

FIGURE	67-7  Vagal nerve stimulation programming wand and per-
sonal digital assistant–type programming computer.
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sleep apnea should be monitored carefully after VNS  
implantation. If the sleep apnea worsens, positive pressure  
treatment or adjustment of the VNS stimulation should be 
pursued.

Magnetic	Resonance	Protocol	for	Patients	
with	Vagus	Nerve	Stimulation	Implants
Recent FDA warnings have caused many clinicians to avoid 
magnetic resonance imaging (MRI) in patients with VNS 
implants. We have developed a protocol that has been used 
without adverse event to image patients with VNS and that sat-
isfies the medicolegal concerns of our hospital administration. 
The patient is informed of the FDA concerns, and consent for 
MRI with VNS is obtained. The device is turned off, and 
imaging is performed on a 1.5-T GE Excite MRI machine. Only 
the patient’s brain is imaged, and the scan is performed with a 
GE quad head coil. Once the scan has been completed, the VNS 
is reprogrammed to the same settings programmed before the 
scan. We are working to extend this protocol to 3.0-T MRI 
machines.

CONCLUSION
VNS is a safe and effective method for treating some patients 
with medically refractory epilepsy. Off-label uses of VNS have 
expanded from children younger than 12 years to patients with 
tuberous sclerosis complex, patients who have failed resective 
surgery, and others. Two recent reports suggest that the earlier 
in the course of refractory epilepsy that the VNS is implanted, 
the better the outcome. Indications for VNS use are likely to 
continue to expand and the frequency of VNS use to increase for 
the foreseeable future.
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Lead	Revision
If preoperative or intraoperative electrodiagnostics suggest lead 
failure, the neck incision is reopened and blunt dissection is used 
to follow the electrode to the helical coils. Typically, the elec-
trodes and vagal nerve are engulfed in a dense field of fibrosis. 
The electrodes can, however, be safely removed from around the 
nerve.41

AVOIDANCE	AND	MANAGEMENT		
OF	COMPLICATIONS

Infection
In a meta-analysis of 454 patients enrolled in five controlled 
clinical trials, the most frequent surgical complication was gen-
erator or lead implant site infection. The overall infection rate 
was 2.86%, but most were successfully treated with antibiotic 
therapy alone. Only 1.1% required explantation of the device for 
infection.16 Smyth and coauthors reported a higher rate of deep 
infection of 3.5% that required removal of the device in 
children.42

Vocal	Cord	Abnormalities
Transient vocal cord paralysis was reported in 0.7% of patients 
in the meta-analysis.16 Because no preoperative or postoperative 
vocal cord examination was performed, this is probably an under-
estimate of postimplant vocal cord dysfunction. Happily, most 
clinically significant cases are self-limited. Smyth and associates 
reported one case of vocal cord paralysis and one case of fatal 
aspiration pneumonia in a series of 74 children after VNS 
implantation.42 A prospective study in which 13 patients under-
went preimplantation and postimplantation laryngeal electromy-
ography, videolaryngoscopy, measurement of maximal phonation 
time, determination of the Voice Handicap Index, and Consensus 
Auditory-Perceptual Evaluation of Voice was published in 2006. 
Six of the patients had significant abnormalities in vocal fold 
mobility 2 weeks after surgery. Five patients had significant elec-
tromyographic abnormalities before implantation, and all 5 expe-
rienced vocal cord paresis 3 months after implantation. The data 
suggest that patients with preexisting vocal cord abnormalities 
are at greater risk for long-term vocal cord paresis after VNS 
implantation than those with normal preimplant vocal cord func-
tion.43 It is our practice to refer patients with hypotonia for 
preoperative ear, nose, and throat evaluation to assess their vocal 
cord function. If vocal cord dysfunction is detected, VNS therapy 
is not offered to the affected patient.

Bradycardia/Asystole
Ventricular asystole occurring intraoperatively during the lead 
test portion of VNS electrodiagnostic testing has been observed 
rarely in adult patients. The estimated incidence is 1 in 800 to 
1000 patients. The asystole is treated with atropine and the VNS 
is turned off. Some affected patients are able to tolerate VNS at 
very low settings initially, which are slowly turned up to thera-
peutic levels.44,45

Sleep-Related	Breathing	Disorder
Some children evaluated after VNS implantation are found to 
have decreased respiratory airflow during sleep. In one patient, 
obstructive sleep apnea on polysomnography had been reported 
to have developed but resolved with cessation of VNS stimula-
tion.46 This can be managed with positive pressure treatment or 
by varying VNS stimulation parameters. Patients with known 
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