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Objectives – The most widely used and studied neurostimulation
procedure for medically refractory epilepsy is vagus nerve
stimulation (VNS) Therapy. The goal of this study was to develop
a computational model for improved understanding of the anatomy
and neurophysiology of the vagus nerve as it pertains to the
principles of electrical stimulation, aiming to provide clinicians with
a systematic and rational understanding of VNS Therapy. Materials
and methods – Computational modeling allows the study of
electrical stimulation of peripheral nerves. We used finite element
electric field models of the vagus nerve with VNS Therapy
electrodes to calculate the voltage field for several output currents
and studied the effects of two programmable parameters (output
current and pulse width) on optimal fiber activation. Results – The
mathematical models correlated well with strength–duration curves
constructed from actual patient data. In addition, digital constructs
of chronic versus acute implant models demonstrated that at a
given pulse width and current combination, presence of a 110-lm
fibrotic tissue can decrease fiber activation by 50%. Based on our
findings, a range of output current settings between 0.75 and
1.75 mA with pulse width settings of 250 or 500 ls may result in
optimal stimulation. Conclusions – The modeling illustrates how to
achieve full or nearly full activation of the myelinated fibers of the
vagus nerve through output current and pulse width settings. This
knowledge will enable clinicians to apply these principles for
optimal vagus nerve activation and proceed to adjust duty cycle
and frequency to achieve effectiveness.
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Introduction

The vagus nerve stimulation (VNS Therapy®;
Cyberonics, Inc., Houston, TX, USA) system is
an effective adjunctive treatment for medically
refractory epilepsy in adults and adolescents over
12 years of age with partial onset seizures (1). A
small pulse generator is surgically implanted subcutaneously in the left thoracic area and delivers
intermittent electrical pulses via an electrode that
is partially wrapped around the left vagus nerve
in the midcervical region; the electrical signals are

in turn processed in the nucleus tractus solitarius
and relayed to various regions of the brain (2).
Attaining full activation of the vagus nerve
requires selecting the right combination of VNS
Therapy parameter settings. For optimal therapeutic effect in decreasing seizure frequency while minimizing stimulation-induced side effects, clinicians
rely on attentive patient-specific titration of the five
adjustable parameters: output current, frequency,
pulse width, and signal ON and OFF times.
Nerve fiber activation during stimulation
depends on several factors: (i) fibers located clo1
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ser to the perimeter of the nerve and thereby closer to the VNS Therapy cathode are exposed to a
stronger electric field and are easier to excite than
fibers located deeper in the nerve, (ii) fibrous
tissue encapsulation at the site of electrodes –
which forms within 4–8 weeks following implantation – can increase resistance, altering the electric field and resulting in increased voltage
requirements for fiber excitation (3), and (iii) fiber
myelination and fiber diameter. The role of myelination and fiber diameter can be explained by
briefly reviewing the properties of vagal fibers.
By systematic examination of compound action
potentials, vagus nerve fibers can be classified
into A, B, and C groups (4, 5). The A group
(including Aa, Ab, Ac, and Ad) consists of
myelinated, somatic, afferent, and efferent fibers
with diameters ranging from 1 to 22 lm and
conduction velocity ranging from 5 to 120 meters
per second (m/s). The B fibers are moderately
myelinated, efferent, and mainly preganglionic
autonomic fibers with diameters of  3 lm and
conduction velocity ranging from 3 to 15 m/s.
The myelinated A and B fibers constitute about
20% of the vagal fibers. Activation of the unmyelinated C fibers, which makes up about 80% of
the vagal fibers, is not believed to be involved in
the anticonvulsive effects of VNS (6).
Fibers with larger diameters require less current to reach the stimulus thresholds for recruitment and have higher conduction velocity than
fibers with smaller diameters. Therefore, as current increases, fibers are recruited in the following
order: A group, B group, and C group. However,
successful recruitment of fibers with the same
diameter varies depending upon their proximity
to the stimulus source.
Maximal stimulation of the A and B fibers of
the vagus nerve to achieve a therapeutic effect is
the key component of treatment of seizures for
several reasons:(i) As the mechanism of action
for VNS Therapy is not well understood and may
involve several vagal nerve tracts, selective stimulation of a group of fibers to affect only a certain
portion of the brain may not be effective in many
patients; (ii) at present, there is no method to
measure response to vagal stimulation, making it
difficult to determine which fibers are being stimulated during or after implantation of the device;
and (iii) the low incidence of side effects associated with VNS Therapy suggests that maximal
stimulation of the A and B fibers is well tolerated
(2).
A mathematical model to understand how to
achieve maximal stimulation of the A and B
fibers has not been previously applied to VNS.
2

Therefore, we developed a computational model
to explore the effects of select programmable
parameters. A digital model of the vagus nerve
was constructed to understand the role of combinations of output current and pulse width on
activation of A and B nerve fibers. Acute and
chronic stimulation conditions were incorporated
into the model to study the effect of tissue encapsulation at the site of electrode placement.
Output current and pulse width were studied as
these parameters have an effect at the stimulation
site and could be evaluated with our digital models. The effects of other parameters, such as
frequency and duty cycle, are observed postsynaptically in various structures in the brain, and
evaluating these parameters is beyond the scope
of this article. To illustrate the nonlinear relationship between the strength (current) of an applied
constant current pulse required to initiate an
action potential and the duration of the pulse,
strength–duration curves were used as they represent the minimum current and pulse width combinations required to activate a single nerve fiber
(7, 8).
The developed modeling illustrates how to
achieve full or nearly full activation of the myelinated fibers of the vagus nerve through output current and pulse width settings. This knowledge will
enable clinicians to apply these principles for optimal vagus nerve activation and proceed to adjust
duty cycle and frequency to achieve effectiveness.
Materials and methods

A mathematical model consisting of three successive models was constructed to determine nerve
fiber activation within the vagus nerve. First, a
3-dimensional digital representation of the geometry of the vagus nerve and VNS Therapy electrodes was created. Two different cases
representing lack of connective tissue (i.e. acute
implantation model) and presence of connective
tissue (i.e. chronic implantation model) were also
modeled. This geometry was then used in the
construction of finite element models to determine the voltage distribution within the vagus
nerve. Voltage distributions for several levels of
output current were identified for both the acute
and the chronic implant models and used in a
nerve fiber model to activate individual nerve
fibers within the vagus at various pulse widths.
The construction of this three-part model allowed
us to evaluate nerve fiber activation patterns for
combinations of output current and pulse width
in both the acute and the chronic implantation
settings.
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to calculate the voltage distribution within the
nerve during stimulation with several output current levels. The inputs required for this mathematical technique are geometry data, tissue
electrical properties, and an applied stimulus. The
geometry data were imported from the 3-dimensional representations of both the acute and the
chronic implantation models. Additionally, tissue
electrical properties for the fascicle, epineurium,
perineurium, connective tissue, and surrounding
tissue were taken from experimental measurements in the published literature (9–11). The
applied stimulus was provided by the electrode
surfaces using several output current levels. One
electrode produced a positive current, and the
other produced an equal, but negative current.
The finite element model calculates the voltage
resulting from the applied stimulus at any point
within the tissue. Figure 2 shows the voltage distribution for a 2.25-mA output current pulse.

Construction of the digital representation of the vagus nerve

A 3-dimensional digital representation of the
vagus nerve was constructed based on measurements obtained from a histological cross-section
collected from directly below the VNS Therapy
electrode in a 50-year-old female who had been
implanted for 3 years (W.F. Agnew, unpublished
data, 1998). Notably, a 115-lm-thick layer of
fibrotic tissue was found to have formed around
the fiber at the area of electrode placement.
Based on data from this histological sample,
the 5-cm-long digital model included nerve fibers
bundled into 10 fascicles with each fascicle protected by perineurium and further bundled by the
epineurium; it is referred to as the acute implant
model representing the intraoperative state and
very near term postoperative state following
implantation. A second model of the nerve was
created similar to the acute model but with the
addition of a 110-lm layer of connective tissue
and referred to as the chronic implant model representing the stable state reached after 4–8 weeks
postimplantation (Fig. 1A). The thickness of the
fibrotic tissue was based on data from the histological sample. It is acknowledged that the thickness may vary between individual patients;
however, such data are not currently available.
The two digital models, each with two 2-mmdiameter VNS Therapy helical electrodes wrapped
270° around the nerve, were then used to study
stimulation of the vagus nerve (Fig. 1B). In the
acute implantation model, the electrodes were
assumed to be in direct contact with the epineurium, and in the chronic implant model, the electrodes were assumed to be in direct contact with
the connective tissue.

Nerve fiber activation model

Another computational model was constructed to
predict the response of a nerve fiber when voltage is
applied to the surrounding tissue. The values for
conductances and capacitances needed for this
model were established in previous work (12–15).
The voltage in the tissue surrounding each nerve
fiber was imported from the finite element models.
This voltage was applied for a time equal to several
pulse widths. At each of 90 locations within the
vagus nerve, several 2-cm-long nerve fibers with
diameters varying between 1 and 10 lm were tested
to determine the smallest diameter fiber activated.
The model assumes constant transmembrane conductances until a threshold potential is reached.

Finite element analysis

Construction of strength–duration curves

Finite element analysis (ANSYS, Version 11;
ANSYS, Inc., Canonsburg, PA, USA) was used

To correlate the findings from the model to
actual patient data, strength–duration curves

A

B

Figure 1. (A) A cross-sectional representation of the mathematical model of the vagus nerve showing 10 nerve fascicles of varying
sizes surrounded by perineurium and epineurium, enclosed by fibrotic connective tissue. (B) A digital model with two 2-mmdiameter vagus nerve stimulation Therapy helical electrodes wrapped 270° around the nerve.
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rest of the strength–duration curves (at a rheobase current of 1.48 mA and varying pulse
widths, such as 130, 250, 750, and 1000 ls).
In the Lapicque equation, Ith is the threshold
current, Irh is the rheobase current, W is the pulse
width (i.e. duration), and τm is the nerve fiber
membrane time constant (7):
Ith ¼

Figure 2. The solution to the ANSYS finite element model,
showing voltage field distribution for a 2.25 mA current. This
figure represents a cross-section taken from beneath the
anode of the modeled nerve. Because fiber recruitment cannot be determined from voltage field data alone, these data
were used in the linear nerve fiber model. The scale under the
model shows the colors that correspond to various levels of
voltage. The black line partially encircling the nerve represents the electrode ribbon. As the distance from an electrode
increases, the voltage decreases.

were constructed; such curves illustrate the
nonlinear relationship between pulse width and
output current; and as the pulse width of a given
stimulus decreases, the threshold current must
increase to compensate (7).
As measurements of chronic compound action
potentials are currently not possible with the
device, a reasonable approach was used to estimate the rheobase current from available patient
data for responders in the VNS Therapy Epilepsy
Patient Outcome Registry (data on file, Cyberonics, Inc.) and the E05 VNS Therapy extension
study (16). Responders are defined as patients
(aged  12 years) who experienced  50% reduction in seizure frequency at 12 months following
implantation with at least a 5% duty cycle (i.e.
30-s signal ON and 10-min signal OFF times)
and at 10-Hz signal frequency or higher. It
should be noted that duty cycle is defined as a
percentage of stimulation time:
Duty cycle ¼ ON time þ 4 s=ON time þ OFF time

Settings of 1.5 mA with either 250 or 500 ls
pulse width appeared to be the most widely used
parameter combination in responders regardless
of variable signal frequencies and duty cycles.
Using these parameters (1.5 mA and 500 ls), the
Lapicque equation was solved and fitted to the
4
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Data collected by Evans et al. (17) from intraoperative measurements of compound action
potentials of A fibers in implanted patients were
also used; the authors set the pulse width at
130 ls, and the output current was increased up
to 1 mA until the maximum compound action
potential was observed.
Results
Parameter settings for maximum vagus nerve activation

Using the mathematical models, the effects of the
combination of two adjustable parameters (output current and pulse width) on activation of
nerve fibers were studied. It should be noted that
according to experimental measurements from
Schnitzlein et al. (18), the myelinated fibers in the
left cervical vagus are composed of 4% fibers
with a diameter larger than 10 lm, 13% with a
diameter between 3 and 9 lm, and 83% with a
diameter below 3 lm. Assuming a uniform distribution of fiber diameters across each class, 100%
of A and B fibers have a diameter >1 lm, 58%
with a diameter larger than 2 lm, 17% with a
diameter larger than 3 lm, and 12% with a diameter larger than 5 lm. If the results from the models are weighted with these values, the percentage
of nerve fibers activated can be determined for
the entire nerve for each output current and pulse
width combination.
The effect of various pulse widths ranging from
130 to 750 ls was tested in the acute and chronic
implant models, and when fiber activation
between 130- and 250-ls pulse widths at equal
output currents was compared, it was noted that
activation is reduced by about 3% at 130 ls.
There was a 0.7% increase in activation when
comparing equal output currents at 250 and
500 ls, and there was no difference in activation
between equal output currents at 500 and 750 ls.
Therefore, we proceeded to utilize the 500-ls
pulse width in studying the effects of variable
current and fibrosis on fiber activation.
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The first two panels in Fig. 3 represent the effect
of different output currents on the chronic implant
model. The connective tissue considered to be present in and around the electrode alters the electric
field of the model, and as the output current
increases from 0.75 to 1.5 mA (at a constant pulse
width of 500 ls), smaller fibers are recruited
(shown as increased numbers of yellow and red
dots); overall, 20% more nerve fibers were activated when the current was increased from 0.75 to
1.5 mA. It should be noted that the electrode is
depicted as a blue circular line in Fig. 3; the electrode does not fully encircle the vagus nerve but
wraps approximately 270° around it.
The mathematical working models were also
used to compare the effect of fibrosis on fiber
activation (Fig. 3). In the acute implant model, a
current of 1.5 mA with 500-ls pulse width stimulated all fibers with a diameter >1 lm (depicted
as red dots in Fig. 3); that is, an estimated 99.5%
of A and B fibers were activated. However, at the
same current and pulse width, the presence of
the fibrotic tissue increased the resistance of the
chronic implant model, and limited number of
fibers were stimulated; mainly fibers with diameters <3 lm and overall an estimated 53% of
fibers were activated. The model assists in elucidating the effect of fibrosis on activation of the
different fiber diameters.
Strength–duration curve for VNS therapy responders

Derived strength–duration curves are presented in
Fig. 4. The top curved line was fitted based on
data from responders in the VNS Therapy Regis-

try and the E05 extension study. The middle
curved line was constructed based on data collected by Evans et al. (17); it should be noted
that because the study was conducted intraoperatively, the results may not represent the stimulation needed to recruit fibers as fibrosis develops.
The top and middle curved lines follow the
trend that smaller pulse widths require a higher
current to elicit a full activation response and
likewise the activation threshold plateaus after
approximately 250-ls pulse width. Utilizing the
data from the patient registry and E05 extension
study, we found that 57.5% of responders had
settings within the zone between 0.75 and 1.5 mA
at 250 to 500 ls (purple line; maximum target)
and 36.2% of responders were programmed
within the same pulse width range but with output currents >1.5 mA (orange line; minimum target). We identified very few responders below an
output current of 0.75 mA (green line).
These data suggest a range for target output current and pulse width to ensure activation of most
of the A and B fibers within the nerve, and we
tested the range with our model. Figure 4 shows
each of these strength–duration curves and the target zone (between minimum and maximum lines)
that may increase the likelihood of a therapeutic
response. The mathematical models correlated well
with the strength–duration curves. In the chronic
cases, parameter combinations at and above the
maximum target line showed that the majority of
the fibers in the vagus (>50%) had been activated.
The acute models showed >50% fiber activation at
combinations at and above the minimum target
line. Furthermore, all models showed a negligible

Figure 3. Comparison of fiber activation in ‘chronic’ implant model of vagus nerve at 0.75 and 1.5 mA output currents and
‘acute’ implant model at 1.5 mA output current at 90 locations. All pulse widths are equal (500 ls). Red dots: All fibers with
diameters >1 lm are stimulated, that is, at that location, all A and B fibers would be stimulated. Yellow dots: All fibers with
diameter >2 lm are stimulated (i.e. 58% of A and B vagus fibers). Green dots: All fibers with diameter >3 lm are stimulated (i.e.
17% of vagus fibers). Cyan dots: All fibers with diameter >5 lm are stimulated (i.e. 12% of vagus fibers). The blue line represents
the position of the vagus nerve stimulation Therapy-stimulating electrode.
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Figure 4. Vagus nerve stimulation threshold strength–duration curve. The ‘minimum target’ curve represents the minimum output
current pulse width needed to activate the nerve completely in the absence of tissue ingrowth. An increase in resistance because
of tissue ingrowth may occur during the first several weeks after surgery. This increase may require additional stimulation per
pulse for adequate recruitment of the vagal afferents. Very few patients (6.3%) responded with output current and pulse width
falling below the ‘minimum target’ line. More than half of the responders (57.5%) had output current pulse width combinations
above the ‘minimum target’ line and below the ‘maximum target’ line; 36.2% of responders had output current pulse width combinations above the maximum target line.

increase in fiber activation when the pulse width
was increased beyond 500 ls.
To summarize, choosing a combination of output current pulse width parameters lying between
the minimum and maximum target lines increases
the likelihood of maximizing the compound action
potential, given the factors involved (fiber type and
composition, fiber location, and fibrosis).
Recent studies of strength–duration relationships using animal models presented results similar to our findings in dogs (19), but not in rats
(20). The variable findings may be attributed to
differences in vagus nerve anatomy as well as differences in measurement techniques.
Discussion

Attaining full activation of the vagus nerve
requires selecting the right combination of VNS
Therapy parameter settings. We used computer
modeling to define effective activation of the
vagus nerve at various output currents and pulse
widths. The combination of these two parameter
settings defines the amount of charge delivered to
the nerve fibers and reflects the probability of
achieving effective activation of the vagus nerve.
Based on the computer model, we found that for
optimal stimulation, output current settings may
range between 0.75 and 1.75 mA with pulse
width settings of 250 or 500 ls. Such settings will
likely provide sufficient vagal activation in adults
and in children over 12 years of age, with minimal side effects. Notably, these settings may not
apply to children under the age of 12 years, as
Koo et al. (21) demonstrated intraoperatively
that children 10 years and younger require higher
output currents to achieve activation of the vagus
6

which may be due to level of nerve maturation
during development.
Optimizing battery life

To understand the effects of different combinations of output current and pulse width on battery life, we calculated charge as a product of
output current and pulse width from the datapoints on the maximum target line shown in
Fig. 4. A 1.5 mA output current is high enough
to reach the maximum target zone at a pulse
width of 500 ls, and varying the pulse widths to
750 or 1000 ls does not change the nerve activation level (Fig. 4). However, with longer pulse
widths, the calculated charge per pulse increases
from 0.7 lC (at 500 ls) to 1.1 and 1.5 lC (at 750
and 1000 ls, respectively) (Fig. 5). At pulse
widths of 130 and 250 ls, higher threshold output currents (2.25 and 1.75 mA, respectively) are
required for effective activation of the nerve and
yet produce the lowest charge per pulse (0.437
and 0.292 lC, respectively) for effective activation of the nerve. Because battery life is correlated with charge, the lower pulse widths (250
and 130 ls) and their respective threshold currents conserve battery life more effectively than
the longer pulse widths (500, 750, or 1000 ls). It
can be extrapolated that the maximum target line
shown in Fig. 4 provides appropriate guidelines
to utilize during upward titration of the output
current in implanted patients during the initial
titration period, and for optimal activation of the
nerve fibers while conserving battery life, pulse
width settings beyond 500 ls are not needed.
Battery demand is also affected by duty cycle
and signal frequency (increases in both of these

Application of a computational model of VNS
parameters will negatively affect battery longevity), but such considerations are beyond the scope
of this article.
Future refinement of the computer model

The computer model was developed according to
specific assumptions. In the future, this computer
model can be further refined to include additional
factors that may influence the effectiveness of
VNS Therapy (e.g. signal frequency, duty cycle,
virtual anodes, virtual cathodes, conduction
blocking, and fibrotic tissue of varying thickness).
At present, the contribution of signal frequency
(most common settings are 20 or 30 Hz) is not
fully understood. Similarly, the effects of adjusting the duty cycle are not fully understood. Duty
cycles describe the percentage of the stimulation
period to stimulation-free period. Several algorithms have been developed that combine periods
of increasing output current and pulse width followed by longer periods of increasing duty cycle
(22). It should be noted that duty cycles >50% in
combination with signal frequencies  50 Hz are
not recommended owing to possible neural
degeneration noted in animal studies (23).
As mentioned earlier, the electrode does not
fully encircle the vagus nerve but wraps approximately 270° around it. This partial positioning of
the electrode contributes to potential ‘quiet spots’
where higher stimulation may be required for the
activation of the nerve fibers and may be a contributing factor in patient response to the device.
However, we are unable to make a recommendation on the positioning of the electrodes, as no
method has been developed to predict whether a
particular fascicle or multiple fascicles within the
nerve should be recruited to elicit a therapeutic
response.

Despite these limitations, this study has – for
the first time – enabled clinicians to envision the
changes in output current and pulse width as they
affect the activation of the vagus nerve. This
knowledge will enable clinicians to apply these
principles for optimal vagus nerve activation and
possibly improve the treatment of patients.
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