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Vagus nerve stimulation (VNS) therapy is an effective adjunctive
treatment for chronic or recurrent treatment-resistant depression in
adults, and for pharmacoresistant epilepsy in adults and adolescents.
VNS therapy is administered through an implanted pulse generator
that delivers programmed electrical pulses through an implanted lead
to the left vagus nerve. Programmable pulse parameters include output
current, frequency, pulse width, and ON/OFF times. Within a range of
typical values, individual patients respond best to different
combinations of parameter settings. The physician must identify the
optimum settings for each patient while balancing the goals of
maximizing efficacy, minimizing side effects, and preserving battery
life. Output current is gradually increased from 0.25 mA to the
maximum tolerable level (maximum, 3.5 mA); typical therapeutic
settings range from 1.0 to 1.5 mA. Greater output current is associated
with increased side effects, including voice alteration, cough, a feeling
of throat tightening, and dyspnea. Frequency is typically programmed
at 20 Hz in depression and 30 Hz in epilepsy. Pulse width is typically
250 or 500 ps. The recommended initial ON time is 30 s, followed by
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Introduction

Vagus nerve stimulation (VNS) therapy is an
effective adjunctive treatment in adult patients
with chronic or recurrent treatment-resistant
depression (TRD) and for pharmacoresistant epi-
lepsy in adults and adolescents (1, 2). VNS therapy
is administered through a small pulse generator
implanted subcutaneously in the left thoracic area,
which delivers programmed electrical pulses
through an implanted lead to the left vagus nerve
in the neck. VNS therapy has been administered to
more than 40,000 patients worldwide, representing
more than 100,000 patient-years of treatment
experience in more than 24 countries (3). VNS
therapy was approved in the US for epilepsy in
1997 and for depression in July 2005 (4). In spite of
the extensive use of VNS therapy, its mechanisms
of action in epilepsy and depression are not fully

5 min OFF; OFF time > ON time is recommended. As with
pharmacotherapy, VNS therapy must be adjusted in a gradual,
systematic fashion to individualize therapy for each patient.
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understood and are beyond the scope of this
article. However, three aspects of the therapeutic
mechanisms of VNS therapy that affect the setting
of therapeutic parameters are discussed here:
the role of C-fibers, the functions of the locus
coeruleus in epilepsy and depression, and changes
in the effect of VNS therapy over time in
depression.

It was initially thought that the benefits of VNS
therapy in epilepsy were mediated by unmyelinated
C-fibers (5). This theory was discounted after
Krahl et al. demonstrated in animals that activa-
tion of C-fibers was not necessary for VNS
antiseizure effect (6) and a human study showed
that the levels of stimulation used to treat epilepsy
are below the threshold necessary to activate
C-fibers (7). In animal studies, Krahl et al. (6)
found that activation of the locus coeruleus by
VNS therapy is a critical component of the
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Figure 1. Pulse generator output parameters.

anticonvulsant activity of VNS in epilepsy. In
addition, they observed that VNS induces an
increased release of norepinephrine, which may
mediate the antiseizure effects of VNS therapy in
epilepsy and play a role in the action of VNS
therapy in depression (6, 8). George et al. (5)
observed VINS-induced changes in the limbic and
paralimbic regions that modulate mood and that
effects of VNS therapy observed after long-term
therapy are different from the immediate effects.
Immediately after the start of therapy, magnetic
resonance imaging observations detected increased
blood flow in the orbitofrontal cortex, cerebellum,
insula, and medial and dorsolateral prefrontal
cortex. After 3 months, imaging studies showed
further increases of blood flow in areas involved in
mood and anxiety regulation, including the orbito-
frontal, medial, prefrontal, insula, and cingulate
cortex, and showed no areas with decreased blood
flow (5).

Parameters of VNS therapy

Programmable parameters of the pulse generator
used in VNS therapy are output current, fre-
quency, pulse width, and ON and OFF times
(Fig. 1). Parameters can be varied for each patient
to maximize tolerability and adjusted according to
the efficacy results (9-11). This article discusses
each VNS therapy parameter and describes the
interactions among them, summarizing evidence
from key clinical studies and our own experience.
Our objective is to help physicians develop a
strategy for identifying the optimum settings for
each patient while balancing the goals of maxim-
izing efficacy, minimizing treatment-emergent side
effects, and preserving battery life.

Methods

Clinical studies in depression selected for this
review include an open-label pilot study of
60 patients (D01) (9, 12) and a controlled pivotal
study of 233 patients in acute and naturalistic
long-term phases (D02) (1, 13). We also analyzed
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a controlled multicenter study (E05) of acute and
long-term VNS therapy in 194 patients with
intractable epilepsy (2, 10, 14) (Table 1). In the
EO05 study, the acute phase (initial controlled
study period) was followed by a naturalistic long-
term follow-up phase during which patients who
had received sham treatment could receive active
VNS therapy (13). Follow-up during this phase
was 9 months for patients who had been in the
active treatment group and 12 months for those
in the original sham treatment group, so that all
patients had a total of 12 months of VNS
therapy. Parameter settings could be adjusted at
the physician’s discretion during this phase of
treatment.

Also included were prospective (7, 11, 15, 16)
and retrospective studies (17, 18) of the effects of
parameter setting changes in patients with epilepsy.
These studies were selected for inclusion because
the published journal reports contain specific data
about parameter settings used; other studies of
clinical trials of VNS therapy were excluded
because they did not describe parameter values in
sufficient detail for our analysis.

While some of the prospective studies (7, 11, 15,
16) were designed specifically to identify optimal
parameter settings, many were not, and the
responses of individual patients to particular
parameter settings were not captured during the
studies. Because of interactions among stimulation
parameters, it is difficult to identify effects of
individual parameter changes. The Labar study
(17) has the limitations common to post-marketing
registry studies: participation was voluntary,
potentially biasing patient selection. In this study,
several factors make it difficult to compare patients
in the registry: diagnostic and classification criteria
were not standardized, no control group was
evaluated, and patients were receiving a variety
of treatments.

Output current

Output current is the amplitude of the current
delivered in a single pulse of stimulation, measured
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in milliamperes (mA). The output current is one
component of the charge delivered per pulse, which
is expressed in microCoulombs (nC) and is calcu-
lated by multiplying the output current in milli-
amperes (mA) times the pulse width in
microseconds (us). The output current of the
pulse generator ranges from 0 (device off) to
3.5 mA in 0.25 mA steps (Table 3).

Output current is set at 0.25 mA at the start of
VNS therapy, and increased in 0.25-0.5 mA steps
every 2—4 weeks as patient tolerability permits. The
onset of benefit may not be immediate. For most
patients, onset is generally slow and response to
therapy improves with time. At the beginning of
treatment with VNS therapy, patient tolerability is
the primary consideration; tolerability to increased
output current may improve over time.

Output current in clinical studies (Table 1)
Depression

Output current settings for patients with depres-
sion were evaluated in the D01 study (9). After a
2-week stimulation adjustment period, the median
output current was 0.75 mA during an 8-week
fixed stimulation period (mean 0.96 + 0.54; range
0.25-3.0 mA) (12). A lower output current was
associated with a better treatment response (P =
0.07) during the acute phase of the pilot study (9,
12). The authors urged caution in interpreting
these findings, because parameters were adjusted
only during the initial 2 weeks of VNS therapy,
and no attempt was made to adjust parameters to
optimize efficacy during the remaining 10 weeks of
the acute phase of the study. In addition, this
observation may reflect the difference between
responders and nonresponders to therapy.
Improvement in depression, when it occurred,
typically took longer than the 2 weeks during
which the protocol permitted the adjustment of
parameters.

In the D02 study (1) of VNS therapy in
depression, participants started therapy with an
output current of 0.25 mA, which could be adjus-
ted in 0.25 mA increments over the initial 2 weeks
of the study. The median output current value at
the last recorded visit of the acute phase (approxi-
mately 10 weeks after the start of VNS therapy)
was 0.75 mA (mean 0.67 + 0.33; range 0—1.5 mA).
The rate of response to therapy [250% reduction in
scores on the Hamilton Rating Scale for Depres-
sion (HAM-D)] after 10 weeks in this study was
15%, a negative result for the primary endpoint
(1); the response rate increased to 27.2% after
12 months (13). An exploratory analysis by the
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investigators found no relationship between output
current values and percent of change in HAM-D
scores (1). The median output current setting after
12 months was 1.0 mA (range 0-2.25 mA). Our
preliminary observation during the trial was that a
higher charge delivered per pulse may have been
associated with a better response.

The median output currents and ranges used in
these clinical studies of TRD were 0.75 mA (range
0-1.5 mA) in the acute phase of the pivotal trial
(12) and 1.0 mA (range 0-2.25 mA) after
12 months in the naturalistic follow-up phase of
the pivotal trial (1).

Epilepsy

In the EO5 study, the average current setting for the
active treatment group was 1.3 mA after 3 months
(2) and 1.7 £ 0.8 mA after 12 months of VNS
therapy (14). At 12 months, there was a weak,
nonsignificant correlation between increased output
current and a reduction in seizures. In a 2005 study
of changes in parameters for VNS therapy for 61
patients (11), the mean output current ranged from
0.87t0 0.93 mA (standard deviation 0.36-0.54 mA)
in three treatment groups. Differences in output
current had no significant effect on the 50%
response rate for patients in that study.

In contrast, results of a registry study (17)
suggest that high output currents (= 2.25 mA)
may be less effective than lower currents. The
study retrospectively evaluated the effects of
output currents on seizure rates of 269 patients
who had not changed their antiepileptic medication
over a l-year period. Output currents were classi-
fied as low (0.25-1.0 mA), medium (1.25-2.0 mA),
or high (=2.25 mA). Patients receiving a high
output current experienced less reduction in seizure
rate (median 38%) than those with low (64%) or
medium (61%) output currents (P = 0.0197).
Explanations offered for these results include the
possibility that high currents increase the seizure
rate in some patients. It is also possible that
physicians increased the output currents in patients
who did not respond initially to lower settings, and
that patients who did not respond to lower current
settings would have been unlikely to respond to
VNS therapy at any parameter settings.

Safety and tolerability during use

Potential side effects of VNS therapy increase with
output current, and include voice alteration or
hoarseness, cough, a feeling of throat tightening,
and dyspnea. In an evaluation of 440 patients over
3 years of VNS therapy, Morris et al. (18) observed



that these side effects tend to diminish with time.
Most patients become accustomed to successively
higher output current levels if adjustments are
made in 0.25-0.5 mA increments over time, with
2-4 weeks between each increase. In three clinical
studies (12, 14, 18), 24-h Holter monitor results for
patients undergoing VNS therapy did not reveal
any clinically relevant cardiac effects at recommen-
ded settings.

Safety and tolerability during implantation

Tatum et al. (19) described four cases of transient
bradycardia followed by asystole during implant
procedures, which occurred during intra-operative
lead testing. In another case (20), transient asystole
occurred when a test of the VNS system lead was
attempted with an output current of 1.0 mA. Ben-
Menachem noted that all reported cases of asystole
occurred in the operating room (21). This rare
effect of stimulation seems to be related to the
consequence of de novo stimulation of a previously
untreated nerve at a relatively high current.

The Cyberonics Physician’s Manual (22) notes
that some infrequent incidents of bradycardia with
or without asystole have occurred during the
intraoperative lead test. The manual states that
clinicians should be prepared to follow procedures
consistent with Advanced Cardiac Life Support
(ACLYS) guidelines if, during the lead test or when
stimulation is initiated, a patient experiences severe
bradycardia (heart rate <40 beats/min) or a
clinically significant change in heart rate occurs.

Frequency

Frequency is the repetition rate of pulses, measured
in the number of pulses per second (Hz). The
frequency of the pulse generator ranges from 1 to
30 Hz (Fig. 1, Table 3). In preclinical studies, the
optimum frequency was found to be between 20
and 30 Hz (23).

Frequency in clinical studies (Table 1)

Depression — In the D01 study (12), 11 patients
were treated at 30 Hz and 49 patients were treated
at 20 Hz; the protocol was amended to change the
specified frequency from 30 to 20 Hz (9, 24). This
change was based on data from animal studies by
Woodbury and Woodbury suggesting that 20 Hz
was sufficient for stimulation (24). In the D02 acute
study, the median value at the last recorded visit
was 20 Hz, with a range from 10 to 20 Hz (1). At
12 months, the median stimulation frequency was
20 Hz and ranged up to 30 Hz (13).

VNS parameter settings in depression and epilepsy

Epilepsy — In the EO05 study, patients were ran-
domly assigned to receive either low-stimulation
VNS therapy (active control) at a frequency of
1 Hz, or high-stimulation active VNS therapy at a
frequency of 30 Hz (2). Frequency settings were
changed in both groups over the course of the
trial as physicians titrated settings. The mean
pulse generator frequency for the high-stimulation
group was 298 £ 14 Hz at 1 month and
28.6 + 4.0 Hz at 12 months (14). Both the high-
stimulation and low-stimulation groups experi-
enced significant decreases from baseline to
12 months in the number of seizures. (In this
study, patients originally assigned to the 1 Hz
control group were crossed over to active treat-
ment after 3 months.) In the 2005 study of
parameter settings in epilepsy (11), patients were
assigned to fixed frequencies of either 20 Hz (two
groups) or 30 Hz (three groups). Frequency dif-
ferences were primarily employed to diminish side
effects, and were not believed to affect treatment
efficacy. In clinical practice, many patients with
epilepsy have their pulse generators programmed
to 20 Hz.

Koo et al. (15) evaluated VNS therapy param-
eters in 21 patients with epilepsy, aged 4-31 years
(mean 14.14 + 6.98 years). Children in the study
had a slower conduction velocity than adults,
suggesting that the vagus nerve is not mature in
children. The investigators determined that for
children, a lower stimulation frequency than is
used for adults may achieve a therapeutic effect;
they recommended 20 Hz or lower (15).

Based on clinical study data, an initial fre-
quency of 20 Hz should be used for patients with
depression (1, 9, 12, 13) and 30 Hz for patients
with epilepsy (2, 11). Frequencies of 5 Hz or
lower should be avoided because they are not
effective and deplete the battery (22, 25). The
device manufacturer states that, for patients with
obstructive sleep apnea, lowering the stimulus
frequency may prevent exacerbation of apnea
(29).

Pulse width

Pulse width is the duration of a single pulse
of stimulation (Fig. 1) and is measured in
microseconds (us). Pulse width multiplied by the
output current yields the stimulation output,
measured as the charge delivered per pulse. The
range of pulse width is 130-1000 ps (Table 3);
pulses are unidirectional (23). The pulse width
setting affects the level of output current required
to stimulate the vagus nerve, and higher output
currents may be needed for shorter pulse widths
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(23). This phenomenon appears to be age depend-
ent; younger patients may require higher output
current or longer pulse widths for effective stimu-
lation (15).

Pulse width in clinical studies (Table 1)

Depression —In the D01 study (9), pulse width
settings were 500 ps for 57 patients and 250 ps for
three patients. These patients had various combi-
nations of frequency and ON and OFF time
settings. In the D02 study, the median pulse
width values at 3 and 12 months were 500 ps,
with a range from 130 to 750 ps (13).

Epilepsy — In the E05 study (2), all patients were
treated at a 500 ps pulse width during the 3-month
double-blind treatment phase. During the 12-month
follow-on phase, the mean pulse width was
612 + 153 ps at 12 months (14). In the 2005 study
of stimulation parameters (11), patients were ran-
domly assigned to receive VNS therapy with fixed
pulse width settings of either 250 or 500 us. The
mean output current for the group assigned to a
pulse width of 250 ps was slightly lower (0.80) than
the mean output current for the 500-ps group (0.87
or 0.93). Pulse width differences among the treat-
ment groups at the end of the study were slight, the
authors said, and were employed to diminish side
effects (11).

Safety/tolerability — Liporace et al. (16) reported
that reductions in pulse width from 500 to 250 ps
increased the tolerability of VNS therapy in
epilepsy without affecting seizure control, confirm-
ing findings reported previously by Labiner et al.
(7). In a clinical study described by Liporace et al.
(16), 14 of 48 patients (29%) receiving stimulation
at 500 ps reported pain in the neck, throat, or jaw
and teeth. One of those patients also reported
coughing, and another reported muscular contrac-
tions in the neck when stimulation was activated.
Reducing the pulse width to 250 ps resulted in
immediate and complete resolution of pain for 10
patients; reduction of the pulse width to 130 pus was
required for four patients. For all 14 patients in
whom the pulse width was reduced, pain relief was
complete even when mean output current was
increased from 2.0 to 2.5 mA at the lower pulse
width setting. Two patients also noted a smaller
degree of voice alteration at the lower pulse width
(16).

In the study by Koo et al. (15), the current
required for effective stimulation increased as pulse
width decreased; this effect was most prominent
with pulse widths below 100 ps, especially in
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children younger than 12 years. The authors note
that a pulse width setting below 130 ps (the lowest
programmable value of the currently available
pulse generator) should not be used because of the
high current values required to activate the nerve

(15).

Duty cycle

Stimulation is administered intermittently, with
alternating periods of programmed signal ON and
OFF times. Duty cycle is the percentage of time
during which stimulation occurs, calculated as
stimulation time divided by the sum of signal ON
and OFF times multiplied by 100. Stimulation time
includes programmed ON time plus ramp-up and
ramp-down periods of approximately 2 s each at
frequencies above 10 Hz (Fig. 1).

Table 2 shows the duty cycle values for various
combinations of ON and OFF times.

Signal ON time values range from 7 to 60 s. For
signal OFF times, the range is 0.2-180 min
(Table 3); setting OFF time to 0.0 min turns off
the pulse generator. Stimulation with an ON time
longer than OFF time (duty cycle >50%) has
resulted in degenerative nerve damage in laborat-
ory animals (26).

Duty cycle in clinical studies (Table 1)

Depression — In the D01 study (9), the initial
programmed ON time was 30s, followed by
5 min OFF. Physicians were permitted to change
these settings during the first 2 weeks of the study,
but only six patients (10%) were switched to a
different stimulation schedule, in all cases 30 s ON
followed by 3 min OFF. In the D02 study (13), the
typical duty cycle at 3 and 12 months was 10%,
with a median ON time of 30 s and a median OFF

Table 2 Duty cycle1'2 values (%) for various ON and OFF times (25)

OFF time (min)
ON time (s) 0.2 0.3 05 0.8 1.1 18 3 5 10
7 58 44 30 20 15 10 6 4 2
14 69 56 4 29 23 15 9 6 3
21 76 64 49 36 29 19 12 8 4
30 81 71 57 44 35 25 16 10 5
60 89 82 71 59 51 38 27 18 10

'Duty cycle is calculated by dividing stimulation time (programmed ON time plus
2 s of ramp-up time and 2 s of ramp-down time) by the sum of the ON time and
OFF time.

ZItalic values represent duty cycles higher than 50%, in which the ON time is
greater than the OFF time. Stimulation with ON time greater than OFF time has
resulted in degenerative nerve damage in laboratory animals (26). No comparable
human data are available.



Table 3 Stimulation parameters for VNS therapy

VNS parameter settings in depression and epilepsy

Stimulation Programmable Programming Recommended Typical target
parameters range initial values values
Output current 0-3.5 mA 0.25 mA 0.25 mA 1.0-2 mA
Frequency 1-30 HZ' 1,2,5,10, 15, 20, 25, 30 Hz 20 HZ? 20-30 Hz

30 HZ
Pulse width 130-1000 ps 130, 250, 500, 750, 1000 ps 250-500 ps 250-500 ps
Duty cycle 10-100%* Function of signal ON, OFF times 10% 10%
Signal ON time 7-60 s 7,14, 21, 30, 60 s 30s 30s
Signal OFF time 0.2-180 min® 5-60 min, 5-min steps 5 min 5 min

60-180 min, 30-min steps

"Values below 5 Hz should be avoided.
2n depression.
3In epilepsy.

*Duty cycles greater than 50% have resulted in nerve damage in laboratory animals (26).

5Setting OFF time to 0.0 min turns off the pulse generator.

time of 5 min. The ON time range was 7-30 s at
3 months and 7-60 s at 12 months, while the OFF
time range was 0.20-180 min at 3 months and
0.30-180 min at 12 months.

Epilepsy — In the E05 study (14), VNS therapy for
patients in the active stimulation group was pro-
grammed for the first 3 months as repeated cycles of
30 s ON followed by 5 min OFF (a 10% duty cycle).
In the low-stimulation control group, cycles of
stimulation were programmed as 30 s ON followed
by 180 min OFF. At 1 month, mean ON time was
30 £ 0 s and mean OFF time was 5.0 & 0.5 min.
After 3 months, when physicians were free to change
VNS therapy parameters for patients who continued
in the long-term phase of the study, ON times
remained at 30 s and OFF times could be changed
from 5 min to 3, 1.8, or £ 1.1 min (10).

At 12 months, 53% of patients remained at OFF
times of 5 min, but 47% of patients had been
switched to OFF times <3 min (10). At
12 months, mean ON time had increased to
30.9 £ 13.7s and mean OFF time had been
reduced to 3.7 4+ 2.3 min (14).

In a post-hoc analysis, DeGiorgio et al. (10)
evaluated the effect of changes in OFF times on
seizure frequency. While changes in OFF time did
not significantly affect the response of the overall
population, the 26 patients whose OFF time was
reduced to < 1.1 min after 3 months experienced a
significant median reduction in seizures, from 21%
at 3 months to 39% at 12 months (P = 0.01).
While only 19% of patients had a response to VNS
therapy at 3 months, 35% had a response at
12 months. In this group of patients, ON times
ranged from 7 to 60 s and OFF times, from 12 to
66 s (a duty cycle of 22-58%). The authors
examined other potential reasons for the significant
increase in response among the patients with OFF

times of < 1.1, but found that neither changes in
output current nor differences in the use of
antiepileptic drugs had a significant effect on
results. They noted that for some patients, OFF
time was not the only variable that changed; the
combined effects of reduced OFF time and
increased output current may have affected the
response of some patients. However, the effects of
changes in output current were not specifically
analyzed (10).

In the 2005 study of the effects of changes in
stimulation parameters (11), the first treatment
group had an ON time of 7 s and an OFF time of
18 s (44% duty cycle), the second group had 30 s
ON and 30 s OFF (57% duty cycle), and the third
group had 30 s ON and 3 min OFF (16% duty
cycle). The primary finding was that all three duty
cycles were equally effective in initial therapy. The
percentage of patients with a 50% reduction in
seizures was similar in all groups (31.6%, 31.7%,
and 26.1%, respectively). In the treatment group
with 30 s ON and 3 min OFF, 13% of patients
experienced a 75% reduction in seizures, compared
with 5.3% of patients in the 7 s ON, 18 s OFF
group and none of the patients in the 30 s ON, 30 s
OFF group (11).

In an evaluation of the effect of duty cycle on the
rate of seizure reductions among registry patients,
Labar (17) found that duty cycle was not associ-
ated with any significant difference in the degree of
seizure rate decline from 3 to 12 months. However,
as with any registry study, these findings should be
interpreted with caution (17).

Safety and tolerability — Programmed ON time
greater than OFF time has resulted in degenerative
nerve damage in laboratory animals (26). As a
result, therapy with ON times greater than OFF
times is not recommended in clinical usage (22).
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For patients with obstructive sleep apnea, pro-
longing OFF time may prevent exacerbation of
apnea (27). In the study comparing three different
duty cycles, all three treatment modes were well
tolerated, and duty cycle did not appear to affect
the rates of adverse events (11).

The external magnet

To supplement programmed stimulation in epi-
lepsy, VNS therapy may be initiated by the patient
on an ad-hoc basis. When an aura or the impending
onset of a seizure is sensed, the patient or a
companion can swipe a handheld magnet over the
pulse generator to trigger an electrical stimulation.
The magnet’s activation current is set at a level that
can be perceived by the patient, typically 0.25 mA
higher than the normal daily programmed output
current. In a 2001 study, Boon et al. (28) evaluated
the use of magnets by patients and caregivers,
concluding that the magnet is a useful tool that
gives patients and caregivers an additional way to
control seizures. However, caregivers rather than
patients usually used the magnet because many
patients were unable to anticipate a seizure.
Because the study relied on self-reporting, the
authors urged that results be interpreted with
caution.

Experience with our own patients and their
caregivers provides further insights into the bene-
fits of magnet use. Patients and caregivers report a
shortening of the seizure duration and a quicker
recovery from seizures. They also note that they
have a sense of empowerment because they feel
that they can do something to control their
seizures.

A magnet is not used to initiate stimulation in
patients with depression because depression is not
characterized by an identifiable event recognized
by the patient (such as an aura or seizure in
epilepsy) that might be modified by applying
ad-hoc stimulation.

To temporarily discontinue programmed stimu-
lation in either depression or epilepsy, a magnet
may also be placed over the pulse generator and
kept there for a duration determined by the
patient. Patients are advised to use this function
to avoid voice alteration when they plan to sing or
speak in public, during eating if stimulation
interferes with swallowing, or if stimulation
becomes uncomfortable or painful (29, 30). For
patients with epilepsy, the magnet may also be used
to verify that the pulse generator battery is working
(30); this function is not available for patients with
depression because the magnet’s output current
setting is 0.0 mA (OFF) (29).
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Setting therapeutic parameters

Many physicians begin stimulation as soon as the
patient has recovered from surgery, usually after
about 2 weeks. The VNS therapy trials for both
pharmacoresistant epilepsy (2) and TRD (1) inclu-
ded a 2-week recovery period after surgery and
before initiating stimulation, which is also recom-
mended by the manufacturer (29). For some
patients, it may be feasible to begin stimulation
at subtherapeutic settings immediately after sur-
gery by adjusting the output current to 0.25 mA in
the recovery room. This strategy may be appro-
priate because it is easy for most patients and
physicians to distinguish between side effects of
surgery and those associated with stimulation.
There is currently no way to predict the response
of individual patients to particular parameter
settings; current practice is gradual adjustment of
stimulation parameters based on tolerability and
effect on the patient.

Stimulation is started with low settings to
develop tolerance in previously untreated nerves
(Table 3). After 2 weeks, the current can be
increased by 0.25-0.5 mA at 2-week intervals
until the patient is at a higher tolerated output
current, typically ranging from 1.0 to 2.0 mA.
Within that range, the upper limit of the output
current is the maximum level that the individual
patient can tolerate (Table 4).

System diagnostics (a lead test) are generally not
performed until the patient is accustomed to an
output current of 1.0 mA or greater. The test may
take 30 s or more; applying 1.0 mA of current to a
previously untreated nerve is likely to be uncom-
fortable for the patient. In addition, the risk of
asystole described by Asconape et al. (20) and
Ben-Menachem (21) in operating-room settings
may be present whenever a previously untreated
nerve is stimulated with an output current of
1.0 mA or greater.

If the patient does not respond to VNS therapy
at the maximum tolerable output current after
1-3 months in epilepsy or 6-12 months in depres-

Table 4 Suggested sequence of parameter adjustments

To increase efficacy To manage side effects

1. 22 weeks after implant, increase
output current by 0.25-0.5 mA at 2-week
intervals to maximum tolerated level,
typically 1.0-2.0 mA.

. If no response after 1-3 months at
maximum tolerated output current,
gradually increase duty cycle (increase
ON time, decrease OFF time)

1. Reduce output current
2. Reduce pulse width
3. Reduce frequency

4. Reduce ON time

N




sion, the duty cycle may be increased by gradually
adjusting the ON and OFF times. As the duty cycle
increases, it may be appropriate to reduce the pulse
width or output current to minimize side effects
(23). It is difficult to evaluate the effects of changing
the ON and OFF times in patients with depression.
There are few studies of variation of ON and OFF
times, and the effects of VNS therapy in depression
are highly dependent on the duration of therapy.
Patients with TRD who do not respond initially to
therapy are more likely to respond to the continu-
ation of therapy for additional months at the same
parameters than they are to respond immediately to
a change in ON and OFF times. For some selected
patients with epilepsy, an increased duty cycle may
be the most successful approach, as shown in the
DeGiorgio et al. study (11).

Every setting change presents a tradeoff among
the objectives of improved efficacy, better tolerance,
and battery life. Reduction of output current or
pulse width may improve tolerability for patients
who experience hoarseness, coughing, or dyspnea. A
duty cycle with briefer ON and OFF times may be
better tolerated, although this higher duty cycle may
drain the battery more quickly. As is the case with
antidepressant or antiepileptic drugs, VNS therapy
must be adjusted in a gradual and systematic
fashion, individualizing therapy for each patient to
optimize efficacy and minimize side effects.

In clinical practice, it may take time for patients
to experience a response to VNS therapy. In the D01
study (9), mean Hamilton Rating Scale for Depres-
sion 28 (HAM-D,g) scores continued to decline over
the course of the study for patients who experienced
a treatment response; the median time to the first
response for those patients was 45.5 days. In the
study of long-term treatment of epilepsy (10),
median response rates improved between 3 and
12 months for all treatment groups. Morris et al.
(18) noted a plateau at 2 years for patients with
epilepsy. In both epilepsy and depression, the
treatment effect increases with time.

Battery life and device removal

For the models 102 and 102R pulse generators, the
approximate predicted battery lifetime is 8.4 years
(100.8 months) at programmed settings of 20 Hz
with a 500 ps pulse width, 2 mA output current,
4 kQ lead impedance, and 10% duty cycle (22). If
the duty cycle were changed to 50% (60 s ON, 60 s
OFF), the nominal battery life would be 2.6 years
(22). Battery life is shortened as output current,
pulse width, frequency, and duty cycle are
increased. The physician should conduct a system
diagnostic test at least every 6 months to determine

VNS parameter settings in depression and epilepsy

whether the device is operating within normal
parameters; abnormal values may indicate a prob-
lem with a lead (such as a lead fracture, fibrosis
between the nerve and the electrode, or lead
disconnection from the pulse generator) or high
battery impedance as the battery approaches the
end of service (22).

It may occasionally be necessary to remove the
pulse generator and leads from a patient in whom
they have been implanted. Removal may be
required if an infection occurs at the implant site,
if the system malfunctions, or if lead fracture
occurs. [The survival rate for the Model 300 lead is
96.9% at 5 years (31).] In these cases, a new pulse
generator and lead are implanted to minimize the
risk of infection. A single series of cases has been
reported suggesting it might be possible to attach a
replacement lead to the right vagus nerve. The
physician may also decide to remove the pulse
generator and leads if the patient does not respond
to or cannot tolerate VNS therapy despite attempts
to adjust parameter settings. Microsurgical proce-
dures have been described for the successful
removal or revision of leads without apparent
damage to the vagus nerve (32, 33).

Discussion

The use of VNS therapy to treat patients with
depression requires the participation of several
specialists to ensure the best outcomes. The
psychiatrist makes a diagnosis and determines
that the patient is a candidate for VNS therapy
after four or more antidepressants have proven
ineffective in adequate trials. Prior use of ECT
should not be considered a contraindication to a
requirement for the use of VNS therapy. The
implant procedure should be performed by a
surgeon accustomed to working in the area of the
vagus nerve and familiar with its anatomy, partic-
ularly the cardiac branches. After the procedure,
some psychiatrists may wish to consult a neurol-
ogist or epileptologist experienced in the use of
VNS therapy. Conferring with representatives of
the device manufacturer may also be useful.
Much remains to be learned about the use of VNS
therapy in depression and epilepsy. Although VNS
therapy has been effective for TRD and pharmaco-
resistant epilepsy when other treatments have failed,
as with all other treatments, VNS therapy is not
effective for all patients. The interactions among
output current, pulse width, frequency, and duty
cycle have not been fully characterized, and it is
possible that some as-yet-unidentified variable
could be responsible for differences in treatment
effect. In addition, the clinical studies of parameters
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used in VNS therapy are limited by small sample
sizes, variations among patient characteristics, and
in some cases, lack of sham-treatment controls.
With those limitations in mind, this article attempts
to present all available data and recommendations
based on experience to assist clinicians in optimizing
therapy for their patients.

Additional studies are needed to identify the
patient-related factors that predict response to
therapy and the parameter settings that are most
effective for patients with various disease charac-
teristics. The data from clinical studies of VNS
therapy provide a good foundation for initiating
VNS therapy and adjusting parameter settings.
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