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BACKGROUND: Previous research suggests that vagus nerve stim-

ulation (VNS) affects pain perception in epilepsy patients, with acute

VNS decreasing pain thresholds and chronic VNS treatment increas-

ing pain thresholds. However, no studies have investigated the effects

of VNS on pain perception in chronically depressed adults, nor have

controlled, systematic investigations been published on the differen-

tial effects of certain VNS device parameters on pain perception.

OBJECTIVES: The present study tried to replicate the results of

previous research showing acute pronociceptive effects of VNS and

determine the effects of various device parameter settings on pain tol-

erance. The present study also investigated the relationship among

patients’ levels of depression, duration of VNS treatment and VNS-

induced changes in pain perception.

METHODS: A thermal pain challenge task was used to determine

pain tolerance during VNS device activation using different combi-

nations of VNS device parameter settings within subjects undergoing

VNS therapy for chronic depression.

RESULTS: Significant pronociceptive effects were found for acute

VNS activation. Individual differences were found with respect to

the VNS settings associated with the largest changes in pain percep-

tion. Severity of depression was inversely related to baseline pain tol-

erance, but depression severity was unrelated to VNS-induced acute

changes in pain tolerance, as was the length of time participants had

been undergoing VNS treatment.

CONCLUSIONS: VNS appears to affect pain perception in

depressed adults. Different VNS parameter settings may be associated

with unique effects from patient to patient. More studies are needed

to determine the long-term effects of VNS on pain perception.
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stimulation

La stimulation du nerf vague modifie la per-
ception de la douleur chez les adultes déprimés

CONTEXTE : Selon des recherches antérieures, la stimulation du nerf

vague (SNV) modifierait la perception de la douleur chez les patients

épileptiques : la stimulation brève abaisserait les seuils nociceptifs, tandis

que la stimulation prolongée les élèverait. Cependant, aucune étude n’a

porté sur les effets de la SNV sur la perception de la douleur chez des

adultes en état de dépression chronique, pas plus que des travaux de

recherche systématique, comparative n’ont été publiés sur les différences

d’effets de certains paramètres des appareils de SNV sur la perception de

la douleur.

BUTS : La présente étude avait pour buts de reproduire les résultats d’une

recherche antérieure montrant les effets pronociceptifs aigus de la SNV et

de déterminer les effets de divers paramètres sur la tolérance à la douleur.

L’étude a aussi porté sur les liens entre le degré de dépression des patients,

la durée du traitement par la SNV et les variations de perception de la

douleur liées à la SNV.

MÉTHODE : Pour ce faire, nous avons eu recours à une tâche

douloureuse d’origine thermique pour déterminer la tolérance à la douleur

durant la SNV en associant différents paramètres chez des sujets traités

par la SNV pour une dépression chronique.

RÉSULTATS : Nous avons noté des effets pronociceptifs marqués pen-

dant la stimulation brève du nerf vague. Des différences individuelles ont

été observées en ce qui concerne les paramètres de la SNV associés aux

écarts les plus importants de perception de la douleur. Le degré de gravité

de la dépression s’est montré inversement proportionnel au seuil de

tolérance à la douleur au départ, mais aucun lien n’a été établi entre le

degré de gravité de la dépression et les variations marquées de la tolérance

à la douleur provoquées par la SNV, tout comme la durée du traitement

par la SNV. 

CONCLUSIONS : La SNV semble modifier la perception de la douleur

chez les adultes déprimés. Le réglage des différents paramètres de la SNV

pourrait être associé à des effets propres à chaque patient. Il faudrait 

mener d’autres études pour déterminer les effets à long terme de la SNV

sur la perception de la douleur.

Vagus nerve stimulation (VNS) in humans involves surgical
implantation of an electronic stimulator in a patient’s

chest. An electrode is threaded subcutaneously and attached
to the vagus nerve in the neck. The stimulator provides elec-
trical stimuli to the brain that can be controlled by a clinician
or researcher (with respect to the output current, frequency,
pulse width and stimulation on/off cycle). VNS was first inves-
tigated in humans and approved as a treatment for epilepsy (1-5).

It continues to be a widespread and growing treatment option
for epilepsy (6,7).

VNS has also been investigated as an antidepressant. Initial
open label studies found VNS to have acute antidepressant effects,
and at the one-year follow-up, response rates were sustained while
remission rates increased (8,9). However, a recent multisite,
double-blind study failed to find statistically significant, acute anti-
depressant effects between VNS and sham treatment (10).
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There is some evidence that VNS affects pain perception
(11-14). Although numerous medical and psychosocial inter-
ventions are available to treat chronic pain, many sufferers
report that they do not experience significant or even appre-
ciable relief from currently available treatments (15,16); there-
fore, investigation of new interventions with the potential to
treat pain is warranted.

Several studies have demonstrated that VNS alters pain
perception in rats, cats and monkeys (17-20). Findings suggest
that, in general, low-intensity VNS is associated with pronoci-
ceptive effects, but high-intensity VNS is associated with
antinociceptive effects.

Kirchner et al (13) examined the effects of VNS on pain
perception in 10 epilepsy patients (pre- and postdevice
implantation) and 12 age-matched healthy volunteers (no
device implantation). Wind-up pain was significantly reduced
in the VNS group pre-to-post implant, and antinociceptive
VNS effects were found for tonic-pressure pain pre-to-post
device implant. With regard to thermal pain, a trend was found
indicating an increase in pain threshold over time (measure-
ments were taken at preimplant, two to five days postimplant,
and eight to 14 weeks postimplant) within the VNS group, but
no difference was found between the VNS and control groups
(possibly because of small effect sizes and limited sample size).

Kirchner et al (13) also provided an anecdotal report about
one patient with chronic tension-type headaches for more
than 10 years. An 80% reduction of headache was reported
after implantation of the VNS device. As with many case
reports, it is difficult to determine whether the VNS was causal
in these clinical improvements.

Ness et al (13) found that acute thermal pain thresholds
were lower during VNS activation than while the device was
off (acutely pronociceptive). However, VNS frequency and
pulse width settings were not modified in this study.

These studies suggest that, at the very least, VNS interacts
with (and perhaps alters) neural circuits involved in pain per-
ception, although it is not entirely clear how VNS impacts
pain perception in humans. It is currently unknown whether
VNS affects pain perception in humans through the modula-
tion of thalamic activity, somatosensory cortex activity or
limbic structure activity; through activating structures
involved in the cognitive appraisal of pain; or through some
other mechanism. More data are needed to determine the
reliability of the findings that VNS affects pain experience
and to ultimately help articulate the mechanisms of action.

Recent imaging research has shown that different VNS
parameters (frequency [21], intensity [22], pulse width
[23,24]) result in activation of different regions of the brain.
Therefore, it is important to investigate the effects of differ-
ent parameter settings to better understand how VNS works
and, potentially, how to optimize treatment for specific neu-
ropsychiatric conditions.

The two previous studies of VNS and pain perception in
humans were conducted on patients with seizure disorders.
Currently, no studies have been published regarding the effects
of VNS on pain perception among patients without epilepsy.
Chronically depressed patients make up an important group to
study because the comorbidity of chronic pain and depression
is quite high (15,24,25).

The present study sought to develop a better understanding
of the effects of VNS device activation on acute pain percep-
tion among a convenience sample of adults receiving VNS for
the treatment of depression. Specifically, the present study
tried to determine whether different VNS device parameter
settings were associated with acute changes in pain perception,
and if so, which ones. Additionally, the present study aimed to
determine whether a relationship exists between depression
and acute VNS-induced changes in pain perception.

METHODS
Participants
The participants were eight volunteers (two men, six women)
from the roster of VNS patients enrolled in the studies investigat-
ing VNS as a treatment for depression at the Brain Stimulation
Laboratory (BSL) at the Medical University of South Carolina
(MUSC). The mean age of the sample was 48.6 and all eight par-
ticipants were Caucasian. On the day of the testing, the average
length of time participants had been receiving VNS therapy for
depression was 35.33 months (SD=7.76 months, minimum=24
months, maximum=48 months). The mean Hamilton Depression
Rating Scale (HDRS) score of the sample on the day of participa-
tion was 22.13 (SD=10.41), indicating that on average, the par-
ticipants were depressed at the time of participation (common
depression cut-off scores on the HDRS are 10 to 12). Participants
were paid $30.00 each for participating. At the time of the study,
the chronic active VNS device settings varied depending on the
clinical decisions made by each participant’s treating physician
throughout the course of VNS treatment. Table 1 lists the chronic
VNS device settings of the eight participants in the present study.
In addition to receiving VNS, participants were taking antide-
pressant medications at the time of the study. However, medica-
tions had not been changed in the three months before
participation.

VNS device settings
The participants’ VNS devices were tested and the baseline
(chronic) device settings were recorded. During the experiment,
one of the researchers (FAK) reprogrammed VNS device settings
with a laptop computer. Twelve different VNS device settings and
six control settings (ie, zero current or sham VNS) were investi-
gated. The device settings investigated were a randomized order-
ing of the following (3×2×3) parameter options: 

• Output current: 0%, 50% or 100% of the participants’
initial baseline chronic device setting;

• Frequency: 20 Hz or 30 Hz; and

• Pulse width: 130 µs, 250 µs, or 500 µs. 
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TABLE 1
Vagus nerve stimulation device settings at the time of the
present study for all eight subjects enrolled

Output current Frequency Pulse width Duty cycle
Subject (ma) (Hz) (µs) (on/off) (s)

1 1.25 20 500 30/180

2 0.50 20 250 30/180

3 2.75 20 250 30/180

4 1.50 20 130 30/180

5 0.50 15 130 30/300

6 0.50 15 250 30/180

7 0.75 20 250 30/600

8 0.75 20 250 30/180
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Each condition with a current of 0% was a control condition
(sham VNS). If a device was incapable of producing an output
current of exactly 50% of the initial device settings, the closest
output current was used for the 50% output trials. Table 2 contains a
sample block of randomized VNS device settings. Participants and
the investigator interacting with the participants (JJB) were blinded
to all device settings. After the research session was completed,
the participants’ VNS devices were set back to the original chronic
baseline settings and they were sent home. The entire session lasted
approximately 90 min, not including the clinical depression assess-
ments.

Some settings were not tolerated well by all participants. For
one participant, output current/frequency/pulse width settings of
100%/30 Hz/500 µs and 100%/20 Hz/500 µs produced significant
coughing and these settings were discontinued after completing one
heating trial. For another participant, 100%/30 Hz/500 µs produced
significant cough and it was discontinued after one trial. Additionally,
to avoid producing further discomfort, 100%/30 Hz/250 µs and
100%/30 Hz/130 µs were not used with this participant. For the
within-subject analyses, the missing-value functions of Statistical
Package for the Social Sciences (SPSS 11, SPSS Inc, USA) provid-
ed the values for the missing cells so that the patient’s results could
be used for the analyses. In addition to the missing data described
above, some data points were disregarded before importing the
data into the statistical package due to one or more of the follow-
ing reasons:

• the participant was experiencing discomfort or cough from
the VNS setting and could not focus on a particular
heating trial; 

• the participant failed to place his/her finger on the heating
surface properly, resulting in a failure to transmit heat to
his/her finger; and/or

• the participant failed to place his/her finger on the heating
surface properly, disrupting the thermocouple and resulting
in erroneous temperature readings. 

Of the expected 608 data points (19 setting conditions [3×2×3
+ 1 baseline period] × 4 trials each × 8 participants = 608), 540 data
points were recorded and imported to SPSS 11 (11% missing).
Post hoc analysis revealed that the missing data points were uni-
formly distributed across the setting conditions (one-sample
Kolmogorov-Smirnov test for deviation from a uniform distribu-
tion Z=1.07, P=0.20), and the number of available data points for
each of the specific settings were not significantly affected by the
missing data.

Method for producing mild thermal pain 
A 5 cm2 portion of a ceramic tile (1 cm thick) was heated by an
Omega SRMU 3-inch Round Silicon Heater (Omega Engineering
Inc, USA). The heater and tile were placed on top of a wooden
box that sat on a desk in front of the participant. A self-adhesive 
900 mm Teflon-insulated Thermocouple (Omega Engineering Inc,
USA) was attached to the tile and fed into an Omega CN9600
Series Digital Autotune Temperature/Process Controller (Omega
Engineering Inc, USA), which in turn controlled the silicon
heater. The digital controller was used to continuously monitor and
control the temperature of the tile to exactly 52°C. During each
heating trial, the participant placed the digiti minimi of his/her left
hand on the portion of the tile that was in contact with the heater
and near the attached thermocouple. The participant was instructed
to remove his/her finger from the tile at the point he/she determined

it to be ‘uncomfortably hot’. A custom-developed computer pro-
gram recorded the amount of time (in milliseconds) the participant
was able to keep his/her finger on the hot tile. This information
was silently recorded by the program and saved to a data file.

Depression ratings 
Each participant’s depression level was assessed by a trained psy-
chiatric nurse in the BSL at MUSC. For each participant, the
HDRS was completed approximately 30 min before participation
in the present study. The researchers were not told the HDRS
scores until after completion of the pain experiment.

Procedures 
The participants were brought individually to a quiet office in the
BSL at the MUSC. One of the researchers carefully reviewed the
informed consent form with each patient and both the researcher
and the participant signed the form. The participants were inter-
viewed briefly about any reported history of chronic pain condi-
tions. Their VNS devices were interrogated and the initial settings
were recorded. The heating and computer measurement proce-
dures were explained and demonstrated. Participants were given a
chance to practice the heating procedures for a minimum of five
times or until they were comfortable with the tasks before begin-
ning the experiment.

Once participants had demonstrated a mastery of the proce-
dures, their VNS devices were turned off and four baseline trials
were conducted. Each participant was assigned a unique random-
ized list of device settings (consisting of 18 setting combinations
including six interspersed sham VNS settings). One of the
researchers (FAK) programmed the participant’s VNS device with
a setting from the list. Both the participants and the researcher
(JJB) interacting with the participants were blinded to the settings
being used.

The participants completed four trials for each VNS setting.
The VNS devices were programmed to be ‘on’ for the first 60 s of
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TABLE 2
Sample block of random device settings showing
interspersed control conditions*

Trial Output (%) Frequency (Hz) Pulse width (µs) Device

1 0 20 500 OFF

2 100 30 250 ON

3 50 20 250 ON

4 50 30 130 ON

5 100 20 130 ON

6 0 20 250 OFF

7 100 30 130 ON

8 0 30 500 OFF

9 50 20 130 ON

10 0 30 130 OFF

11 100 20 500 ON

12 100 30 500 ON

13 0 20 130 OFF

14 50 20 500 ON

15 0 30 250 OFF

16 50 30 250 ON

17 100 20 250 ON

18 50 30 500 ON

*Actual blocks were different for each subject
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each block of four trials. The computer program was designed to
pace the trials such that a minimum of 25 s elapsed between each
trial. Approximately 2 min were allotted between each setting
condition (every four trials) to allow researchers to change device
settings and to allow subjects to relax and prepare for the next
four-trial setting condition.

Statistical analysis
Data were analyzed with the SPSS 11 for Mac OS X. Since the
study employed a small sample size (n=8), nonparametric proce-
dures were used for within-subject statistical analysis.

Assurance
The present study was approved by the Institutional Review Board
at MUSC, and all participants provided written informed consent
before participation.

RESULTS
Participant pain histories and anecdotal reports
Seven of the participants (87.5%) reported a history of chronic
pain including headache, low back pain and neck pain. Two of
these participants (28.6%) reported noticing changes in pain
experience after VNS implantation.

One participant reported that he injured his back 20 years
before VNS implantation and that he experienced debilitating
low back pain and daily tension-type headaches. He reported
that since the VNS device implantation, he had one headache
per month on average and that he was no longer “bothered” by
back pain. Another participant reported that she injured her
back in a car accident 10 years before her device implantation.
She reported that she maintained functioning despite the pain
but experienced less pain since device implantation.

Effects within VNS blocks
No significant differences were found in the length of time par-
ticipants were able to tolerate the hot tile across the four trials
in each active VNS setting block (Friedman χ2[n=8,
df=3]=3.30, not significant). Therefore, heat tolerance times
were collapsed across trials (four per VNS setting condition)
and means for each VNS setting condition were used in within-
subject statistical analyses.

VNS effects on heat tolerance duration
The mean time participants were able to tolerate the hot tile
across all conditions was 8.25 s (SD=3.79 s). An overall effect
for VNS activation on heat tolerance times was found
(Friedman χ2[n=8, df=17]=27.60, P<0.05). Figure 1 shows the
mean heat tolerance times (with 95% CIs) across the different
VNS parameter settings (main effects).

Output currents of 50% and 100% of maximal current were
associated with significant decreases in heat tolerance times com-
pared with sham VNS (Wilcoxon Signed Ranks Test 
Z=–2.38, P<0.025 and Z=–2.10, P<0.05, respectively). However,
there was no difference in heat tolerance times between the 50%
and 100% output currents (Z=–0.98, not significant).

Frequency settings of 20 Hz and 30 Hz were associated with
significant decreases in heat tolerance times compared with
sham VNS (Wilcoxon Signed Ranks Test Z=–2.38, P<0.025
and Z=–2.38, P<0.025, respectively). There was no difference
in heat tolerance times between the 20 Hz and 30 Hz condi-
tions (Z=–0.70, not significant).

A pulse width of 130 µs was associated with significant
decreases in heat tolerance times compared with sham VNS
(Z=–2.38, P<0.025), as was a pulse width of 500 µs (Z=–2.10,
P<0.05). However, a pulse width of 250 µs did not have a signifi-
cant effect on heat tolerance (Z=–1.82, not significant).
Additionally, heat tolerance time did not differ between 130 µs and
250 µs (Z=–0.84, not significant), 130 µs and 500 µs (Z=–0.70, not
significant), or 250 µs and 500 µs (Z=–0.70, not significant).

No significant interaction effects were detected; however,
statistical power was low due to the small sample size. Figure 2
shows the mean heat tolerance times for all eight participants
across all of the settings investigated. The following setting
conditions were associated with the largest average changes in
heat tolerance time: 100%/30 Hz/130 µs, 100%/20 Hz/500 µs,
and 50%/30 Hz/130 µs. Each of these settings produced average
changes in heat tolerance times that were greater than 0.5 SD.

Table 3 shows the single combination of settings associated
with the largest changes in pain perception for each individual
participant. Two participants experienced the largest change in
pain tolerance with 50%/30 Hz/250 µs. Each of the other par-
ticipants experienced the largest change in pain perception
with a unique combination of settings.

Effects of depression and VNS duration on pain experience
HDRS scores were significantly related to baseline pain toler-
ance (Spearman rho=–0.82, P<0.025). Participants who were
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Figure 1) Mean heat tolerance time (and 95% CIs) in seconds of eight
depressed vagus nerve stimulation (VNS) patients across each level of
each VNS device parameter investigated (main effects)

Figure 2) Mean heat tolerance time (and 95% CIs) in seconds of eight
depressed vagus nerve stimulation (VNS) patients for each individual
combination of VNS device settings investigated
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more depressed (with higher HDRS scores on the day of the
study) had lower baseline pain tolerances (ie, they were more
sensitive to pain). However, HDRS scores were not signifi-
cantly related to VNS-induced changes in pain tolerance
(mean heat time during VNS minus mean heat time during
device-off conditions; Spearman rho=0.301, not significant).
The length of time that the participants had been receiving
VNS therapy was also unrelated to changes in pain tolerance
(Spearman rho=0.012, not significant).

DISCUSSION
This study suggests that stimulation of the vagus nerve affects
pain perception in medicated, depressed adults receiving chronic
VNS therapy. The findings suggest an acute decrease in thermal
pain tolerance during device activation. Thus, the results in
patients with depression partially replicate and extend the find-
ings of Ness et al (14). The present study was an acute challenge
study and did not find any significant antinociceptive effects. It
is important to note that antinociceptive VNS effects have only
been found with longer-term VNS in humans (13) and higher
intensity stimulation in animals (17,18).

The present study suggests that various VNS parameters
might be associated with differential effects on pain perception.
Although statistical power is limited in this study, Figures 1 and 2
provide preliminary evidence that device parameter interactions
may be present, and that certain device settings may be associated
with larger acute changes in pain perception. Additionally, indi-
vidual differences in pain perception alteration in response to
various device settings may be worth investigating in future
studies, as six (75%) of our participants experienced the largest
individual changes in pain perception with unique device set-
tings. These individual differences may make it difficult to deter-
mine reliable predictors of VNS response with only eight
participants, and it should be noted that, given the small sample
size, these results are difficult to interpret. 

The participants’ levels of depression (and duration of VNS
therapy) were unrelated to the VNS-induced changes in pain
perception, although higher levels of depression were associated
with lower baseline pain tolerance. There may not be enough
power with only eight participants to detect a real relationship
between depression and VNS-induced alterations in pain per-
ception – if one does exist. Additionally, the response to VNS
for depression may influence the response to VNS-induced
changes in pain perception, although this question was not
directly addressed in this preliminary study.

As mentioned above, a weakness of this study is the limited
sample size, which may have limited the power to detect real
effects and associations between variables and conditions. The
sample is not representative in terms of size, sex, age or ethnic-
ity, and therefore, the results should be interpreted with cau-
tion. Another limitation involves the methods used to produce
mild thermal pain. The unconventional approach used in this
study was chosen because of its cost-effectiveness as a pilot pro-
cedure to determine the feasibility of enrolling more partici-
pants and employing more sophisticated and reliable methods
of inducing laboratory pain. Also, given the limitations of the
exploratory design employed in this study, it is difficult to rule
out the effects that differences in antidepressant medication
may have had on pain perception and/or the relationship
between depression and pain perception in our sample. The
participants were taking antidepressant medications at the time
of the study in addition to receiving VNS; however, medications

had not been changed in the three months before participa-
tion. Because this study focused on acute changes in pain tol-
erance in response to VNS device parameter changes (from
minute to minute), and because changes in pain tolerance
were examined within-subjects across time (ie, participants
served as their own controls), differences in pain tolerance
between-subjects (that might have been related to medication
differences) have little impact on the interpretation of the
data. However, it is difficult to rule out the potential impact of
the various medications on the participants’ pain-threshold
reactivity to VNS, which is a serious limitation of this study.

Similar to the studies by Ness et al (14) and Kirchner et al
(13), the VNS output currents investigated in the present
study were selected from the large number of therapeutic set-
tings used by treating physicians for clinical purposes.
However, these settings might differ from the maximum toler-
able settings in some cases, and given the individual differ-
ences found in this study, they may not be optimal settings for
all patients. Future studies might determine the feasibility and
utility of determining the maximum tolerable output setting
for each participant to maximize effect sizes and to ensure that
participants are receiving an adequate VNS ‘dose’. In the pres-
ent study, the participants that had difficulty tolerating all the
levels of frequency and pulse widths investigated were those
with the highest chronic output currents. Therefore, future
studies should assess the maximum tolerable output current,
not only to ensure adequate dose, but also to assure that the
dose is not too high for the laboratory procedures.

Lastly, the present study lends preliminary support to the
notion that VNS effects on pain perception might be used as
an index of VNS activation and neural responsiveness. In gen-
eral, it is difficult to determine, within a given individual,
whether VNS is affecting brain activity without using expen-
sive imaging techniques. However, acute mild pain procedures,
like those used in this study and the studies by Ness et al (14)
and Kirchner et al (13), might be used to evaluate whether
VNS settings are appropriate for an individual participant by
providing clinicians and researchers with a simple, cost-effective
method to verify that VNS is indeed affecting the brain.
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TABLE 3
Vagus nerve stimulation device settings that produced the
largest changes in thermal pain threshold for each
individual subject

Subject Output current (%) Frequency (Hz) Pulse width (µs)

1 100 30 250

2 50 30 250

3 50 30 130

4 50 30 250

5 100 30 500

6 50 30 500

7 50 20 130

8 50 20 250
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