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Abstract

The vagus nerve is a major component of the autonomic nervous system, has an
important role in the regulation of metabolic homeostasis, and plays a key role in the
neuroendocrine-immune axis to maintain homeostasis through its afferent and efferent
pathways. Vagus nerve stimulation (VNS) refers to any technique that stimulates the
vagus nerve, including manual or electrical stimulation. Left cervical VNS is an approved
therapy for refractory epilepsy and for treatment resistant depression. Right cervical VNS
is effective for treating heart failure in preclinical studies and a phase II clinical trial. The
effectiveness of various forms of non-invasive transcutaneous VNS for epilepsy,
depression, primary headaches, and other conditions has not been investigated beyond
small pilot studies. The relationship between depression, inflammation, metabolic
syndrome, and heart disease might be mediated by the vagus nerve. VNS deserves further
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study for its potentially favorable effects on cardiovascular, cerebrovascular, metabolic,
and other physiological biomarkers associated with depression morbidity and mortality.

Keywords: Vagus nerve, vagus nerve stimulation, transcutaneous vagus nerve
stimulation, depression, treatment resistant depression, epilepsy, heart failure, metabolic
syndrome, inflammation, cytokines, immune system
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Introduction

The sympathetic and parasympathetic components of the autonomic nervous system
(ANS) control and regulate the function of various organs, glands, and involuntary
muscles throughout the body (e.g., vocalization, swallowing, heart rate, respiration,
gastric secretion, and intestinal motility). The vagus nerve (cranial nerve X) is a mixed
nerve composed of 20% “efferent” fibers (sending signals from the brain to the body) and
80% ““afferent” (sensory) fibers (carrying information from the body to the brain). The
efferent cholinergic fibers are the main parasympathetic component of the ANS [1], but
an important function of the vagus nerve is transmitting and/or mediating sensory
information from throughout the body to the brain [2]. The right and left vagus nerves
exit from the brainstem, and they course through the neck (in the carotid sheath between
the carotid artery and jugular vein), upper chest (along the trachea), lower chest and
diaphragm (along the esophagus), and into the abdominal cavity [3]. During this course,
branches enervate various structures such as the larynx, pharynx, heart, lungs, and
gastrointestinal tract. In the brainstem, the sensory afferent fibers terminate in the nucleus
tractus solitarius, which then sends fibers that connect directly or indirectly to different
brain regions. These regions include the dorsal raphe nuclei, locus ceruleus, amygdala,
hypothalamus, thalamus, and orbitofrontal cortex.

The term “vagus nerve stimulation” (VNS) can be used generally to describe any
technique that stimulates the vagus nerve. An observation first made in the 1880s was
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that manual massage and compression of the carotid artery in the cervical region of the
neck could suppress seizures, an effect attributable to crude stimulation of the vagus [4].
Electrical VNS studies were conducted during the 1930s and 1940s to understand the
influence of the ANS on modulating brain activity. Studies in cats and monkeys
demonstrated that VNS influenced brain electrical activity. Subsequent studies
determined that VNS had anticonvulsant effects on experimentally-induced seizures in
dogs [5]. Various forms of paced breathing can also influence brain electrical activity,
which might be mediated by VNS arising from the diaphragm [6,7]. Cardio-respiratory
stimulation of the vagus nerve may explain some of the positive emotional and cognitive
benefits of deep breathing, yoga, or aerobic exercise activities. Dedicated clinical trials
eventually led to approval by the United States Food and Drug Administration (FDA) of
an implanted VNS device indicated for the treatment of refractory epilepsy in 1997 [8].
The same device was later given an FDA-approved indication for the treatment of
chronic treatment resistant depression (chronic TRD) in 2005. Small open-label studies
and case series reports have described the use of VNS for rapid cycling bipolar disorder,
treatment-resistant anxiety disorders, Alzheimer’s disease, chronic refractory headaches,
and obesity, although none of these uses has been given FDA approval [9].

Go to:

Methods of vagus nerve stimulation

Left cervical VNS

The most common clinical use of VNS involves the surgical implantation of a
commercially available programmable pulse generator device (NCP System; Cyberonics,
Inc.; Houston, TX) [10]. The implant surgery is performed under general anesthesia,
typically as an outpatient procedure. The generator is implanted subcutaneously in the
left upper chest or left axillary border. The electrode lead wire is attached to the left
mid-cervical vagus nerve through a second incision in the left neck area. The lead wire is
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passed through a subcutaneous tunnel and attached to the pulse generator. Possible
surgical complications include wound infection and hoarseness (due to temporary or
permanent left vocal cord paralysis), which occurs in about 1% of patients.

A handheld computer programs the pulse generator stimulation parameters via a
programming wand placed on the skin over the device. The programmable parameters are
the current charge (electrical stimulus intensity, measured in milliamperes (mA)), the
pulse width (electrical pulse duration, measured in microseconds), the pulse frequency
(measured in Herz (Hz)), and the on/off duty cycle (the stimulus on-time and off-time,
measured in seconds or minutes). Initial settings for the four parameters can each be
adjusted to optimize efficacy (for seizure control or for other symptom control depending
on the indication) and tolerability. The generator runs continuously, but patients can turn
off VNS temporarily by holding a magnet over the device and VNS can be turned on and
off by the programmer. The pulse generator battery life depends on the stimulus
parameters, and it can be replaced or permanently removed in a simple surgical
procedure.

The adverse effects of VNS are mostly stimulation-related and therefore experienced for
very short intermittent periods of time. Possible adverse effects could be related to the
stimulation of any body structure enervated by the vagus nerve, but 80% of fibers are
afferent and these electrical pulses are propagated from the point of attachment toward
the brain rather than the body. Stimulation from the left mid-cervical vagus nerve most
commonly causes voice alteration, cough, dyspnea, dysphagia, and neck pain or
paresthesias. Left cervical VNS is believed to minimize potential cardiac effects such as
bradycardia or asystole (primarily mediated by the right vagus nerve). Stimulation
parameters can be adjusted to make adverse effects more tolerable, but tolerance often
occurs with chronic stimulation. Experience in epilepsy populations has shown that VNS
is effective, safe, and well tolerated in pediatric patients. There are no identified risks
when VNS has been used during pregnancy. VNS is safe and compatible to use together
with psychotropic drugs and with electroconvulsive therapy (ECT). Whole body MRI
scans cannot be done with VNS implants, but MRI scans of the head are possible using a
transmit/receive head coil [11]. Shortwave, microwave, or therapeutic ultrasound
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diathermy should not be used, but diagnostic ultrasound is safe. Metal detectors,

microwave ovens, cellular telephones, and other electrical or electronic devices will not
affect VNS.

Right cervical VNS

Right cervical VNS reduces seizure activity in animal models, and there is some evidence
that this is true in humans [3], but it is not known whether right cervical VNS would
effectively treat depressive symptoms. A VNS device system (CardioFit System,;
BioControl Medical Ltd; Yehud, Israel) has been developed for the treatment of heart
failure [12]. This programmable device is implanted in the right chest wall. It is
connected to the right cervical vagus using a cuff designed to preferentially activate vagal
efferent fibers (intended to affect cardiac function). The stimulator senses heart rate and
shuts off at a predetermined threshold of bradycardia. Preclinical studies and one phase II
human study suggest that chronic right cervical VNS is safe and effective for treating
heart failure [12,13]. A similar VNS system (FitNeS System; BioControl Medical Ltd;
Yehud, Israel) has been designed with a cuff electrode that preferentially activates
afferent fibers, which is intended to minimize typical VNS side effects related to efferent
fiber stimulation. Left cervical VNS using this device has been described in five patients
with epilepsy, who showed some benefit and no typical VNS side effects [14].

Transcutaneous forms of VNS

The outer ear is supplied by three sensory nerves: the auriculotemporal nerve, the great
auricular nerve, and the auricular branch of the vagus nerve (ABVN) [15]. The external
auditory meatus and concha (cymba conchae and cavum conchae) of the ear are supplied
mainly by the ABVN, and the cymba conchae is supplied exclusively by the ABVN. A
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transcutaneous method of VNS (t-VNS) targets the cutaneous receptive field of the
ABVN. Applying an electrical stimulus to the left cymba conchae (using a stimulus
intensity above the sensory detection threshold, but below the pain threshold) results in a
brain activation pattern not dissimilar to that of left cervical VNS [16-18]. The use of
t-VNS for treating epilepsy was first proposed in 2000 [19]. A t-VNS device (NEMOS;
Cerbomed GmbH; Erlangen, Germany) received European clearance for the treatment of
epilepsy and depression in 2010 and for the treatment of pain in 2012. These approvals
were based primarily on preclinical studies of t-VNS as well as extrapolating the findings
from preclinical and human studies of left cervical VNS.

Transcutaneous Electrical Nerve Stimulator (TENS) devices can also be employed to
administer t-VNS, by situating contact electrodes in the region of the cymba conchae.
Patients can self-administer t-VNS, which can be applied unilaterally or bilaterally
(depending on the device system used), but there is no established clinical paradigm for
how t-VNS should be administered (i.e., stimulation parameters; duration and frequency
of each stimulation session; length of treatment; etc.). The NEMOS manufacturer
suggests that each session should last at least one hour and should be used 3-4 times per
day, but the basis for this recommendation is unclear. There is some published clinical
data (mostly pilot studies) on the use of t-VNS for epilepsy, depression, pain, and other
clinical indications, suggesting that it is safe and well tolerated [20-25].

Another type of t-VNS device (gammaCore; electroCore LLC; Basking Ridge, NJ, USA)
has European clearance for the prophylactic and acute treatment of cluster headache,
migraine, hemicrania continua, and medication overuse headache. Therapy using
gammaCore is delivered through a hand-held portable device with two flat stimulation
contact surfaces that transmits a proprietary electrical signal in the vicinity of the vagus
nerve. The device is placed on the neck over the vagus nerve, at a location where the
pulse is found. The stimulation intensity is controlled by the patient and the application
stimulation lasts for 90 seconds. Patients may experience headache relief when used as
needed, but the device can be used several times per day to prevent headaches. Pilot
studies and case series reports using the gammaCore device for primary headache
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syndromes have been described in abstract form and larger controlled trials are underway
[26], but this device has not been investigated in epilepsy or depression.
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Studies of VNS for Depression

Rationale for VNS in depression

The rationale for investigating VNS as a treatment for depression is based on various
preclinical and clinical studies [27]. In animal models of depression, VNS has
antidepressant-like effects [28,29]. VNS has positive effects on mood symptoms in
epilepsy, even among those patients whose seizures do not improve. The vagus nerve has
direct and indirect connections to the cortical-limbic-thalamic-striatal neural circuit
pertinent to emotional and cognitive functions relevant in depression [1]. Functional brain
imaging studies in humans demonstrate that VNS influences physiological activity in
these areas [30,31]. Animal and human studies have shown that VNS influences the
activity of norepinephrine, serotonin, and other neurotransmitters implicated in mood
disorders [1]. Like other antidepressant therapies, VNS increases the expression of the
neurotrophin brain-derived neurotrophic factor (BDNF) and activates its receptor [32],
and also stimulates hippocampal neurogenesis [33].

Clinical trials of left cervical VNS for depression
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An open-label pilot study first investigated left cervical VNS in 60 patients with chronic
TRD [34,35]. These patients had unipolar or bipolar depression, were depressed for an
average of nearly 10 years, and had not responded to an average of 16 different
antidepressant therapies. After implant, two weeks of post-surgery recovery without
stimulation was followed by 10 weeks of active VNS. Approximately 30% responded
and 15% achieved remission. Patients who had not responded previously to ECT were
less likely to respond. Among 13 patients who had not responded to more than seven
different drug treatments previously, none responded to VNS. Of the remaining patients
(less than seven prior treatment failures), 39% responded to VNS. During follow-up of 59
patients, 44% were responders (27% remitters) at one year [36] and 42% were responders
(22% remitters) at two years [37]. These outcomes demonstrated that the effectiveness of
VNS increased with time and was maintained, which is contrary to typical experience
with pharmacotherapy in chronic TRD [38]. Patients with fewer previous unsuccessful
treatments were more likely to respond or remit during long-term VNS therapy. By two
years, two patients had died (unrelated to VNS), four had dropped out, and 48 (81%)
were still receiving VNS. The 81% retention rate suggested that VNS was an acceptable
treatment and that patients may have derived non-specific therapeutic benefits from the
treatment even if they had not achieved a response or remission based on depression
rating scale assessments.

A multi-center randomized double-blind controlled acute treatment study comparing
active (device turned on) and sham (device turned off) left cervical VNS in 235 patients
with chronic TRD was subsequently conducted [39]. These patients had unipolar or
bipolar disorder, and had not responded to between two and six different antidepressant
therapies. After implant, two weeks of post-surgery recovery without stimulation was
followed by 10 weeks of active or sham VNS. Response rates (15% active versus 10%
sham) based on the primary efficacy outcome measure (Hamilton Rating Scale for
Depression (HRSD)) were not significantly different, but there was a significant
difference in response rates (17% active versus 7% sham) based on a secondary measure,
the Inventory of Depressive Symptomatology Self Report (IDSSR). Only three patients
(1%) dropped out because of adverse events.
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At the end of the acute study, VNS was activated in all patients and 205 were followed in
a long-term naturalistic treatment study [40]. A cohort of 124 patients having chronic
TRD and receiving treatment as usual (TAU) was enrolled as a naturalistic comparison
group [41]. After one year, VNS patients were significantly more likely to be improved
(27% response; 16% remission) compared to TAU patients (13% response; 7%
remission). This study confirmed that the antidepressant response to VNS tends to
increase over time and the majority of patients maintain their response. Only 3% of VNS
patients dropped out due to adverse events; 90% continued treatment. There was no
difference in treatment outcomes for patients with bipolar versus unipolar depression
[42].

Schlaepfer and colleagues [43] reported the results of an open-label uncontrolled
European multicenter study of left cervical VNS in 74 patients with chronic unipolar or
bipolar TRD (non-response to 2-6 antidepressant therapies). Half the patients had
previously received ECT, including 38% who had received ECT in their current episode.
During the first three months post-implant, medication doses and VNS stimulation
parameters were kept stable. For the next nine months, medications and VNS stimulation
parameters were changed if necessary. After three months, the response rate (based on the
HRSD) was 37% and the remission rate was 17%. The one-year and two-year response
rates were 53% and 53%, respectively, and the respective remission rates were 33% and
40% [44]. Two patients exited the study because of adverse events, two had VNS
explanted, and two committed suicide.

Dosing studies of VNS for depression

The safety and effectiveness of three different stimulation levels of left cervical VNS was
investigated in a randomized double-blind multicenter study of 331 patients with unipolar
or bipolar TRD (non-response to four or more previous antidepressant therapies) [45].
57% of the patients had previously received ECT, 81% had not responded to six or more
antidepressants in their current depressive episode, and nearly half had previously
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attempted suicide. Patients were randomized to one of three VNS dose-parameter groups:
Low (0.25 mA current; 130 microsec pulse width), Medium (0.5-1.0 mA; 250 microsec),
or High (1.25-1.5 mA; 250 microsec). Stimulation parameters were stable within each
group for the first 22 weeks (acute phase), after which the output current could be
increased if necessary until week 50 (end of study). During the acute phase, all groups
showed statistically significant improvement on the primary efficacy measure (change
from baseline on the IDS-Clinician Rated scale), but there were no differences between
groups. Mean change in these scores showed continued improvement by week 50. A
composite measure of total charge delivered per day was significantly correlated with
depressive symptom improvement (i.€., a greater total charge was associated with
decreasing depressive symptoms). Response and remission rates (for each group) were
numerically higher at week 50 than at week 22, but there were no significant differences
of response or remission rates among the groups at week 22 or at week 50. The
proportion of responders at week 22 who were also responders at week 50 were
substantially higher for the Medium and High groups than for the Low group. Six
patients died (two by suicide; four unrelated to the study); 94% remained in the study
until week 50.

The antidepressant effects of two different VNS stimulation parameters also were
evaluated by Muller and colleagues [46] in a retrospective analysis of data derived from
two parallel groups of ten patients: Low strength/high frequency (<1.5 mA; 20 Hz) versus
high strength/low frequency (>1.5 mA; 15 Hz). At follow-up (duration of VNS treatment
was not specified), there was a significant decrease in the HRDS for the low
strength/high frequency group, but not the other group.

Meta-analysis of VNS studies for depression

Berry and colleagues [47] recently published a meta-analysis of patient-level data from
six multicenter studies of left cervical VNS for TRD. This analysis included patient data
from five of the published studies reviewed above and data from an ongoing
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nonrandomized registry study [48]. The registry compares VNS plus TAU (VNS+TAU;
335 patients) versus TAU (301 patients). The objective of the meta-analysis was to
compare response and remission rates (based on the Montgomery-Asberg Depression
Rating Scale (MADRS) and the Clinical Global Impressions Improvement (CGI-I)
subscale) over time for VNS+TAU (1035 subjects) and TAU (425 subjects) from
patient-level data, rather than treatment effect sizes, derived from the six studies. The
MADRS response rate for VNS+TAU at 12, 24, 48, and 96 weeks were 12%, 18%, 28%,
and 32% versus 4%,7%, 12%, and 14% for TAU. The MADRS remission rates were 3%,
5%, 10%, and 14% for VNS+TAU versus 1%, 1%, 2%, and 4% for TAU. When data
were analyzed by odds ratios, VNS+TAU was associated with a significantly greater
likelihood of response and remission compared with TAU. For patients who had
responded to VNS+TAU at 24 weeks, sustained response was more likely at 48 weeks
and at 96 weeks. The analysis of response and remission rates based on the CGI-I
similarly distinguished the VNS+TAU and TAU groups.

Safety and tolerability of VNS for depression

The relative safety, tolerability, and acceptability of VNS in the depression studies are
comparable to that seen in epilepsy [8]. The most common adverse effects were voice
alteration, cough, dyspnea, dysphagia, and neck pain or paresthesias; were typically
mild-moderate in severity; and often improved with time or by adjusting VNS. Insomnia,
sedation, sexual dysfunction, weight gain, and cognitive impairment were not associated
with VNS. The risk of developing hypomania or mania is low [49]. VNS was not
associated with an increased risk of suicidal thoughts, suicide attempts, or completed
suicide in the depression studies. Depression-related suicidal symptoms often improved
over time.

Additional data from the VNS registry found that VNS-treated patients had lower rates of
all-cause mortality, completed suicide, suicide thoughts, and suicide attempts compared
to TAU patients, although not all of the findings were statistically significant [48]. In a
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retrospective analysis of Medicare administrative claims data, Feldman and colleagues
[50] compared the experience of four groups of Medicare beneficiaries: those receiving
left cervical VNS; those defined as having TRD; those defined as having non-TRD; and
those defined as general Medicare beneficiaries. Patients receiving VNS had lower
annual mortality rates compared to the three other groups. The medical costs per
patient-year were found to be similar for the VNS and non-TRD groups, both of which
were substantially lower than for the TRD group.

Transcutaneous VNS for depression

As described previously, auricular t-VNS is an alternative form of stimulating the vagus
nerve. Hein and colleagues [25] conducted a randomized sham-controlled pilot study of
auricular t-VNS in 37 patients with major depression (not TRD). The t-VNS was
administered bilaterally using a TENS microstimulator unit (manufactured by Auri-Stim
Medical Inc.; Denver, CO, USA). The stimulation was used for 15 minutes once or twice
a day, five days per week, for two weeks. Active stimulation was set just below the
threshold of perception; sham stimulation involved no current. Active-stimulation was
associated with a significantly greater improvement on a self-report measure of
depression (the Beck Depression Inventory) compared to sham-stimulation after two
weeks, but there was no change within or difference between groups on the HRSD. The
treatment was well tolerated. Another study of auricular t-VNS for non-chronic
depression is currently being conducted [51].
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Depression, inflammation, metabolic syndrome, infectious disease, heart
disease, and VNS
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Inflammatory biomarkers, depression, and the heart

Studies have shown that depression is an independent risk factor for the development of
cardiovascular disease, and that comorbid depression increases the morbidity and
mortality of patients with pre-existing heart disease [52,53]. Depression also contributes
to the risk of developing cardiac arrhythmias [54]. Heart failure resulting from cardiac
ischemia or tachycardia is accompanied by changes in autonomic tone resulting in
increased heart rate and decreased heart rate variability. Autonomic dysfunction in heart
failure is often associated with neurohormonal activation (e.g., increased plasma
norepinephrine, angiotensin II, and endothelin-1), inflammatory biomarkers and
cytokines (e.g., tumor necrosis factor alpha and C-reactive protein), metabolic changes,
and increased systemic and cardiac oxidant stress [55]. Similarly, autonomic
dysregulation, inflammatory/immune system activation, and dysregulated neuro-immune
system interactions are implicated in hypertension and cardiovascular disease [56]. There
is extensive experience using measures of heart rate variability in diverse disease
syndromes, and these studies indicate that decreased heart rate variability and decreased
vagus nerve activity is associated with increased morbidity and mortality [57].

Complex bidirectional relationships among depression, immune system function, and
infectious disease have been described [58,59]. There is considerable evidence from
preclinical and clinical studies that acute or chronic infectious disease can increase the
risk of developing depression, and this causal effect is mediated by the induction of
pro-inflammatory cytokines [60-62]. Cytokine receptors have been identified in the brain,
and cytokines have been shown to activate the hypothalamic-pituitary-adrenal (HPA) axis
and to alter neurotransmitter function, both of which are relevant to the pathogenesis of
depression. Gut microbiota has a role in priming and regulating whole-body
immunoregulatory activity and can influence brain function and behavior [63,64]. The
state of depression itself does not cause elevated levels of inflammatory cytokines [65].

The vagus nerve and the neuro-endocrine-immune axis
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The vagus nerve is a major component of the ANS, has an important role in the
regulation of metabolic homeostasis, and plays a key role in the neuro-endocrine-immune
axis to maintain homeostasis through its afferent and efferent pathways [66,67].
Stimulation of receptors expressed on immune cells by pathogen-associated molecular
patterns or disease-associated molecular patterns induces an increase of pro-inflammatory
cytokines that communicate with the brain through neural and humoral pathways. The
vagus nerve mediates an anti-inflammatory effect through its afferent pathways involved
in the activation/regulation of the HPA axis and adrenal gland corticosteroid release. By
contrast, vagus nerve efferents mediate anti-inflammatory processes via direct effects on
immune cells or through the splenic sympathetic nerve. This pathway is referred to as the
cholinergic anti-inflammatory pathway (CAP). Activation of vagal afferents by
inflammatory mediators (such as cytokines) in peripheral tissues results in an
inflammatory reflex in which vagal efferents inhibit inflammation by suppressing
cytokine production via the CAP.

Experimental studies (e.g., animal models of endotoxemia, sepsis, shock, and colitis)
have demonstrated that invasive VNS significantly alters pro-inflammatory cytokines and
other measures of inflammation. Right and left VNS also has favorable effects on focal
cerebral ischemia in animal studies and this does not appear to be related to alterations in
cerebral blood flow [68,69]. Transcutaneous VNS was shown to reduce pro-inflammatory
biomarkers and improve survival in a murine sepsis model [70]. Clinical studies of
inflammatory markers in VNS-treated epilepsy patients are limited. Some of these
studies, but not all, have demonstrated alterations associated with VNS [71-74]. It should
be noted that these patients had epilepsy and were not studied under conditions of
inflammation. Corcoran and colleagues [75] measured various peripheral cytokines
before and three months after left cervical VNS implantation in ten patients with TRD.
They found increases in certain pro-inflammatory and anti-inflammatory peripheral
cytokines.

Levels of inflammatory cytokines and nitric oxide synthase (NOS; an enzyme that
catalyzes nitric oxide (NO), which is a highly reactive free radical oxygen species that
functions as a gaseous signaling molecule) are elevated in heart failure. In experimental
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animal studies of heart failure, VNS modulates the inflammatory response and NOS
production [55]. In humans, stress and depression have been associated with changes in
NO [76,77]. Interferon-alpha has been shown to induce NOS and NO release [78].
Interferon-alpha is an innate immune cytokine that has anti-viral and anti-proliferative
activities, is a potent stimulator of pro-inflammatory cytokines in the periphery and
central nervous system, and induces depression. Whether VNS influences NOS or NO in
humans with heart disease or depression is unknown.

Various antidepressant therapies can suppress or attenuate pro-inflammatory processes
[79], although the presence of inflammatory biomarkers is associated with a less than
optimal response to standard antidepressant drugs [80,81]. As a result, novel
pharmacologic agents that target inflammatory processes, either directly or indirectly, are
of interest as potential antidepressant therapies and are now being investigated [80,81].
The central role of the vagus nerve in the regulation of the neuro-endocrine-immune axis
might be a potential mechanism of action for VNS in the treatment of depression.
Moreover, the known associations between depression, cardiovascular disease,
cerebrovascular disease, metabolic syndrome, infectious disease, and other health
conditions suggests that using VNS as a treatment for depression might have primary,
secondary, and/or tertiary prevention benefits for many or all of these associated
conditions [67,82]. If so, overall morbidity and mortality might be favorably influenced
by long-term VNS therapy and might be safer than antidepressant drugs [83].
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Left cervical VNS is an approved therapy for epilepsy and for TRD, but its antidepressant
efficacy is modest. In a critical review, Martin and Martin-Sanchez [84] concluded that
insufficient data are available to even describe VNS as effective in the treatment of
depression. They suggest that its positive effects may be mediated by the placebo effect,
regression toward the mean, spontaneous remission, or the Hawthorne effect; that it is not
clear that its potential benefit is outweighed by possible harm; and that solid evidence of
an antidepressant effect should be based exclusively on long-term clinical trials with a
control group.

In their analysis, however, the authors mix epilepsy studies and depression studies. They
also fail to discuss the unique nature of the patient population enrolled in the VNS
depression studies [85]. These depressed patients are distinguished by the chronicity of
their depressive disorder (average length of illness more than 25 years and average length
of current episode nearly seven years), their extensive history of treatment non-response
(average of seven drug failures and more than 50% having received ECT), and their rates
of lifetime hospitalizations and suicide attempts. Such patients are invariably excluded
from most clinical treatment trials, except perhaps for studies of deep brain stimulation
[9]. A placebo effect, spontaneous remission, or simply observing these patients (the
Hawthorne effect) are unlikely to explain even modest improvements (compared to TAU)
among patients with these clinical characteristics. The tolerability and safety of implanted
VNS systems has been well established based on world-wide experience with epilepsy
and depression patients, including children and adolescents [8]. Conducting a long-term
controlled trial in TRD would be scientifically ideal, but technically challenging and
ethically problematic.

In the Sequenced Treatment Alternatives to Relieve Depression (STAR*D) trial [86], the
majority of patients had chronic or recurrent depression, but they were not considered
treatment-resistant and they were less severely and chronically ill than patients enrolled
in the VNS studies. Treatment was rendered sequentially through four levels (each lasting
up to 12 weeks) of various antidepressant therapies. Patients with an unsatisfactory
treatment response at any level moved to the next level. Rates of intolerance, defined as
the proportion of patients exiting a level because of adverse events, ranged from 16-35%
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at each of the four levels. Altogether, the cumulative remission rate after up to four levels
of treatment was 67%. About 33% of patients therefore did not achieve remission after up
to four levels of treatment, and a substantial minority was treatment intolerant. Relapse
was assessed during a 1-year naturalistic follow-up of patients who had a satisfactory
treatment response. Patients who required more treatment steps had higher relapse rates
during the naturalistic follow-up phase: 40%, 55%, 65%, and 71% after each of the four
sequential levels, respectively. At any level, lower relapse rates were found among
patients who were in remission at follow-up entry than for those who were not in
remission. The efficacy, tolerability, and relapse rates after one year of VNS treatment in
a group of chronic and highly treatment-resistant patients compares favorably with
pharmacotherapy outcomes demonstrated in STAR*D among a group of less severely ill
patients. Indeed, VNS would be indicated for the type of patients that remain depressed
after four treatment trials, such as those patients who completed treatment in STAR*D
and were still depressed.

Future directions for studying VNS

Left cervical VNS was investigated and approved for the treatment of epilepsy and TRD,
and right cervical VNS was avoided to minimize potential adverse cardiac effects.
Animal and human studies, however, suggest that right cervical VNS is safe and effective
for treating heart failure and arrhythmias [13]. Left cervical VNS also has been shown to
suppress atrial tachyarrhythmias in dogs [87], although VNS might be proarrhythmic
under certain conditions [87]. Whether right, left, and bilateral cervical VNS have
comparable efficacy, tolerability, and safety in the treatment of epilepsy or depression in
humans is unknown. Krahl [3] has suggested that there might be a lateralization of VNS
effects (at least for seizure control). If so, would the modest antidepressant effects of left
cervical VNS improve with the use of right or bilateral VNS? In depressed patients, it
also is not known whether the potential benefits of VNS on cardiovascular,
cerebrovascular, and metabolic risk factors would differ for right, left, or bilateral VNS.
Addressing these clinically relevant issues in a clinical trial(s) is unlikely to occur. The
design of such a study using a surgically implanted device with long-term assessments of
relevant outcomes would be technically challenging and prohibitively expensive.
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Transcutaneous VNS is a potentially viable option for conducting these types of studies,
although its antidepressant efficacy has not been well studied and is not yet established.
Right auricular t-VNS was found to inhibit atrial fibrillation in anesthetized dogs [89] and
t-VNS altered pro-inflammatory biomarkers in a murine sepsis study [70]. Kreuzer and
colleagues [90] reported that auricular t-VNS had a trend effect to shorten the QRS
complex in patients treated for tinnitus, but the effect of t-VNS on inflammatory,
metabolic, and/or cardiovascular biomarkers has not been extensively investigated in
humans. Transcutaneous forms of VNS therefore deserve further study not only as a
treatment for depression and other neuropsychiatric disorders, but also for its potentially
favorable effects on cardiovascular, cerebrovascular, metabolic, and other physiological
biomarkers that are associated with morbidity and mortality [68]. Using t-VNS would
also permit an investigation of the relative clinical and neurobiological effects of right,
left, and bilateral VNS.
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