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Preface

Electroceuticals is a term that has recently come into use and encompasses the rap-
idly growing fields of bioelectrical and bioelectronics medicine. In broad and general 
terms, electroceuticals covers the therapeutic use of electrical stimulation to influ-
ence and modify biological functions or pathological processes in the body. Strictly 
speaking, this field is not new. Electrical stimulation has been used over the last 50 
years for therapeutic benefits. For example, electroconvulsive therapy has been suc-
cessfully employed for decades to treat pharmacologically resistant depression. 
However, over the last 20 years, there has been an exponential rise in research activ-
ity focused on electroceuticals, and exciting new areas of discovery and development 
have emerged which may offer alternatives to the traditional pharmaceutical options. 
The increasing sophistication and miniaturization of technology coupled with rapid 
advances in understanding of the function of electrical pathways in the body has 
made it increasingly feasible to modify electrical pathways for therapeutic gain.

This has also been reflected in the increased interest that research funding bodies 
such as the National Institute of Health (NIH) in the USA and pharmaceutical com-
panies like GlaxoSmithKline (GSK) have taken in this area. The NIH has estab-
lished a US$248 million fund to map the electrical wiring of the body and advance 
the development of new therapeutics. Similar efforts have been initiated by GSK.1 
Other initiatives like the NIH-funded human connectome project also promise to 
unravel the structural and functional connectivity of the human brain in health and 
disease.2

In this book, we present areas where electroceuticals research has made exciting 
progress toward therapy development. These include clinical neural implants such 
as cochlear implants to restore hearing, deep brain stimulators to treat movement 
disorders, and stimulation of the pharynx and of peripheral nerves to assist in dys-
phagia and gait disorders.

More recent varieties of electroceuticals include the electrical stimulation of the 
vagus nerve to modulate the immune system in order to provide relief from rheumatoid 
arthritis, prevent epileptic seizures, treat heart failure, aid recovery from brain trauma, 
and treat inflammatory bowel disease and gut motility disorders. Equally exciting is 
the potential that electroceuticals may enhance memory and consciousness.
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Electroceuticals is a broad and rapidly growing field, and it is not possible to 
cover all the progress that is being made. However, we believe that this publication 
will give the reader new insights into the progress that has been made in this field. 
Each chapter in this book has been written by experts with an international reputa-
tion in their specialty who discuss the development of electroceuticals in their dis-
ease areas. They have included discussion on the historical background, research 
developments, current uses, and future prospects.

The regulatory approval process is of course an important consideration for all 
therapy development. However, I have chosen not to include chapters on the regula-
tory process as it varies according to jurisdiction and it would not be possible to 
cover all the jurisdictions of potential readers of this book.

Despite the rapid progress that has already been made, we stand at the dawn of a 
new era that will surely see huge developments over the coming decades, not only 
in treatments of diseases but also in enhancing human function.
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Chapter 1
The Use of Electroceuticals 
and Neuromodulation in the Treatment 
of Migraine and Other Headaches

Sarah Miller and Manjit S. Matharu

Abstract Over recent years there has been increasing interest in the role of neuro-
stimulation in the treatment of headache disorders. Currently both peripheral and 
central neuromodulation devices are available although evidence to support their 
use is still limited. Both non-invasive and invasive devices can be used for neuro-
stimulation. Non-invasive peripheral stimulation options include supra-orbital stim-
ulation (Cefaly® device) and vagal nerve stimulation (gammaCore® device), while 
invasive peripheral stimulation options include occipital nerve stimulation and 
sphenopalatine ganglion stimulation. Non-invasive central neurostimulation option 
involves single pulse transcranial magnetic stimulation (SpringTMS® device), while 
invasive central neurostimulation can be carried out using ventral tegmental area 
deep brain stimulation. Neurostimulation therapies offer a promising approach to 
otherwise medically intractable or difficult to treat headache disorders with each 
device having specific roles within the treatment pathway.

Keywords Electroceuticals • Nuromodulationl • Migraine • Headaches

 Introduction

Primary headache conditions are benign, reoccurring headaches not caused by any 
underlying structural issue or disease. The primary headaches are subdivided into 
phenotypes based on the International Classification of Headache Disorders (ICHD- 
III beta) [1]. The main divisions are migraine and the trigeminal autonomic cepha-
lalgias (TACs). Migraine is a recurrent headache disorder manifesting in attacks of 
pain lasting between 4 and 72 h, which is accompanied by nausea, vomiting, light 
and noise sensitivity and aggravation of the pain with movement. The TACs are a 
group of disorders characterised by unilateral head pain occurring in association 

S. Miller, MRCP • M.S. Matharu, FRCP, PhD (*) 
Institute of Neurology and The National Hospital for Neurology and Neurosurgery,  
Queen Square, London WC1N 3BG, UK
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with prominent ipsilateral cranial autonomic features. The TACs include cluster 
headache, paroxysmal hemicrania, hemicrania continua and short-lasting unilateral 
neuralgiform headache attacks, which is further subdivided into SUNCT (short- 
lasting unilateral neuralgiform headache attacks with conjunctival injection and 
tearing) and SUNA (short-lasting unilateral neuralgiform headache attacks with 
autonomic symptoms). The most common primary headache is migraine with an 
estimated 15% of the population affected [2]. The TACs are less common with esti-
mated prevalence of cluster headache of 1  in 500 [3], of paroxysmal hemicrania 
around 0.5 per 1000 [4] and that of hemicrania continua and SUNCT/SUNA not 
well defined but thought to be similar to that of paroxysmal hemicrania [4]. The 
clinical features, epidemiology and first-line treatment options are summarised in 
Table 1.1.

The above primary headache conditions can be classified by their frequency into 
either episodic or chronic forms. Chronic migraine is defined as a headache occur-
ring on 15 or more days of the month (of which eight or more are migrainous) for a 
period of over 3 months. Chronic TACs are diagnosed when patients go a year with-
out remission periods or with remission periods lasting less than 1 month [1]. 
Chronic headache is a global health issue affecting up to 4% of the population [5], 
with chronic migraine or cluster headache forming the majority of chronic head-
aches seen in neurology units. The estimated prevalence of chronic migraine is 2% 
and chronic cluster headache 0.02% [6]. Patients may have headaches that are 
chronic from onset or evolve from an episodic form.

Although advances in the management of headache disorders means that the 
majority can be managed with medical treatments, a significant minority will not 
tolerate or prove intractable to available preventative pharmacological treatments. 
Neurostimulation techniques with peripheral and central targets appear to offer a 
promising approach to treating such patients. Devices allowing acute treatment of 
attacks may be useful to those unable to use or who overuse acute medications such 
as triptans. The peripheral targets used include the occipital nerve, the supra-orbital 
nerves, the sphenopalatine ganglion and the vagus nerve. Current central targets are 
the ventral tegmental area and the cortex. In this chapter, the main focus is on the 
treatment of chronic migraine and chronic cluster headache as this is where the bulk 
of literature and experience lies. Some reference will be made to the treatment of 
episodic migraine and cluster headache where relevant.

 Pathophysiology of Primary Headache Conditions

�Migraine

Migraine is a complex neurological disorder that affects multiple cortical, subcortical 
and brainstem regions that regulate the autonomic, affective, cognitive and sensory 
functions. The pathophysiology of the condition involves different neural networks and 
pathways interacting together to generate the clinical features of migraine. The main 
pathways and mechanisms involved in migraine generation include (Fig. 1.1):

S. Miller and M.S. Matharu
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• the trigeminovascular system including the large intracranial vessels,
• brain hyperexcitability and cortical spreading depression (CSD),
• the trigeminocervical complex consisting of the caudal trigeminal nucleus and 

the spinal roots of C1–C2.

The innervation of large intracranial vessels and the dura comes from the first 
division of the trigeminal nerve, a pathway known as the trigeminovascular system 
[7]. Activation of trigeminal nerve endings results in the release of  neuro- inflammatory 
peptides such as calcitonin gene regulating peptide (CGRP), substance P and nitric 

Vagal
nerve
stimulation

Thalamus

Cervical afferents Vagal afferents

Occipital
nerve
stimulation

Sphenopalatine
ganglion
stimulation

SPG SSN

Trigeminal
ganglion

Dural
vessels

Supraorbital
nerve
stimulation

Deep brain
stimulation

Transcranial magnetic
stimulation

Cortex

Hypothalamus

PAG

LC

NRM

TNC

V1

Fig. 1.1 Schematic of headache pain pathways and the targets for neurostimulation
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oxide. These inflammatory mediators result in the activation of trigeminal nerve 
endings on adjacent blood vessels and a positive feedback loop is established via 
trigeminal brainstem connections to higher centres resulting in pain generation.

Trigeminal afferents pass caudally through the trigeminal ganglion to synapse in 
the trigeminal-cervical complex. This complex provides an anatomical and func-
tional overlap of trigeminal afferents and cervical afferents from the level of the 
trigeminal nucleus caudalis to the level of C2 [8]. Stimulation of the cervical neu-
rones at this level results in activation of trigeminal neurones, thus, nociceptive 
activation of either end of the pathway can result in both occipital and frontal pain. 
The trigeminal nucleus also makes connections with the thalamus via brainstem 
nuclei such as the periaqueductal gray, dorsal raphe nucleus and locus coeruleus.

There is evidence to support the concept that migraine sufferers have a sustained 
state of brain hyper-excitability [9]. Neurophysiological work shows increased 
visual evoked potentials and absence of habituation in migraineurs. Genetic causes 
of migraine have been linked to mutations leading to increased levels of synaptic 
glutamate, an excitatory neurotransmitter and transcranial magnetic stimulation 
studies has suggested reduced phosphene thresholds in migraineurs compatible 
with hyper-excitability. This excitability leads to a lowered threshold for the initia-
tion of CSD. Cortical spreading depression, the physiological substrate of aura, con-
sists of a wave of neuronal excitation spreading across the cortex followed by a 
reciprocal wave of neuronal inhibition [10]. Cortical spreading depression has been 
found to lead to the activation of the trigeminovascular system and potentially of 
brainstem regulatory centres, both of which can lead to pain generation.

�Trigeminal�Autonomic�Cephalalgias

The pathophysiological constructs for TACs must account for the distinctive clinical 
characteristics of the disorders: the trigeminal distribution of pain, the ipsilateral 
autonomic features and the periodicity seen in cluster headache. Pain innervation of 
the head comes from branches of the first division of the trigeminal nerve. The links 
between the trigeminal system, the higher cervical nerve roots and brainstem struc-
tures are discussed above. The ipsilateral autonomic features are thought to arise 
from cranial parasympathetic activation and sympathetic hypofunctioning. The 
pathway controlling these symptoms is known as the trigeminoautonomic reflex. 
Experimental data suggests that stimulation of trigeminal afferents results in cranial 
autonomic outflow via this reflex [11]. In humans, the parasympathetic fibres 
involved in this reflex synapse in the sphenopalatine ganglion. Although the tri-
geminoautonomic reflex is active in other headache syndromes, it is the degree of 
activation in TACs that give the distinctive clinical features. Hypothalamic activa-
tion has been suggested on functional neuroimaging of TAC patients [12–15]. There 
is evidence of the role of hypothalamus in mediating anti-nociceptive and auto-
nomic responses when intracranial pain structures are activated. In support of the 
role of the hypothalamus in pain processing in TACs, direct pathways between the 
hypothalamus and trigeminal nucleus have been mapped. Other supporting data for 
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the importance of the hypothalamus in attack generation or pain control in TACs are 
the periodicity of cluster headache attacks that would suggest involvement of supra-
chiasmatic nucleus of the hypothalamus, where the “body clock” is sited, and the 
fact that hypothalamic peptides Orexin A and B elicit both pro- and anti-nociceptive 
effects on the trigeminal system [16].

The current hypothesis is that TACs are due to a central abnormality in hypotha-
lamic processing with subsequent activation of the trigeminovascular and trigemi-
noautonomic pathways via the superior salivatory nucleus, sphenopalatine ganglion 
and trigeminal pathways.

 Peripheral Neurostimulation Devices

�Supraorbital�Nerve�Stimulation

The trigeminal system has a crucial role in generation of head pain. The supraorbital 
nerve is a branch of the frontal nerve (which in turn is a branch of the first division 
of the trigeminal nerve) and innervates the frontal sinus, upper eyelid and anterolat-
eral part of the forehead and scalp. A transcutaneous supraorbital nerve stimulator 
has been developed as a potential treatment for headache and case reports also exist 
on the potential use of subcutaneous supraorbital nerve stimulation in isolation or 
alongside occipital nerve stimulator devices.

 Evidence for the Use of Transcutaneous Supraorbital Nerve Stimulation

Transcutaneous supraorbital nerve stimulation involves the use of an external device 
to deliver an electrical current through the supraorbital nerves. The Cefaly® device 
is the only currently available external transcutaneous nerve stimulator. It is battery 
powered and worn on the forehead using a headband-like device. There is currently 
no evidence to support the use of transcutaneous nerve stimulation in chronic 
migraine or chronic cluster headache, either as an acute or preventative treatment. 
Some limited evidence of its possible use in episodic migraine is available.

Acute Treatment of Episodic Migraine

No controlled evidence for the use of transcutaneous supraorbital nerve stimulation in 
the acute treatment of episodic migraine has been published. However, a single pilot 
study of the Cefaly® device, reported that use of the device was associated with pain 
freedom in only 13% of treated cases and actually had no effect in 57% of attacks [17].
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Preventative Treatment of Episodic Migraine

The evidence for transcutaneous supraorbital nerve stimulation in preventative 
treatment of episodic migraine comes from a small sham-controlled study of the 
Cefaly® device and manufacturer’s post-marketing survey data [18, 19]. The 
sham- controlled study of 67 patients with episodic migraine using either a sham 
or active supraorbital nerve stimulator device for 3 months reported a significant 
drop of 30% in migraine days in the active group compared to 4.9% in the sham 
group [18]. Responder rates for the device were comparable to traditional migraine 
preventative agents such as propranolol [20]. The post-marketing survey incorpo-
rated data from 2313 subjects who used the transcutaneous supraorbital nerve 
stimulator for migraine prevention. Fifty three percent of subjects rated them-
selves “satisfied” and continued treatment after a 40-day trial period [19]. 
Although the therapeutic gain in migraine day reduction was lower at 12% than 
that seen in other migraine preventatives such as topiramate (25%), the lower 
levels of adverse events and higher rates of patient satisfaction with Cefaly® 
device may counterbalance this issue.

 Evidence for the Use of Subcutaneous Supraorbital Nerve Stimulation

Subcutaneous supraorbital nerve stimulation is achieved by placing subdermal- 
subcutaenous electrodes on the forehead in the territory innervated by the supraor-
bital nerve [21]. The electrodes can be placed in isolation or in combination with 
occipital nerve electrodes. The only evidence for the use of subcutaneous supraor-
bital nerve stimulation comes from small open-label case series on the preventative 
treatment of chronic migraine and chronic cluster headache, most often in combina-
tion with occipital electrodes.

Preventative Treatment of Chronic Migraine

Two small series are available in the literature on the use of combined supraor-
bital and occipital nerve stimulation for the prevention of intractable chronic 
migraine. The first was by Reed et al. [22] and included seven patients receiving 
bilateral supraorbital and occipital electrodes. With a median follow-up of 
15 months, all patients reported a more than 50% reduction in headache severity. 
Adverse events included lead migration, infection and allergy. Hann and Sharan 
performed a similar procedure on 14 patients [23]. With a mean follow-up of 
31  months, ten patients had a more than 50% reduction in headache severity. 
Adverse events included lead migration, allodynia and infection and the group 
reported a reoperation rate of 36%.

1 The Use of Electroceuticals and Neuromodulation in the Treatment of Migraine
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Preventative Treatment of Chronic Cluster Headache

Current literature on subcutaneous supraorbital nerve stimulation for chronic clus-
ter headache is limited to a total of six patients, one case report and one case series. 
Narouze and Kapural were the first to publish a case report of isolated supraorbital 
nerve stimulation for chronic cluster headache in 2007 [24]. Following the implant 
of a unilateral lead with programmes for both preventative and acute treatments, the 
patient had a complete remission of pain for over 14 months. When the stimulation 
was terminated, the attacks returned within 24 h. Interestingly, the device was also 
successfully used as an abortive treatment to terminate acute attacks. The second 
series of four chronic cluster headache patients with a mixture of unilateral and 
bilateral leads reported a more than 50% reduction in pain severity in all patients 
after a follow-up of 25 months [25]. Adverse events were high with two patients 
suffering electrode erosion through the skin and one a lead infection.

 Safety of Supraorbital Nerve Stimulation

Transcutaneous supraorbital nerve stimulation appears to be a safe and well- tolerated 
treatment option. In the study from Magis et al. of 2313 participants using the Cefaly® 
device for the treatment of migraine only 4% of subjects reported any adverse events 
[19]. The most frequent adverse event was intolerable paraesthesia (30% of adverse 
events) but sleepiness during treatment (12%), skin irritation at the application site 
(5%) and worsening of headache with treatment (12%) were also reported.

Subcutaneous supraorbital nerve stimulation seems to have a similar risk profile 
to ONS. As the majority of patients reported in literature had both ONS and supra-
orbital electrodes, the adverse event data is discussed in ONS section.

 The Possible Role of Supraorbital Nerve Stimulation (Table 1.2)

Transcutaneous supraorbital stimulation may be useful in the prevention of episodic 
migraine in those unable to tolerate or not responding to traditional pharmacother-
apy. As yet, there is not enough evidence to support its use for chronic migraine, 
chronic cluster headache or acute treatment of either migrainous or cluster attacks. 
From the limited evidence available for invasive supraorbital nerve stimulation, rou-
tine use of this procedure to treatment primary headaches cannot be advocated as yet.

�Vagal�Nerve�Stimulation

The vagus nerve contains both motor and sensory components and has a role in 
controlling autonomic responses as well as pain processing via its projections to 
higher pain control centres. The initial concept of vagal nerve stimulation as a 
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headache treatment came following observations of migraine improvement in 
patients undergoing invasive vagal nerve stimulator implants for intractable epi-
lepsy [26]. The use of invasive vagal nerve stimulation for headache has been lim-
ited to small case reports. The development of non-invasive transcutaneous vagal 
nerve stimulator devices such as the gammaCore®, a handheld device used on the 
neck, has led to a resurgence of interest in the role of vagal nerve modulation in 
primary headache.

 Evidence for the Use of Transcutaneous Vagal Nerve Stimulation

Preventative Treatment of Chronic Cluster Headache

Available evidence for the possible use of transcutaneous vagal nerve stimulation 
comes from a study of the gammaCore® device, the Prevention and Acute Treatment 
of Chronic Cluster Headache (PREVA) trial [27]. This trial, consisting of 45 active 
and 47 control subjects, compared standard of care plus vagal nerve stimulation to 
standard care alone. Regular use of the gammaCore® device for 4 weeks was associ-
ated with a significant reduction in cluster attack frequency compared to control (6 
vs. 2 less attacks a week). The 50% response rate was also higher in the active group 
(40% vs. 8%). Following a four-week extension phase, both the reduction in attack 
frequency and response rate were seen to increase (to 8 attacks a week less and a 
46% responder rate) suggesting a prolonged period of use is required to gain maxi-
mal benefit. Following treatment, 50% reported satisfaction with the device and 
65% would recommend treatment to others.

Acute Treatment of Chronic Cluster Headache

A small open-label series of 19 patients using the gammaCore® device reported 
that it was useful as an acute treatment with 47% of attacks terminated within 
11 min [28]. Subsequently, the PREVA study also reported on the use of the gam-
maCore® device to abort cluster attacks [27]. The use of transcutaneous vagal 
nerve stimulation as an acute treatment in 75 of 92 participants had no effect on 
cluster headache attack duration or severity. The PREVA study results suggest 
that there is no role for the use of gammaCore® as an acute treatment in cluster 
headache.

Preventative Treatment of Chronic Migraine

The controlled trial evidence for the use of transcutaneous vagal nerve stimulation 
with the gammaCore® as a preventative treatment in chronic migraine is limited to 
a single trial of 59 patients [29]. The trial, comparing 2 months treatment with active 
treatment to treatment with a sham device, failed to show a difference in headache 
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day reduction between the groups (reduction of 2 days per group). An open-label 
extension phase suggested a significant difference emerges with a longer duration of 
treatment but further studies are needed to validate this [30].

Acute Treatment of Migraine

There is no controlled data to support the use of transcutaneous vagal nerve stimula-
tion with the gammaCore® device in the acute treatment of migraine. Open-label 
data is, however, available on a total of 27 patients with episodic migraine [31] and 
48 with high frequency or chronic migraine [32]. In the episodic migraine cohort, a 
total of 80 attacks were treated and 22% of attacks achieved pain freedom within 
2 h, a figure similar to that seen with Naproxen 500 mg but below the 67% reported 
with Sumatriptan100 mg [31, 33, 34]. The series of high frequency and chronic 
migraine reported by Barbanti et al. [32] included 131 attacks treated over a 2-week 
period. In this cohort, 23% were pain free at 2 h.

 Evidence for the Use of Invasive Vagal Nerve Stimulation

Invasive vagal nerve stimulation is carried out primarily for intractable epilepsy and 
involves the implantation of an electrode over the left vagus nerve [35]. Following 
reports of pain relief in concurrent migraine attacks, some groups have used the 
implants for the treatment of intractable chronic migraine.

Preventative Treatment of Chronic Migraine

The outcomes of invasive vagal nerve stimulation in chronic migraine are limited 
to three series [36–38]. Mauskop reported on four patients treated with invasive 
vagal nerve stimulation, two of whom achieved substantial improvements [36]. 
Hord et al. found four patients with migraine within their cohort of 27 epilepsy 
patients undergoing invasive vagal nerve stimulation. All reported a decrease in 
migraine intensity and frequency, with one being rendered pain free [38]. The 
final series by Cecchini and colleagues (2009) reported on four patients implanted 
for chronic migraine with two reporting a more than 50% reduction in headache 
frequency.

 Safety of Vagal Nerve Stimulation

Transcutaneous vagal nerve stimulation appears to be a safe treatment with no seri-
ous adverse events linked to the device recorded. Using data from the above studies 
[27, 31], the most common adverse events reported were facial muscle twitching, 
neck pain, rash or redness at the application site and worsening of the headache. In 
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sham-controlled studies [27, 29], it was noted that similar proportions of active and 
control subjects reported adverse events and in fact, control subjects in the Silberstein 
et al. study [29] on chronic migraine prevention reported more adverse events of 
severe intensity than those in the active group.

 The Possible Role of Vagal Nerve Stimulation (Table 1.2)

Available literature on transcutaneous vagal nerve stimulation using the gammaCore® 
device suggests that at present, it could be considered for the use of prevention of 
chronic cluster headache. There is, as yet, insufficient evidence for the use of transcu-
taneous vagal nerve stimulation for acute or preventative treatment of migraine and 
the acute treatment of cluster headache. From current evidence, there is not a role for 
invasive vagal nerve stimulation in the treatment of primary headaches.

�Occipital�Nerve�Stimulation

The occipital region is innervated by the greater, lesser and least occipital nerves. The 
greater occipital nerve is a branch of the C2 spinal root and provides innervation to the 
occipito-parietal area around 6–8 cm wide ascending paramedially from the suboccipi-
tal region to the vertex [39]. There is an anatomical overlap between the cervical and 
trigeminal afferents from the level of the trigeminal nucleus caudalis to the level of C2 
[8]. This overlap allows the stimulation of the occipital region to modulate pain in both 
trigeminal and cervical distributions. Occipital nerve stimulation (ONS) involves a non-
destructive surgical process whereby electrodes are placed subcutaneously in the occipi-
tal region at the level of C1 and then wired to an implantable pulse generator (IPG) in 
the chest, abdomen or occasionally buttocks. Current batteries are rechargeable with a 
lifespan close to 10 years. Patients are able to adjust their own stimulation intensity 
levels using a hand-held remote control. Stimulation parameters of frequency, pulse 
width and voltage are adjusted to achieve continuous comfortable paraesthesia in the 
distribution of the greater occipital nerves. The optimum settings for ONS are not yet 
defined and there is a wide variation in the stimulation settings used across centres.

 Evidence for the Use of Occipital Nerve Stimulation

ONS is most commonly used for chronic cluster and chronic migraine and so 
more extensive literature exists to support its use in these conditions. As with 
other neurostimulation techniques, the majority of published data on the use of 
ONS for primary headaches consists of open-label case series. However, ran-
domised placebo-controlled trials have been conducted on the use of ONS in the 
prevention of chronic migraine. Smaller open-label series exist for the use of ONS 
in SUNCT/SUNA and hemicrania continua. Table 1.3 summarises the available 
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Table 1.3 Evidence from published case series for occipital nerve stimulation in primary headache 
conditions

Trial (first author, 
year)

Patients 
(n)

Average follow-up 
(months)

Response rate (proportion reporting 
at least 50% reduction in attack 
frequency)

Supraorbital nerve stimulation (+/− ONS) for chronic migraine
Reed et al. [22] 7 17 100%
Hann and Sharan [23] 14 31 71%a

TOTAL 21 16 86%
ONS for chronic migraine
Saper et al. [40] 75 3 months 39%b

Silberstein et al. [41]
[Extended follow up, 
Dodick et al. [42] ]

157
[157]

3 months
[12 months]

17%
[60%]

Brewer et al. [43] 12 34 months 42%
Lipton et al. [44] 125 3 months N/A (−6 days week active group vs. 

−4 days week sham group, p = 0.29)
Mueller et al. [45] 3 7 months 100%c

Paemeleire et al. [46] 8 24 months 71%d

TOTAL 380 12 months 42%
[53%]

ONS for chronic cluster headache
Magis et al. [47, 48] 14 37 86%
Schwedt et al. [49] 3 19 33%
Brewer et al. [43] 5 41 80%
Burns et al. [50, 51] 14 18 36%
Fontaine et al. [52] 13 15 77%
Mueller et al. [45] 24 22 months 88%c

Mueller et al. [53] 10 12 months 90%c

TOTAL 83 23 months 62%
ONS for SUNCT/SUNA
Lambru et al. [54] 9 38 months 89%
ONS for hemicrania continua
Burns et al. [55] 6 14 67%

ONS occipital nerve stimulation, SUNCT short-lasting unilateral neuralgiform headache attacks 
with conjunctival injection and tearing, SUNA short-lasting unilateral neuralgiform headache 
attacks with autonomic features
aClinical response defined as least 50% reduction in headache severity
bClinical response defined as least 50% reduction in monthly headache days or greater than 3 point 
reduction verbal rating scale
cDefinition of response not given/unclear, not included in response rate total
dResponse defined by least 3 point reduction verbal rating scale; [ ] data from extended follow-up 
of the original Silberstein et al. [41] series

published case studies on ONS in primary headache. It is worth stressing the fact 
that there is no data to support the use of ONS in the acute treatment of any pri-
mary headache syndromes.
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Preventative Treatment of Chronic Migraine

The outcomes of the three randomised placebo-controlled trials on ONS in chronic 
migraine have been somewhat mixed. The first trial conducted in 2009, the Precision 
Implantable Stimulator for Migraine (PRISM) study, reported on the outcomes of 
125 subjects randomised to active or sham stimulation for 3 months [44]. Although 
full results are not yet available, preliminary data failed to show a significant reduc-
tion in migraine days between treatment groups. The second trial, the occipital 
nerve stimulation for the treatment of intractable chronic migraine headache 
(ONSTIM) study, published in 2011, was a randomised controlled study of 61 sub-
jects comparing active adjustable stimulation (28 patients), pre-set “sham” stimula-
tion (16 patients) and standard medical treatment (17 patients) [40]. A positive 
clinical response (defined as a 50% reduction in headache days or greater than 
3-point reduction in pain scores) was seen in 39% of the active adjustable stimula-
tion group, 6% in the sham-stimulation group and 0% in the medical group. The 
most recent study from Silberstein et al. published in 2012 reported on 157 patients 
comparing active stimulation (105 patients) to sham stimulation (52 subjects) [41]. 
The primary outcome measure of clinical responders (the proportion of patients 
achieving a 50% or more reduction in pain scores) showed no significant difference 
between groups (17% vs. 14%). However, significant differences between the 
groups were seen in the reduction of headache days (27% vs. 15%) and in the pro-
portion of patients achieving a 30% or more reduction in pain scores (38% vs. 19%). 
As the International Headache Society have issued clinical trial guidelines stating 
that, due to the intractable and highly disabling nature of chronic migraine, a 30% 
reduction in outcome measures should be considered as clinically relevant [56], 
these findings can be interpreted as a positive outcome of ONS for chronic migraine. 
A meta-analysis of the pooled data has found that ONS was associated with a reduc-
tion of 3 migraine days per month after 3 months of active treatment when com-
pared to sham stimulation [57]. Interestingly, comments are made in the same 
systemic review that the poor and incomplete reporting of data has hindered greater 
interpretation of results. Open-label data on ONS in chronic migraine is summarised 
in Table 1.3 [45] and adverse event data that has been a cause for concern in some 
ONS series in Table 1.4.

Preventative Treatment of Chronic Cluster Headache

Although as of yet controlled data on the use of ONS in chronic cluster headache is 
not available, the available open-label data supports the potential efficacy of the 
treatment (Table 1.3) [53]. Over 90 patients have been reported in the literature and 
a pooled analysis suggests a mean reduction of daily attack frequency of 67% [65]. 
Numerous case series have been published (Table 1.3) and we will discuss some of 
the larger ones in more detail below. Individual case reports will not be explored.

The first published cohort of ONS in chronic cluster headache was in 2007 and 
involved the prospective study of eight patients treated with unilateral ONS lead 
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implantation ipsilateral to the side of pain [47]. After a mean follow-up period of 
15 months, five patients were considered to be clinical responders with a reduction 
of more than 50% in daily attack frequency. In fact, all of these patients reported a 
more than 90% reduction in attack frequency and two remained pain-free for pro-
longed periods. There was a delay of at least 2 months following implant before 
clinical response emerged and attacks recurred or worsened within days to weeks of 
stimulation stopping – a feature that has been consistently reported in studies of 
ONS for primary headaches ever since. The group also reported that two patients 
with initial relief of their cluster attacks went on to develop new attacks on the oppo-
site side to the ONS electrode. This phenomenon has been confirmed by other series 
and has led to recommendations that bilateral leads are placed in all patients. 
Although no serious adverse events were reported, lead migration and electrode 
displacement were observed (Table 1.4).

Burns et al. reported on a cohort of 14 medically intractable chronic cluster head-
ache patients undergoing bilateral ONS implants [50, 51]. Following a median fol-
low- up period of 18 months, 10 of the 14 patients reported an improvement. Of 
those with benefit, three had a more than 90% reduction in attack frequency and a 
further three had a reduction of between 40 and 60%. As in the previous series by 
Magis et al. [47], a delay of weeks was seen until clinical response and attacks were 
seen to return within days when the devices were turned off. Adverse events reported 
included lead migration in nearly a third of patients, superficial infection, painful 
paraesthesia and neck stiffness (Table 1.4).

In 2011, Fontaine and colleagues reported on their cohort of 13 chronic cluster 
headache patients undergoing ONS [52]. After a mean follow-up period of 
15  months, a reduction of 68% was seen in mean attack frequency and a 50% 
improvement in attack frequency was seen in ten of the patients.

Magis et al. have examined long-term efficacy in their cohort with a mean fol-
low- up time of 37 months [48]. Of the 15 patients implanted, 14 went on to long- 
term follow-up (one implant was removed due to infection). Eleven of the 14 
patients reported a more than 90% reduction in attack frequency. Again, the authors 
commented on side shifting of attacks when unilateral stimulation was employed 
and adverse events were similar to their previous report. Other groups looking at 
long-term outcome have also reported sustained efficacy over periods of 
20–33 months but patient numbers were very small; three in the series by Schwedt 
et al. and five in the series from Brewer et al. [43, 49].

Preventative Treatment of Other TACs

Published data on the use of ONS in SUNCT/SUNA is currently limited to a series 
of nine patients with median follow-up of 38 months [54]. Authors report that four 
patients became pain free following treatment and all others had a more than 80% 
improvement in attack frequency. As with ONS in chronic cluster headache, a time 
lag to clinical response was observed as was worsening of attacks within days to 
weeks of stimulation stopping. A total of ten patients with hemicrania continua 
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treated with ONS in an open-label fashion are currently reported in the literature 
[43, 49, 55, 66]. All were treated with unilateral miniaturised stimulation devices 
no longer available for use. Although outcome measures differ across the four 
cohorts, it appears that at least five were counted as clinical responders (Table 1.3). 
There are no reports on the use of ONS in paroxysmal hemicrania as yet available 
in the literature.

 Safety of Occipital Nerve Stimulation (Table 1.4)

Major concerns have been voiced over the adverse event data collected from the con-
trolled and open-label studies of ONS in primary headache, particularly hardware 
related events. Adverse event data available in the literature is summarised in Table 1.4 
[46, 58–61, 64]. Lead migration was reported in 24% of ONSTIM subjects, [40] 7% in 
the PRISM series [44] and in up to 19% of subjects in the extended phase of the 
Silberstein et  al. cohort [42]. Open-label series has reported lead migration rates 
between 4 and 53% with the series from Brewer et al. reporting the need for lead revi-
sion in 58% of patients. A high rate of infection has also been reported in a number of 
series ranging from 4 to 29%. Many of the complications reported in the ONS literature 
are potentially serious and often require surgical intervention. However, data is emerg-
ing that adverse event rates can be dramatically reduced if ONS implants are conducted 
by well-trained, highly experienced surgical teams specialising in ONS surgery. A 
review of the adverse event data collected from the randomised study of Silberstein 
et al. showed that the incidence of surgery-related adverse events and the need for addi-
tional surgical procedures decreased with increased levels of surgical experience [63].

 The Possible Role of Occipital Nerve Stimulation (Table 1.2)

As with all invasive neuromodulation treatments, ONS should be reserved for those 
with highly intractable medical refractory guidelines that have failed to respond to all 
other treatments. To stress this point, the European Headache Society has published 
clear guidelines on the use of invasive neurostimulation and this is summarised in 
Table 1.5. From current data, ONS could be considered for the preventative treatment 
of refractory chronic migraine and cluster headaches (and possibly other TACs) once 
they have failed all available pharmacological input. In order to minimise adverse 
events, patients should be assessed and treated in highly specialised units.

�Sphenopalatine�Ganglion�Stimulation

The sphenopalatine ganglion (SPG) is an extracranial structure lying in the pterygo-
palatine fossa (PPF) containing both sympathetic and parasympathetic fibres. The 
SPG has connections, both direct and indirect, to many centres considered important 
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in nociception and the pathophysiology of cluster headache such as the trigeminovas-
cular system, the superior salivatory nucleus and the hypothalamus. Given the anat-
omy of the SPG, it has been investigated as a potential target in the treatment of cluster 
headache. Sphenopalatine ganglion stimulation can be achieved using a Pulsante® 
device, which has controlled evidence for efficacy in chronic cluster headache. The 
Pulsante® device is a miniaturised implantable neurostimulator with integral lead and 
battery. The lead is placed within the PPF using minimally invasive surgery with a 
trans-oral approach and the patient then controls the device using a handheld remote 
control.

 Evidence for the Use of Sphenopalatine Ganglion Stimulation

Sphenopalatine ganglion stimulation has been developed for use in chronic cluster 
headache. Evidence is limited to one randomised control study although further 
studies are currently ongoing.

Acute Treatment of Chronic Cluster Headache

A randomised sham-controlled trial of 28 patients used the Pulsante® device to treat 
acute cluster attacks with either full, sub-perception or sham stimulation levels [69]. 
Pain relief after 15 min of SPG stimulation was seen in a significantly higher num-
ber of full-stimulation treated attacks (67%) than either sub-perception level (7%) 

Table 1.5 Criteria for the use of invasive neurostimulation in primary headache

Patient must meet the International Headache Society criteria for chronic migraine or 
trigeminal autonomic cephalalgia
For chronic cluster headache, patients should have had daily or near daily attacks for at least 2 
years prior to stimulation
Patients should have been under the care of a headache specialist team for at least 1 year
All reasonable drugs must have been tried at the correct doses and for sufficient durations unless 
contraindicated
All patients should have a psychological assessment prior to surgery
All co-existent conditions should be identified and treated where possible prior to surgery (e.g. 
depression, medication overuse)
Patients (and doctors) must have a realistic expectation of the surgical outcome
Patients should be followed up by the headache specialist team for at least 1 year
Prospective headache diaries recording headache attack frequency, severity and duration as well 
as analgesia intake must be kept
Appropriate quality of life measures, disability scores and self-assessments must be kept by the 
patient prior and post-operatively
Where possible the neurostimulator should only be switched off for efficacy assessment, ideally 
in a double-blind fashion
A clear record of adverse events is kept

Adapted from Martelletti et al. [67] and Leone et al. [68]
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or sham stimulation (7%). After 2 months of treating acute attacks, only 31% of the 
full-stimulation group were still using medication to abort attacks compared to 77% 
in the sham stimulation group.

Preventative Treatment of Chronic Cluster Headache

During the above controlled trial, it was observed that subjects using the Pulsante® 
device began to report a reduction in attack frequency over time. After the 2 months 
study period, 43% of subjects using the full-stimulation device to treat attacks regu-
larly reported a more than 50% reduction in daily attack frequency suggesting that 
the device has a preventative effect [69]. Further study into the efficacy and optimal 
stimulation settings of SPG stimulation as a preventative treatment for chronic clus-
ter headache is ongoing.

 Safety of Sphenopalatine Ganglion Stimulation

In the available study, 81% of subjects reported a transient sensory disturbance 
within the maxillary nerve distribution post-operatively but this resolved within 3 
months in the majority of cases [69]. Two patients reported lead migration and mis-
placement requiring surgical revision and one a post-operative infection requiring 
antibiotics.

 The Possible Role of Sphenopalatine Ganglion Stimulation (Table 1.2)

Guidelines for the use of SPG stimulation in chronic cluster headache were pub-
lished by a group of headache experts in 2014 [70]. At present, the treatment should 
be considered as an acute treatment, with potential additional preventative effects, 
in those with medically intractable chronic cluster headache who have failed all 
available pharmacological therapies. The Pulsante® device may be particularly use-
ful for those with contraindications to Sumatriptan or in those with a high frequency 
of daily attacks.

 Central Neurostimulation Devices

�Deep�Brain�Stimulation�of�the�Ventral�Tegmental�Area

Functional neuroimaging studies on primary headache conditions have suggested 
that during acute cluster attacks there are changes in the posterior hypothalamic 
region in TACs that are not present in migraine [12–15, 71]. Further work has shown 
that stimulation of the same area in cluster headache patients increases blood flow 
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throughout areas of the central pain matrix [72]. In 2001, Leone et  al. used this 
functional imaging data evidence to implant deep brain electrodes in what was 
described as the posterior hypothalamic region in a patient with highly refractory 
chronic cluster headache [73]. Detailed analysis of the anatomy of the region 
described in the literature and on imaging has suggested that the actual site of inter-
est for deep brain stimulation (DBS) is the ventral tegmental area and not the poste-
rior hypothalamus [74]. Stereotactic surgical techniques are used to place an 
electrode within the target area ipsilateral to the side of headache. The device is kept 
active at all times and patients have limited control over the settings.

 Evidence for the Use of Ventral Tegmental Area Deep Brain Stimulation

On the basis of the above functional neuroimaging studies, DBS is considered a 
possible treatment for TACs and not migraine. Although there are now a number of 
open-label studies on the use of DBS for chronic cluster headache (Table 1.6) there 
is only one placebo-controlled trial available in the literature that, unfortunately, had 
deeply-flawed study design [79]. Given the rarity of the TACs and the invasive 
nature of DBS surgery, it is highly unlikely that high quality controlled studies will 
ever be conducted in this area. Deep brain stimulation has been proven ineffective 
in the acute treatment of cluster attacks [86].

Preventative Treatment of Chronic Cluster Headache

There are now over 50 patients with DBS for chronic cluster headache published in 
the literature with an overall response rate (50% reduction in attack frequency or 
pain score) of 71% (Table 1.6). A summary of the available open-label series is 
given in Table 1.6 [75–81] and the largest of these series are examined further below.

Schoenen et al. implanted DBS leads into six patients with chronic cluster head-
ache [75]. After a mean follow-up of 14.5 months in four of the patients, two patients 
were pain free, one was having less than three attacks a month and one reported no 
effect. One patient selected for treatment did not undergo implant due to a severe 
anxiety attack suffered during the operation. The only fatal adverse event recorded 
with DBS for headache occurred in this series with a patient dying post-operatively 
due to an intracerebral bleed along the lead. This tragic outcome led to a review of 
the use of DBS and guidelines that stress that DBS should be considered only as a 
last resort in patients with no other treatment options [67]. Bartsch et al. [78] pub-
lished a series of six patients in 2008 with a follow-up of up to 17 months. At fol-
low- up, three patients were almost pain free but one further patient who originally 
reported a more than 90% improvement in attack frequency lost efficacy over time 
so that after 3 months they no-longer reported any benefit. In 2011, both Franzini 
et al. [76] and Seijo et al. [77] each published a series of six patients undergoing 
DBS for chronic cluster headache. In the cohort from Franzini, five patients were 
reported as being pain free after up to 22 months follow-up. In the Seijo series, all 
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patients reported a more than 50% reduction in attack frequency after mean follow-
 up of 33 months with two being pain free. This series commented on a number of 
clinically relevant observations such as the occurrence of a transient benefit or “stun 
period” for up to 2 weeks following implantation, a feature of the treatment that our 
group sees commonly but which is not widely discussed in the literature. Again, a 
delay of weeks to months was observed before clinical benefit was observed and 
attacks were noted to return within days to weeks when stimulation was stopped. In 

Table 1.6 Available evidence from published case series for ventral tegmental area deep brain 
stimulation in primary TACs

Trial (first 
author, year) Patients (n)

Average 
follow-up 
(months)

Response rate 
(proportion 
reporting least 
50% reduction 
attack 
frequency) Adverse events (n)

DBS for chronic cluster headache
Schoenen 
et al. [75]

4 (6 implanted) 15 months 75% Fatal intracerebral 
haemorrhage [1], severe 
anxiety attack at time of 
implant [1]

Franzini et al. 
[76]

5 12 months 100% pain free

Seijo et al. 
[77]

5 33 months 100% Meiosis [3], Cable rupture [2]

Bartsch et al. 
[78]

6 17 months 50% Cable revision [1]

Fontaine 
et al. [79]

11 12 months 55% Infection [1]

Leone et al. 
[80]

17 108 months 70% Electrode migration [2], 
infection [4], intraventricular 
haemorrhage [1], seizure [1]

Starr et al. 
[81]

4 12 months 50% Transient ischaemic attack [1]

TOTAL 52 30�months 71%
DBS for SUNCT/SUNA
Lyons et al. 
[82]

1 12 months 100% Nil

Miller et al. 
[83]

6 10 months 83% Nil

Bartsch et al. 
[84]

1 15 months 100% Nil

Leone et al. 
[85]

1 10 months 100% Nil

TOTAL 9 12�months 96%

DBS deep brain stimulation, SUNA short-lasting unilateral neuralgiform headache attacks with 
autonomic features, SUNCT short-lasting unilateral neuralgiform headache attacks with conjunc-
tival injection and tearing

1 The Use of Electroceuticals and Neuromodulation in the Treatment of Migraine



24

terms of adverse events, the group reports the most common complaints were of 
transient diplopia and dizziness related to changes in stimulation parameters.

The largest open-label series of 16 patients in 2013 is also that with the longest 
follow-up period. Leone et al. [80] reported that following a median follow-up of 9 
years, six remained pain free and a further six had converted to episodic cluster head-
ache. In five of the pain free patients, the stimulator had been switched off with long-
term remission maintained. Adverse events in the cohort included a post- operative 
seizure, infection (in four patients), electrode displacement (in two patients) and a 
non-symptomatic intraventricular haemorrhage was seen in one patient.

Fontaine et al. performed a randomised sham-controlled crossover study on DBS 
for chronic cluster headache in 2010 [79]. In this study, 11 patients were enrolled to 
a protocol consisting of two crossover periods of either sham or active stimulation 
each lasting 1 month in duration followed by a one-year open-label extension 
period. There was no difference in attack frequency between active and sham groups 
at the end of the 2 months crossover period. However, by the end of the longer open- 
label phase, more than 50% of subjects reported a more than 50% reduction in 
attack frequency. The negative outcome of the randomised part of the study is now 
considered to be due to poor study design with the cross-over periods far too short 
to account for the consistent delay to response seen in the open-label studies. 
Adverse events in this cohort included infection of the system requiring removal of 
the hardware in one patient.

Preventative Treatment of SUNCT/SUNA

The only other literature currently available on the use of ventral tegmental area 
DBS involve cases of SUNCT/SUNA. In total there are three case reports [82, 84, 
85] and a series of six patients with refractory SUNCT/SUNA treated with DBS 
[83]. All three case reports were of successful treatment with all reporting a more 
than 90% improvement in attack frequency. In the case series, attack frequency 
reduced by a median of 79% and five out of six patients were considered clinical 
responders (Table 1.6). These data need to be interpreted with caution as the num-
bers reported are small and there is likely to be reporting bias.

 Safety of Ventral Tegmental Area Deep Brain Stimulation

The death of a patient in the Schoenen et al. cohort from an intracerebral haemor-
rhage has led to concerns regards the safety of DBS in headache [75]. Other reported 
adverse events include non-symptomatic intraventricular haemorrhage, infection 
sometimes necessitating removal of the DBS system and electrode displacement. 
Adverse events from available cohorts are summarised in Table 1.6. Due to the 
potential serious adverse events, guidelines for DBS patient selection have been 
produced emphasising that surgery should be offered as a last resort only in patients 
with TACs who have failed all other available treatments (Table 1.5) [67].
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 The Possible Role of Ventral Tegmental Area Deep Brain Stimulation 
(Table 1.2)

On the basis of currently available evidence, DBS should be considered for medi-
cally intractable chronic cluster headache (and potentially other TACs) that have 
proven resistant to all other treatments, including other forms of neurostimulation. 
Due to the risks of surgery, implants should only be undertaken in highly specialised 
units and guidelines state that patients should be managed by a multidisciplinary 
team including psychologists [80].

�Transcranial�Magnetic�Stimulation

It has been proposed that patients with migraine have a state of abnormal brain 
hyperexcitability and this theory is supported by transcranial magnetic stimula-
tion studies [7, 9]. This hyperexcitable cortex is proposed to have a lower thresh-
old for activation of cortical spreading depression (CSD), a process linked to the 
generation of migraine aura and activation of meningeal and trigeminal nocicep-
tors [10]. Transcranial magnetic stimulation has been shown in animal studies to 
inhibit CSD and reduce cortical hyperexcitability by modulating levels of dopa-
mine and glutamate [9]. On the basis of animal studies, transcranial magnetic 
stimulation was investigated as a potential treatment for migraine with aura. The 
SpringTMS® device, a single-pulse transcranial magnetic stimulator was 
designed specifically for migraine treatment. The device applies a brief single 
magnetic pulse to the scalp and underlying cortex resulting in induced electrical 
field generation in the cortex, changes in neurotransmitter release and distur-
bance of CSD.

 Acute Treatment of Episodic Migraine with and Without Aura

The evidence for the use of the SpringTMS® device in acute migraine comes 
from a small sham-controlled study and post-marketing surveys. The sham-con-
trolled study involved 164 migraine with aura patients using the device as an 
acute treatment for migraine attacks [87]. Active treatment was associated with a 
significantly higher rate of pain-freedom than sham treatment at both 2 h (39% 
vs. 22%) and 24 h (29% vs. 16%). The therapeutic gain of transcranial magnetic 
stimulation for acute migraine treatment was calculated at 17%. An open-label 
post-marketing survey included data on the acute treatment of migraine with and 
without aura in 190 patients who used the device for 3 months [88]. At the end of 
follow-up, 105 patients had discontinued the treatment mainly due to lack of 
efficacy, cost or convenience. Of those completing the follow-up period, 62% 
were noted as reporting “some” reduction in migraine intensity and 59% “some” 
reduction in migraine duration.
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Preventative Treatment of Episodic or Chronic Migraine

On the basis of currently available data, there is insufficient evidence to support the 
use of the SpringTMS® device in the preventative treatment of migraine.

 Safety of Transcranial Magnetic Stimulation

A safety review of published literature on the use of transcranial magnetic stimula-
tion for migraine shows that the treatment is low-risk and well tolerated [89]. The 
most commonly reported adverse events in the transcranial magnetic stimulator lit-
erature include dizziness and drowsiness during treatment. In the sham-controlled 
trial from Lipton et al. [87], prevalence of adverse events was low (14%) with no 
significant difference to the sham group (9%). The events reported included worsen-
ing of headache and complaints of paraesthesia with treatment. Importantly, no sub-
jects discontinued treatment due to adverse events.

 The Possible Role of Transcranial Magnetic Stimulation (Table 1.2)

Transcranial magnetic stimulation may have a role in the acute treatment of migraine 
with and without aura. Given its efficacy as an acute treatment, the SpringTMS® 
stimulation device may be of potential benefit in patients who are at risk of overus-
ing acute medications or in whom acute medications are ineffective. At present, 
transcranial magnetic stimulation does not appear effective in the prevention of 
migraine.

 Mechanisms of Action of Neurostimulation

�Peripheral�Neurostimulation

The mechanisms by which peripheral neurostimulation modulates an antinocicep-
tive response is still poorly understood. All of the peripheral nerves utilised for 
neurostimulation project either to the trigeminovascular system (occipital nerve, 
vagal nerve) or trigeminoautonomic system (sphenopalatine ganglion) which then 
project to brainstem centres such as the locus coeruleus and periaqueductal gray and 
further project to higher centres such as the thalamus (Fig. 1.1). This complex net-
work is referred to as “the pain matrix” and functional neuroimaging suggests its 
major components include the primary and secondary somatosensory cortices, thal-
amus, anterior and posterior insula, anterior cingulate gyrus and prefrontal cortex 
[72]. This theory has been examined using functional neuroimaging of patients 
undergoing occipital nerve stimulation for headache [90–92] and vagal nerve stimu-
lation for depression [93].
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Matharu et al. [90] used positron emission tomography (PET) imaging to study 
eight patients with chronic migraine who had reported benefit to ONS.  Patients 
were studied in three states: pain-free and stimulation on, in pain with stimulation 
off and during partial stimulation with varying levels of pain. Significant changes 
were observed in the regional cerebral blood flow in the dorsal rostral pons, anterior 
cingulate cortex and cuneus that were related to patient pain scores and changes in 
the anterior cingulate gyrus and left pulvinar regions correlated to paraesthesia 
scores. Magis and colleagues studied ten ONS-treated chronic cluster headache 
patients and compared them to 39 healthy volunteers using PET imaging [92]. ONS 
patients were scanned at intervals varying between 0 and 30 months post-implant 
and with stimulation on and off. At time of imaging, three cluster patients were pain 
free and four more had a greater than 90% reduction in attack frequency. Compared 
to controls, several areas of the pain matrix showed hyperactivity including the ipsi-
lateral hypothalamus, midbrain and ipsilateral lower pons. Activity in all of these 
areas normalised with ONS except for the hypothalamus. The anterior cingulate 
cortex was a possible marker of efficacy as it was seen to be hyperactive in ONS 
responders compared to non-responders.

Kovacs et  al. [91] investigated the potential mechanisms of action in ONS in 
healthy volunteer studying changes on functional MRI (fMRI) when stimulation 
was on or off. Significant differences were seen in the activity of the hypothalamus, 
thalamus, orbitofrontal cortex, prefrontal cortex, periaqueductal gray, inferior pari-
etal regions and cerebellum. Suppression of activity was noted in the somatosensory 
areas, the amygdala, the hippocampus and primary motor cortex.

The effects on fMRI of a sham-controlled transcutaneous vagal nerve stimulator 
designed for treatment of depression has been reported [93]. The stimulation device 
was placed in the left external auditory meatus on the inner side of the tragus, an 
area known to receive innervation from the vagal nerve. Following stimulation, a 
reduction in signal was seen in the parahippocampal gyrus, posterior cingulate cor-
tex and right thalamus was observed. Increased signal was observed in the anterior 
cingulate gyrus. In the brainstem, a significant reduction was seen in signal from the 
locus coeruleus and solitary tract nucleus.

In summary, simulation of the peripheral nerves is thought to modulate the affer-
ent impulses travelling to the brainstem and higher centres resulting in long-term 
neuroplastic changes in various regions of the brain, including those outside of the 
regions stimulated. The finding of persistent hyper-metabolism of the ipsilateral 
hypothalamus outside of an attack, even after successful ONS, may explain why 
attacks recur after stimulation is stopped.

�Central�Neuromodulation

Positron emission tomography studies have implicated the posterior hypothalamic 
region as being abnormally activated during attacks of cluster headache [14], 
SUNCT/SUNA [15] and PH [12]. Further anatomical clarification at a later date 

1 The Use of Electroceuticals and Neuromodulation in the Treatment of Migraine



28

revealed this area to be the ventral tegmental area and not posterior hypothalamus 
[74]. This finding has not been replicated in migraine imaging. The imaging find-
ings seem to reinforce the concept of the hypothalamus as an important area in pain 
regulation and attack generation in TACs. This theory led Leone and colleagues to 
implant a DBS lead in the area observed on PET imaging in 2000 [73]. Ten patients 
successfully treated with DBS for intractable chronic cluster headache underwent 
PET imaging to investigate the possible mechanisms behind DBS effect. After ven-
tral tegmental area stimulation activation was observed in the thalamus, somato-
sensory cortex, cuneus, anterior cingulate cortex and trigeminal nucleus and 
ganglion and deactivation in the middle temporal gyrus, posterior cingulate cortex 
and anterior insula. All of these regions are structures involved in the neural cir-
cuits of the pain matrix discussed above and thus, similar to ONS, stimulation of 
the ventral tegmental area appears to result in long-term neuroplastic changes of 
descending pain processing pathways distant to the site of stimulation itself.

During transcranial magnetic stimulation treatment for migraine a magnetic field 
is applied to the scalp. This field penetrates the scalp and induces a current in the 
underlying cortex. The induced electric field alters the membrane potentials, result-
ing in either depolarisation or repolarisation of a neuronal population. In the treat-
ment of migraine with aura, this current is hypothesised to disrupt CSD as has been 
observed in animal studies [94].

 Conclusions

Primary headache disorders are among the most commonly encountered neurologi-
cal disorders, yet effective evidence based treatments, particularly the chronic forms, 
are lacking. With low satisfaction rates for traditional preventative medications due 
to tolerability and efficacy there is a growing demand for new treatment options for 
headache patients. Neurostimulation is emerging as a promising treatment option 
modality particularly for medically intractable chronic migraine and chronic TACs or 
those with contraindications to other medication. Open-label data is providing evi-
dence that they can improve quality of life in highly disabled chronic headache 
patients and they can offer hope to many more. However, the quality of current evi-
dence is poor and the ultimate confirmation of any new therapeutic modalities should 
come from randomised controlled trials. This poses a problem with neurostimulation 
as the paraesthesia created during treatment with many of these devices creates limits 
on what would constitute adequate placebo. Another issue with sham stimulation is 
that the level of current below which clinical effect is lost has not been investigated. 
It is therefore possible that previous sham studies have been using active placebo 
rather than control, a situation that complicates interpretation of the data. From avail-
able efficacy data, neurostimulation treatments appear to have efficacy similar or 
below that of available preventative treatments. However, their adverse event and 
tolerability data (especially in non-invasive devices) is far superior to current medi-
cations. At present, the place for neurostimulation seems to lie in two clear patient 
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groups. The first is those with medically intractable chronic headaches where the cost 
and risk of treatment may be offset by the potential benefit in those with otherwise 
limited options. The second group is those with contraindications or intolerance to 
medications. This is a situation where the non-invasive devices may show major 
potential benefit especially if they can provide effective acute relief. In the future, if 
robust evidence can be generated, neurostimulation will likely take a prominent 
place in the treatment regimes of headache. However, until such a time, patients must 
be selected carefully in line with current guidelines.

References

 1. Headache Classification Committee of the International Headache Society. The International 
Classification of Headache Disorders, 3rd edition (beta version). Cephalalgia: Int J Headache. 
2013;33(9):629–808.

 2. Stewart WF, Shechter A, Rasmussen BK. Migraine prevalence. A review of population-based 
studies. Neurology. 1994;44(6 Suppl 4):S17–23.

 3. Bjørn RM.  Epidemiology and genetics of cluster headache. Lancet Neurol. 2004;3(5): 
279–83.

 4. Sjaastad O, Bakketeig LS. Cluster headache prevalence. Vaga study of headache epidemiol-
ogy. Cephalalgia: Int J Headache. 2003;23(7):528–33.

 5. World Health Organisation. Atlas of headache disorders and resources in the world 2011. A 
collaberation project of the World Health Organisation and Lifting the Burden. WHO Press, 
World Health Organization, 20 Avenue Appia, 1211 Geneva 27, Switzerland; 2011.

 6. Scher AI, Stewart WF, Liberman J, Lipton RB. Prevalence of frequent headache in a popula-
tion sample. Headache. 1998;38(7):497–506.

 7. Burstein R, Noseda R, Borsook D. Migraine: multiple processes, complex pathophysiology. 
J Neurosci Off J Soc Neurosci. 2015;35(17):6619–29.

 8. Kerr FW, Olafson RA. Trigeminal and cervical volleys. Convergence on single units in the 
spinal gray at C-1 and C-2. Arch Neurol. 1961;5:171–8.

 9. Lipton RB, Pearlman SH.  Transcranial magnetic simulation in the treatment of migraine. 
Neurotherapeutics. 2010;7(2):204–12.

 10. Charles AC, Baca SM.  Cortical spreading depression and migraine. Nat Rev Neurol. 
2013;9(11):637–44.

 11. Goadsby PJ, Edvinsson L. Human in vivo evidence for trigeminovascular activation in cluster 
headache. Neuropeptide changes and effects of acute attacks therapies. Brain J  Neurol. 
1994;117(Pt 3):427–34.

 12. Matharu MS, Cohen AS, Frackowiak RS, Goadsby PJ. Posterior hypothalamic activation in 
paroxysmal hemicrania. Ann Neurol. 2006;59(3):535–45.

 13. Matharu MS, Cohen AS, McGonigle DJ, Ward N, Frackowiak RS, Goadsby PJ.  Posterior 
hypothalamic and brainstem activation in hemicrania continua. Headache. 2004;44(8): 
747–61.

 14. May A, Bahra A, Büchel C, et al. Hypothalamic activation in cluster headache attacks. Lancet. 
1998;352:275–8.

 15. May A, Bahra A, Buchel C, Turner R, Goadsby PJ. Functional magnetic resonance imaging in 
spontaneous attacks of SUNCT: short-lasting neuralgiform headache with conjunctival injec-
tion and tearing. Ann Neurol. 1999;46(5):791–4.

 16. Bartsch T, Levy MJ, Knight YE, Goadsby PJ. Differential modulation of nociceptive dural 
input to [hypocretin] orexin A and B receptor activation in the posterior hypothalamic area. 
Pain. 2004;109(3):367–78.

1 The Use of Electroceuticals and Neuromodulation in the Treatment of Migraine



30

 17. Gerardy PY, Fabry D, Fumal A, Schoenen J. A pilot study on supra-orbital surface electro-
therapy in migraine. Cephalalgia. 2009;29:101–78.

 18. Schoenen J, Vandersmissen B, Jeangette S, Herroelen L, Vandenheede M, Gerard P, et  al. 
Migraine prevention with a supraorbital transcutaneous stimulator: a randomized controlled 
trial. Neurology. 2013;80(8):697–704.

 19. Magis D, Sava S, d'Elia TS, Baschi R, Schoenen J. Safety and patients’ satisfaction of transcu-
taneous supraorbital neurostimulation (tSNS) with the Cefaly(R) device in headache treatment: 
a survey of 2,313 headache sufferers in the general population. J Headache Pain. 2013;14:95.

 20. Linde K, Rossnagel K. Propranolol for migraine prophylaxis. Cochrane Database Syst Rev. 
2004;(2):CD003225.

 21. Asensio-Samper JM, Villanueva VL, Perez AV, Lopez MD, Monsalve V, Moliner S, et  al. 
Peripheral neurostimulation in supraorbital neuralgia refractory to conventional therapy. Pain 
Pract: Off J World Institute Pain. 2008;8(2):120–4.

 22. Reed K, Black S, Banta C, Will K. Combined occipital and supraorbital neurostimulation for 
the treatment of chronic migraine headaches: initial experience. Cephalalgia: Int J Headache. 
2010;30(3):260–71.

 23. Hann S, Sharan A. Dual occipital and supraorbital nerve stimulation for chronic migraine: a 
single-center experience, review of literature, and surgical considerations. Neurosurg Focus. 
2013;35(3):E9.

 24. Narouze SN, Kapural L. Supraorbital nerve electric stimulation for the treatment of intractable 
chronic cluster headache: a case report. Headache. 2007;47(7):1100–2.

 25. Vaisman J, Markley H, Ordia J, Deer T.  The treatment of medically intractable trigeminal 
autonomic cephalalgia with supraorbital/supratrochlear stimulation: a retrospective case 
series. Neuromodulation: J Int Neuromodulation Soc. 2012;15(4):374–80.

 26. Sadler RM, Purdy RA, Rahey S. Vagal nerve stimulation aborts migraine in patient with intrac-
table epilepsy. Cephalalgia: Int J Headache. 2002;22(6):482–4.

 27. Gaul C, Diener HC, Silver N, Magis D, Reuter U, Andersson A, et al. Non-invasive vagus 
nerve stimulation for PREVention and Acute treatment of chronic cluster headache (PREVA): 
a randomised controlled study. Cephalalgia: Int J Headache. 2016;36:534–46.

 28. Nesbitt AD, Marin JC, Tompkins E, Ruttledge MH, Goadsby PJ. Initial use of a novel nonin-
vasive vagus nerve stimulator for cluster headache treatment. Neurology. 2015;84:1249–53.

 29. Silberstein S, Neves Da Silva A, Calhoun A, Grosberg B, Lipton R, Cady R, et al. Non-Invasive 
Vagus Nerve Stimulation for Chronic Migraine Prevention in a Propective, Randomized, 
Sham-Controlled Pilot Study (the EVENT Study): Report from the Double-blind Phase. 
Headache: J Head Face Pain. 2014;54:1–74.

 30. Silberstein S, Neves Da Silva A, Calhoun A, Grosberg B, Lipton RB, Cady R, et al. Chronic 
Migraine Prevention with non-invasive Vagus Nerve Stimulation in a Prospective Pilot Study (the 
EVENT Study): Report from the Open-label Phase. Headache: J Head Face Pain. 2014;54:1–74.

 31. Goadsby P, Grosberg B, Mauskop A, Cady R, Simmons K. Effect of noninvasive vagus nerve 
stimulation on acute migraine: An open-label pilot study. Cephalalgia: Int J  Headache. 
2014;34(12):986–93.

 32. Barbanti P, Grazzi L, Egeo G, Padovan AM, Liebler E, Bussone G. Non-invasive vagus nerve 
stimulation for acute treatment of high-frequency and chronic migraine: an open-label study. 
J Headache Pain. 2015;16:61.

 33. Bellavance AJ, Meloche JP. A comparative study of naproxen sodium, pizotyline and placebo 
in migraine prophylaxis. Headache. 1990;30(11):710–5.

 34. Cady RK, Sheftell F, Lipton RB, O'Quinn S, Jones M, Gayla Putnam D, et al. Effect of early 
intervention with sumatriptan on migraine pain: retrospective analyses of data from three clini-
cal trials. Clin Ther. 2000;22(9):1035–48.

 35. Krishna V, Sammartino F, King NK, So RQ, Wennberg R.  Neuromodulation for epilepsy. 
Neurosurg Clin N Am. 2016;27(1):123–31.

 36. Mauskop A. Vagus nerve stimulation relieves chronic refractory migraine and cluster head-
aches. Cephalalgia: Int J Headache. 2005;25(2):82–6.

S. Miller and M.S. Matharu



31

 37. Cecchini AP, Mea E, Tullo V, Curone M, Franzini A, Broggi G, et al. Vagus nerve stimulation 
in drug-resistant daily chronic migraine with depression: preliminary data. Neurol Sci: Off 
J Italian Neurol Soc Italian Soc Clin Neurophysiol. 2009;30(Suppl 1):S101–4.

 38. Hord ED, Evans MS, Mueed S, Adamolekun B, Naritoku DK. The effect of vagus nerve stimu-
lation on migraines. J Pain. 2003;4(9):530–4.

 39. Poletti CE.  C2 and C3 pain dermatomes in man. Cephalalgia: Int J  Headache. 1991; 
11(3):155–9.

 40. Saper JR, Dodick DW, Silberstein SD, McCarville S, Sun M, Goadsby PJ. Occipital nerve 
stimulation for the treatment of intractable chronic migraine headache: ONSTIM feasibility 
study. Cephalalgia: Int J Headache. 2011;31(3):271–85.

 41. Silberstein SD, Dodick DW, Saper J, Huh B, Slavin KV, Sharan A, et al. Safety and efficacy of 
peripheral nerve stimulation of the occipital nerves for the management of chronic migraine: 
results from a randomized, multicenter, double-blinded, controlled study. Cephalalgia: Int 
J Headache. 2012;32(16):1165–79.

 42. Dodick DW, Silberstein SD, Reed KL, Deer TR, Slavin KV, Huh B, et al. Safety and efficacy 
of peripheral nerve stimulation of the occipital nerves for the management of chronic migraine: 
long-term results from a randomized, multicenter, double-blinded, controlled study. 
Cephalalgia: Int J Headache. 2015;35(4):344–58.

 43. Brewer AC, Trentman TL, Ivancic MG, Vargas BB, Rebecca AM, Zimmerman RS, et  al. 
Long- term outcome in occipital nerve stimulation patients with medically intractable primary 
headache disorders. Neuromodulation: J Int Neuromodulation Soc. 2013;16(6):557–62.

 44. Lipton R, Goadsby PJ, Cady R, Aurora SK, Grosberg BM, Freitag F, et al. PRISM study: occip-
ital nerve stimulation for treatment-refractory migraine. Cephalalgia. 2009;29(Suppl 1):30.

 45. Mueller O, Diener HC, Dammann P, Rabe K, Hagel V, Sure U, et al. Occipital nerve stimula-
tion for intractable chronic cluster headache or migraine: a critical analysis of direct treatment 
costs and complications. Cephalalgia: Int J Headache. 2013;33(16):1283–91.

 46. Paemeleire K, Van Buyten JP, Van Buynder M, Alicino D, Van Maele G, Smet I, et  al. 
Phenotype of patients responsive to occipital nerve stimulation for refractory head pain. 
Cephalalgia: Int J Headache. 2010;30(6):662–73.

 47. Magis D, Allena M, Bolla M, De Pasqua V, Remacle JM, Schoenen J. Occipital nerve stimula-
tion for drug-resistant chronic cluster headache: a prospective pilot study. Lancet Neurol. 
2007;6(4):314–21.

 48. Magis D, Gerardy PY, Remacle JM, Schoenen J. Sustained effectiveness of occipital nerve 
stimulation in drug-resistant chronic cluster headache. Headache. 2011;51(8):1191–201.

 49. Schwedt TJ, Dodick DW, Hentz J, Trentman TL, Zimmerman RS. Occipital nerve stimulation 
for chronic headache–long-term safety and efficacy. Cephalalgia: Int J Headache. 2007;27(2): 
153–7.

 50. Burns B, Watkins L, Goadsby PJ.  Treatment of medically intractable cluster headache by 
occipital nerve stimulation: long-term follow-up of eight patients. Lancet. 2007;369(9567): 
1099–106.

 51. Burns B, Watkins L, Goadsby PJ. Treatment of intractable chronic cluster headache by occipi-
tal nerve stimulation in 14 patients. Neurology. 2009;72(4):341–5.

 52. Fontaine D, Christophe Sol J, Raoul S, Fabre N, Geraud G, Magne C, et  al. Treatment of 
refractory chronic cluster headache by chronic occipital nerve stimulation. Cephalalgia: Int 
J Headache. 2011;31(10):1101–5.

 53. Mueller OM, Gaul C, Katsarava Z, Diener HC, Sure U, Gasser T. Occipital nerve stimulation 
for the treatment of chronic cluster headache – lessons learned from 18 months experience. 
Cen Eur Neurosurg. 2011;72(2):84–9.

 54. Lambru G, Shanahan P, Watkins L, Matharu MS. Occipital nerve stimulation in the treatment of 
medically intractable SUNCT and SUNA. Pain Physician. 2014;17(1):29–41.

 55. Burns B, Watkins L, Goadsby PJ. Treatment of hemicrania continua by occipital nerve stimu-
lation with a bion device: long-term follow-up of a crossover study. Lancet Neurol. 
2008;7(11):1001–12.

1 The Use of Electroceuticals and Neuromodulation in the Treatment of Migraine



32

 56. Silberstein S, Tfelt-Hansen P, Dodick DW, Limmroth V, Lipton RB, Pascual J, et al. Guidelines 
for controlled trials of prophylactic treatment of chronic migraine in adults. Cephalalgia: Int 
J Headache. 2008;28(5):484–95.

 57. Chen YF, Bramley G, Unwin G, Hanu-Cernat D, Dretzke J, Moore D, et al. Occipital nerve 
stimulation for chronic migraine–a systematic review and meta-analysis. PLoS One. 
2015;10(3):e0116786.

 58. Weiner RL, Reed KL. Peripheral neurostimulation for control of intractable occipital neural-
gia. Neuromodulation: J Int Neuromodulation Soc. 1999;2(3):217–21.

 59. Popeney CA, Alo KM.  Peripheral neurostimulation for the treatment of chronic, disabling 
transformed migraine. Headache. 2003;43(4):369–75.

 60. Johnstone CS, Sundaraj R. Occipital nerve stimulation for the treatment of occipital neuralgia- 
eight case studies. Neuromodulation: J Int Neuromodulation Soc. 2006;9(1):41–7.

 61. Slavin KV, Nersesyan H, Wess C.  Peripheral neurostimulation for treatment of intractable 
occipital neuralgia. Neurosurgery. 2006;58(1):112–9; discussion −9.

 62. Magis D. Neuromodulation in migraine: state of the art and perspectives. Expert Rev Med 
Devices. 2015;12(3):329–39.

 63. Sharan A, Huh B, Narouze S, Trentman T, Mogilner A, Vaisman J, et al. Analysis of adverse 
events in the management of chronic migraine by peripheral nerve stimulation. 
Neuromodulation: J Int Neuromodulation Soc. 2015;18(4):305–12.

 64. Palmisani S, Al-Kaisy A, Arcioni R, Smith T, Negro A, Lambru G, et al. A six year retrospec-
tive review of occipital nerve stimulation practice–controversies and challenges of an emerg-
ing technique for treating refractory headache syndromes. J Headache Pain. 2013;14:67.

 65. Magis D, Schoenen J. Advances and challenges in neurostimulation for headaches. Lancet 
Neurol. 2012;11(8):708–19.

 66. Schwedt TJ, Dodick DW, Trentman TL, Zimmerman RS.  Occipital nerve stimulation for 
chronic cluster headache and hemicrania continua: pain relief and persistence of autonomic 
features. Cephalalgia: Int J Headache. 2006;26(8):1025–7.

 67. Martelletti P, Jensen RH, Antal A, Arcioni R, Brighina F, de Tommaso M, et al. Neuromodulation 
of chronic headaches: position statement from the European Headache Federation. J Headache 
Pain. 2013;14(1):86.

 68. Leone M, Proietti Cecchini A, Mea E, D’Amico D, Tullo V, Grazzi L, et al. Therapeutic neuro-
stimulation in chronic headaches: problems of patient selection. Neurol Sci: Off J  Italian 
Neurol Soc Italian Soc Clin Neurophysiol. 2008;29(Suppl 1):S59–61.

 69. Schoenen J, Jensen RH, Lanteri-Minet M, Lainez MJ, Gaul C, Goodman AM, et al. Stimulation 
of the sphenopalatine ganglion (SPG) for cluster headache treatment. Pathway CH-1: a ran-
domized, sham-controlled study. Cephalalgia: Int J Headache. 2013;33(10):816–30.

 70. Jurgens TP, Schoenen J, Rostgaard J, Hillerup S, Lainez MJ, Assaf AT, et al. Stimulation of the 
sphenopalatine ganglion in intractable cluster headache: expert consensus on patient selection 
and standards of care. Cephalalgia: Int J Headache. 2014;34:1100–10.

 71. Bahra A, Matharu MS, Buchel C, Frackowiak RS, Goadsby PJ. Brainstem activation specific 
to migraine headache. Lancet. 2001;357(9261):1016–7.

 72. May A.  A review of diagnostic and functional imaging in headache. J  Headache Pain. 
2006;7(4):174–84.

 73. Leone M, Franzini A, Bussone G. Stereotactic stimulation of posterior hypothalamic gray mat-
ter in a patient with intractable cluster headache. N Engl J Med. 2001;345:1428–9.

 74. Matharu MS, Zrinzo L. Deep brain stimulation in cluster headache: hypothalamus or midbrain 
tegmentum? Curr Pain Headache Rep. 2010;14(2):151–9.

 75. Schoenen J, Di Clemente L, Vandenheede M, Fumal A, De Pasqua V, Mouchamps M, et al. 
Hypothalamic stimulation in chronic cluster headache: a pilot study of efficacy and mode of 
action. Brain J Neurol. 2005;128(Pt 4):940–7.

 76. Franzini A, Messina G, Cordella R, Marras C, Broggi G. Deep brain stimulation of the pos-
teromedial hypothalamus: indications, long-term results and neurophysiological consider-
ations. Neurosurg Focus. 2010;29(2):1–13.

S. Miller and M.S. Matharu



33

 77. Seijo F, Saiz A, Lozano B, Santamarta E, Alvarez-Vega M, Seijo E, et al. Neuromodulation of 
the posterolateral hypothalamus for the treatment of chronic refractory cluster headache: expe-
rience in five patients with a modified anatomical target. Cephalalgia: Int J  Headache. 
2011;31(16):1634–41.

 78. Bartsch T, Pinsker MO, Rasche D, et al. Hypothalamic deep brain stimulation for cluster head-
ache: experience from a new multicase series. Cephalalgia: Int J Headache. 2008;28:285–95.

 79. Fontaine D, Lazorthes Y, Mertens P, Blond S, Geraud G, Fabre N, et al. Safety and efficacy of 
deep brain stimulation in refractory cluster headache: a randomized placebo-controlled 
double- blind trial followed by a 1-year open extension. J Headache Pain. 2010;11(1):23–31.

 80. Leone M, Franzini A, Proietti Cecchini A, Bussone G. Success, failure, and putative mechanisms in 
hypothalamic stimulation for drug-resistant chronic cluster headache. Pain. 2013;154(1):89–94.

 81. Starr PA, Barbaro NM, Raskin NH, Ostrem JL. Chronic stimulation of the posterior hypothala-
mus region for cluster headache: technique and 1-year results in four patients. J Neurosurg. 
2007;106:999–1005.

 82. Lyons MK, Dodick DW, Evidente VG. Responsiveness of short-lasting unilateral neuralgiform 
headache with conjunctival injection and tearing to hypothalamic deep brain stimulation. 
J Neurosurg. 2009;110(2):279–81.

 83. Miller S, Rasul F, Lambru G, Lagrata S, Hariz GM, Zrinzo L, et al. Posterior hypothalamic 
region deep brain stimulation in shoer lasting unilateral neuralgiform headache with conjunc-
tival injection and tearing (SUNCT). Cephalalgia: Int J Headache. 2013;33(8 Suppl):1–309.

 84. Bartsch T, Falk D, Knudsen K, Reese R, Raethjen J, Mehdorn HM, et al. Deep brain stimula-
tion of the posterior hypothalamic area in intractable short-lasting unilateral neuralgiform 
headache with conjunctival injection and tearing (SUNCT). Cephalalgia: Int J  Headache. 
2011;31(13):1405–8.

 85. Leone M, Franzini A, D'Andrea G, Broggi G, Casucci G, Bussone G. Deep brain stimulation 
to relieve drug-resistant SUNCT. Ann Neurol. 2005;57(6):924–7.

 86. Leone M, Franzini A, Broggi G, Mea E, Cecchini AP, Bussone G. Acute hypothalamic stimu-
lation and ongoing cluster headache. Neurology. 2006;67:1844–5.

 87. Lipton RB, Dodick DW, Silberstein SD, Saper JR, Aurora SK, Pearlman SH, et al. Single- pulse 
transcranial magnetic stimulation for acute treatment of migraine with aura: a randomised, dou-
ble-blind, parallel-group, sham-controlled trial. Lancet Neurol. 2010;9(4):373–80.

 88. Bhola R, Kinsella E, Giffin N, Lipscombe S, Ahmed F, Weatherall M, et al. Single-pulse tran-
scranial magnetic stimulation (sTMS) for the acute treatment of migraine: evaluation of out-
come data for the UK post market pilot program. J Headache Pain. 2015;16:535.

 89. Dodick DW, Schembri CT, Helmuth M, Aurora SK.  Transcranial magnetic stimulation for 
migraine: a safety review. Headache. 2010;50(7):1153–63.

 90. Matharu MS, Bartsch T, Ward N, Frackowiak RS, Weiner R, Goadsby PJ. Central neuromodu-
lation in chronic migraine patients with suboccipital stimulators: a PET study. Brain J Neurol. 
2004;127(Pt 1):220–30.

 91. Kovacs S, Peeters R, De Ridder D, Plazier M, Menovsky T, Sunaert S.  Central effects of 
occipital nerve electrical stimulation studied by functional magnetic resonance imaging. 
Neuromodulation: Technol Neural Interface. 2011;14(1):46–57.

 92. Magis D, Bruno MA, Fumal A, Gerardy PY, Hustinx R, Laureys S, et al. Central modulation 
in cluster headache patients treated with occipital nerve stimulation: an FDG-PET study. BMC 
Neurol. 2011;11:25.

 93. Kraus T, Kiess O, Hosl K, Terekhin P, Kornhuber J, Forster C. CNS BOLD fMRI effects of 
sham-controlled transcutaneous electrical nerve stimulation in the left outer auditory canal – a 
pilot study. Brain Stimul. 2013;6(5):798–804.

 94. Holland PR, Schembri CT, Fredrick J, Goadsby P. Transcranial magnetic stimulation for the 
treamtent of migraine aura? Cephalalgia: Int J Headache. 2009;29(1 suppl):22.

1 The Use of Electroceuticals and Neuromodulation in the Treatment of Migraine



35© Springer International Publishing AG 2017 
A. Majid (ed.), Electroceuticals, DOI 10.1007/978-3-319-28612-9_2

Chapter 2
VNS for Treatment of Inflammatory Joint 
Diseases

Yaakov A. Levine, Jesse M. Simon, Frieda Koopman, Michael Faltys, 
Ralph Zitnik, and Paul-Peter Tak

Abstract The cholinergic anti-inflammatory pathway regulates innate and adaptive 
immunity during normal physiological function, and activation of the pathway by elec-
trical stimulation of the vagus nerve (VNS) can reduce pathological levels of inflamma-
tion in animal models of autoimmune disorders. A proof-of-concept human study of 
VNS in rheumatoid arthritis (RA) has shown that VNS can ameliorate inflammation in 
humans. Future clinical studies will employ a novel, application- specific investigational 
stimulation system. In concept, this system is capable of being evolved to function in a 
closed-loop manner, adjusting therapy delivery to the patient’s level of disease activity.

Keywords Bioelectronic medicine • Electroceuticals • Vagus nerve stimulation • 
Rheumatoid arthritis • Cholinergic anti-inflammatory pathway • Tumor necrosis factor

 Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease affecting approximately 
1% of the population, and is characterized by joint inflammation leading to struc-
tural damage and disability [1]. RA patients have elevated cardiovascular mortality 
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rates due to the exacerbating effect of systemic inflammation on atherosclerosis, 
and anti-inflammatory treatment may be associated with risk reduction [2–4]. 
Targeted small molecule and biologic therapies have greatly improved the care of 
RA patients, yet these drugs carry safety risk, are costly, and are ineffective or lose 
effect in a substantial proportion of patients, so there remains an unmet need for 
additional and alternative therapeutic approaches [5].

The central nervous system regulates innate and adaptive immunity through an 
“inflammatory reflex” which senses inflammation afferently, responding via its 
efferent arm termed the cholinergic anti-inflammatory pathway (CAP) [6]. The 
inflammatory reflex modulates responses to infection or tissue injury, and acceler-
ates inflammation resolution. Similar reflexive neural modulation of inflammation 
is highly conserved across species evolutionarily, highlighting its importance as a 
physiological mechanism aiding host defense [7, 8].

The CAP can also be activated electrically or pharmacologically to reduce patho-
logical inflammation in animal models [9–11]. This led us to postulate that active 
implantable medical devices of the kind in use for several years to deliver vagus 
nerve stimulation (VNS) for the treatment of refractory epilepsy might also be ben-
eficial in RA patients and patients suffering from other similar chronic inflamma-
tory disorders [12].

Herein we will review the biology of the CAP and results in animal models that 
led us to study the use of VNS in patients with RA, describe a novel, application- 
specific VNS system that will soon enter studies in RA, and speculate on ways that 
this implanted device might be modified in the future to create a “closed loop” 
system that could respond to changes in systemic inflammation in RA patients, 
automatically optimizing its stimulation parameters to accommodate the patient’s 
level of disease activity.

 The Cholinergic Anti-inflammatory Pathway

Tracey and colleagues described the first use of electrical VNS to reduce sys-
temic inflammation, demonstrating that Tumor Necrosis Factor (TNF) produc-
tion and the physiological manifestations of endotoxemic shock in rodents were 
increased by vagotomy and reduced by electrical stimulation of the cervical 
vagus nerve. Using antisense oligonucleotide and targeted genetic disruption 
approaches, they also demonstrated that the CAP effect was mediated through 
specific alpha 7 nicotinic acetylcholine receptors (α7nAChR) on macrophages 
[13]. When these a7nAChR are liganded, macrophages produce reduced amounts 
of TNF and other cytokines in response to pro-inflammatory signals mediated by 
Toll-Like Receptor Ligands (TLR) such as bacterial lipopolysaccharide (LPS). It 
was later demonstrated that reducing the response to endotoxemia using neuro-
stimulation of the CAP (NCAP) by VNS required an intact spleen, and selective 
anatomical lesion experiments showed that an intact neural pathway to the spleen 
from the cervical vagus through the celiac ganglion was also necessary for CAP 
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activation [14]. Within the spleen itself, nerve fiber synaptic vesicles are found in 
close apposition to TNF-secreting macrophages [15], and a recently described 
population of memory T cells [16]. These T cells bear surface beta adrenocep-
tors, and have the capacity to synthesize and secrete acetylcholine. This unique 
T cell population functions analogously to an intermediate neuron, sensing the 
adrenergic neurotransmitters released by the splenic nerve, and in turn transmit-
ting the efferent signal to adjoining splenic macrophages by local secretion of 
acetylcholine. In the macrophage, and other immune cells, the a7nAChR does 
not appear to transduce signals through ion channels, as is the case in neuronal 
tissue. Instead, the NCAP effect is mediated at the subcellular level by alterations 
in the intracellular transcription factors Nuclear Factor- (NF) κb, Janus-Activated 
Kinase (JAK), Signal Transducer and Activator of Transcription (STAT), and 
Suppressor of Cytokine Signaling (SOCS) which transduce cellular signals that 
reduce cytokine production [17, 18], as well as inhibiting inflammasome activa-
tion by limiting stress-induced mitochondrial damage, and subsequent release of 
mitochondrial DNA [19].

These neuronal and immune cells function together to mediate the inflammatory 
reflex. As shown in Fig. 2.1, the presence of inflammation is sensed, and reflexively 
causes increased efferent vagal activity. The efferent vagus nerve synapses on the 
celiac ganglion and signals are further transmitted via the splenic nerve to splenic T 

Vagus
nerve

Celiac ganglion

Adrenergic
splenic neuron

Vagal nerve stimulation Acetylcholine (ACh)

Macrophage

TNF
IL-1
IL-18
HMGB1

Spleen

T cell

Norepinephrine (NE)

β2AR

α7nAChR
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Eicosanoids
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PAMPs

Fig. 2.1 The inflammatory reflex and the cholinergic anti-inflammatory pathway (CAP) act to physi-
ologically modulate inflammation. Inflammatory meditators including cytokines, eiconsanoids, and 
damage- or pathogen-associated molecular pattern molecules (DAMPs, PAMPs) are sensed peripher-
ally and in the central nervous system (CNS), and brainstem nuclei of the vagus nerve are reflexively 
activated to induce signaling through the efferent vagus. Alternatively, the vagus nerve can be stimu-
lated electrically to activate the CAP.  Neural signals travel through the celiac ganglion to the 
 adrenergic splenic nerve, which terminates in close apposition to CAP- specific T cells bearing beta-2 
adrenergic receptors (β2AR). In response to activation of the b2AR these T cells then secrete acetyl-
choline which ligands alpha 7 nicotinic acetylcholine receptors on nearby splenic macrophages, 
causing them to produce reduced levels of inflammatory mediators, thereby closing the reflex loop 
(With permission © Rockefeller University Press [9])

2 VNS for Treatment of Inflammatory Joint Diseases



38

cells, which then down regulate macrophage inflammatory mediator release. In this 
way the inflammatory reflex serves to maintain a physiologically appropriate level 
of response to infection, inflammation or tissue damage.

 CAP Activation and the Immunopathology of Arthritis

Beyond its role in physiologic regulation of host responses, there is a substantial 
body of evidence that both pharmacologic and neural activation of the CAP have 
favorable effects on the dysregulated immunological processes that initiate and 
maintain systemic and synovial inflammation in RA.  CAP activation affects the 
function of both spleen-resident and circulating immunocytes. In addition, cholin-
ergic stimulation has inhibitory effects on the fibroblast-like synoviocyte (FLS), a 
resident cell of the synovium that is increasingly appreciated to play a critical local 
controlling role in the initiation and maintenance of joint inflammation [20].

Circulating monocytes produce TNF and other proinflammatory cytokines in 
response to in vitro exposure to bacterial LPS. After VNS or in vitro exposure to 
cholinergic agonists, the ability of these peripheral blood cells to release inflamma-
tory mediators in response to LPS is reduced [21, 22]. Further, CAP activation is 
associated with reduced trafficking of effector immune cells into inflamed tissue. 
VNS reduced granulocytic infiltration to the muscularis mucosa in a model of 
inflammatory postoperative ileus [17], to the pancreas in pancreatitis [23], and to 
the lung following burn-induced acute lung injury [24]. Experiments using 
carrageenan- induced skin or joint inflammation demonstrated that VNS or pharma-
cologic CAP reduced neutrophil influx into tissue, driven by a reduction in surface 
expression of the adhesion molecule integrin component CD11b [25, 26]. Finally 
CAP affects the trafficking and function of B cells, which play a key role in RA 
pathogenesis. In response to VNS or cholinergic agonists, splenic marginal zone B 
cells exhibit reduced trafficking to the splenic red pulp and peri-follicular areas. 
This migratory arrest is driven by changes in CD11b, and is associated with reduced 
secretion of antibodies [27].

Among circulating immunocytes, regulatory T cells (Treg) are a specialized T 
cell population that functionally suppress other immunocytes in order to regulate 
the natural course of immune responses. Reductions in Treg number and function 
have been reported in a variety of autoimmune diseases, including RA, and loss of 
Treg function plays an important role in the progression of RA [28]. CAP activation 
modulates Treg number and function, as murine Treg suppressive activity is 
enhanced by nicotine, which ligands the a7nAChR, and this effect that is blocked by 
the nicotinic receptor antagonist α-bungarotoxin [29]. Further, in vitro culture of 
naïve Cluster of Differentiation (CD)4+CD62+ T cells with nicotine enhances the 
effect of cell activation-induced expression of Forkhead Box (Fox)P3, an important 
intracellular transcription factor associated with differentiation of naive T cells into 
Tregs, and nicotine also markedly increases the influx of CD4+CD25+FoxP3+ 
Tregs into the gut in oxalazone-induced colitis [30]. In rodent hapten-induced 
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 colitis, disease severity is worsened by vagotomy, which is correlated with reduc-
tions in Foxp3+ Tregs. Over time the proinflammatory effect of vagotomy wanes, 
accompanied by recovery of Treg numbers [31, 32]. In a model of post-hemorrhagic 
shock, CAP activation by vagus nerve stimulation prevented the decrease in lymph 
Treg numbers and the accompanying gut injury [33]. Finally, adoptive transfer of 
CD4+ choline acetytransferase (ChAT)+ splenocytes having demonstrable in vitro 
regulatory effects ameliorated disease in a T cell transfer colitis model [34]. In addi-
tion to effects on Tregs, CAP activity also affects T helper (Th) 1 cells: vagotomy 
increases and pharmacologic CAP agonists decrease in vitro T cell proliferation and 
production of the Th1 cytokines Interferon (IFN)-gamma, TNF and Interleukin 
(IL)-6 [35].

While the vagus nerve does not directly innervate the joint, the a7nAChR gene 
product is expressed in the synovium, and immunohistochemistry identifies 
a7nAChR that bind a-bungarotoxin both in the synovium and on isolated 
FLS. Expression of inhibitory RNA targeting the a7nAChR in FLS increased spon-
taneous FLS production of IL-8, demonstrating the functional significance of the 
receptor on the FLS [36]. Further, in FLS cultures, in vitro acetylcholine exposure 
dose- and time-dependently reduces IL-1 induced production of Il-6 ( [37]). These 
studies demonstrate that cholinergic signaling; either through native acetylcholine 
or using pharmacologic agonists of the a7nAChR receptor may be an important 
mechanism by which local synovial inflammation can be reduced.

Taken together the observations on the effect of CAP activation on splenic and 
circulating immunocytes and FLS in the joint together lead to a model in which 
neural CAP activation exerts an anti-inflammatory effect by reducing production of 
systemically active cytokines, chemokines and antibodies by resident spleen cells, 
by increasing T regulatory cell number, and also by causing circulating cells which 
traverse the spleen to develop an altered phenotype with reduced expression of 
inflammatory mediators and adhesion molecules. As a result of this altered pheno-
type, trafficking of immune cells to inflamed tissue is reduced, and upon entering 
the diseased tissue these cells are less able to release mediators that both directly 
damage tissue, and induce other cells to migrate and cause damage secondarily. In 
the joint, the FLS can respond to acetylcholine or pharmacologic a7nAChR agonists 
by reducing production of cytokines and inflammatory mediators (Fig. 2.2).

�Activation�of�the�CAP�Ameliorates�Disease�in�the��
Collagen-�Induced�Arthritis�Model

Tak and colleagues were the first to study the role of CAP in animal models of RA [12, 
38–40]. The collagen-induced arthritis (CIA) model has been helpful historically in 
facilitating assessment of preclinical efficacy and guiding decisions on advancement 
of candidate RA drugs [41], and was similarly used to advance NCAP to human RA 
studies [42]. In this model autoimmunity against the joint is induced by repeated 
injections of collagen, often in the presence of an immune-activating compound such 
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as Freund’s adjuvant. Animals rapidly develop joint inflammation that can be assessed 
either by direct visualization or caliper measurement of joint swelling. The pathologi-
cal findings in the rodent joint during CIA exhibit a reasonable degree of similarity to 
those seen in RA patients, including infiltration of the synovium with immune effector 
cells, formation of an inflammatory synovial outgrowth termed a “pannus”, damage 
to articular cartilage, and peri-articular erosions of the bone.

Because of the critical role of the α7nAChR in mediating the CAP effect, CIA 
was induced in mice with targeted disruption of the α7nAChR receptor gene [39]. 
When compared to wild type littermates, α7NAChR knockout animals had a greater 
cumulative incidence of disease onset, worsened clinical disease severity and 

Celiac Ganglion

Resident Spleen Cells

Cytokine Production

Vagus Nerve Stimulation

Trafficking to Joint

Acetylcholine
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IL-1

II-6 

IL-8

Splenic Nerve
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Fig. 2.2 Neurostimulation of the CAP (NCAP) reduces inflammation in rheumatoid arthritis (RA) 
by three major mechanisms. NCAP induces reduction in cytokine production within the spleen by 
the mechanism shown in Fig. 2.1. In addition, NCAP causes reduction in cell surface adhesion 
molecules and thereby reduces trafficking of activated leukocytes to the diseased joint. Further, 
peripheral blood monocytes that pass through the spleen undergo phenotypic changes after expo-
sure to splenic acetylcholine, and they then secrete lower levels of inflammatory mediators in 
response to pro-inflammatory signals in the tissue. An inset shows acetylcholine or pharmacologic 
agonists binding to the fibroblast like synoviocyte (FLS) a7nAChR, in the synovial lining, thereby 
reducing FLS cytokine production
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 radiographic evidence of bone destruction, increased histological joint inflamma-
tion, increased systemic monocyte chemotactic peptide (MCP)-1 and TNF levels, 
and increased in  vitro release of Th1 cytokines from cultured splenocytes. 
Conversely, the course and severity of CIA was ameliorated by systemic treatment 
with nicotine or with the selective α7nAChR agonists AR-R17779 [43], PMP-311 
and PMP-072 [40].

Directly activating signaling through the vagus nerve itself can improve CIA as 
evidenced in a rodent study using surgical suspension of the cervical portion of the 
nerve against the sternocleidomastoid muscle. This surgical apposition of muscle 
and nerve induced chronic mechanical stimulation, and measurable vagal activation 
[44]. CIA was induced in sham-operated animals and animals that underwent full 
surgical suspension of the nerve. When compared with the sham-operated group, 
animals with surgical suspension had statistically significant improvements in paw 
swelling, clinical arthritis score, semi-quantitative radiographic assessment of bone 
erosions, histological evidence of peri-articular bone erosions and inflammation, 
and reduced serum TNF levels.

Finally, we extended these observations, establishing the practicality and effec-
tiveness of traditional electrical VNS in the CIA model using a chronic implantable 
rodent system we developed. This system had a cuff lead analogous to those used in 
humans treated with implantable VNS devices, and was performed as a unique col-
laboration between an engineering research group experienced in lead design and 
implantation and a laboratory with extensive experience in the CIA model [38]. In 
these studies animals were immunized on days 0 and 6, and treatment was initiated 
after the disease had become semi-established on day 9. When compared to 
implanted but unstimulated animals, VNS stimulation reduced clinical manifesta-
tions as assessed by ankle diameter, and reduced the histological severity of inflam-
mation, pannus formation, cartilage damage and bone resorption, accompanied by 
a reduction in circulating pro-inflammatory mediators (Fig. 2.3).

�Neurostimulation�of�the�CAP�in�Patients�with�Rheumatoid�
Arthritis

On the basis of the compelling biology and evidence in the CIA model cited above, 
a clinical study was initiated in order to test the hypothesis that NCAP delivered by 
a standard VNS device can improve the signs and symptoms of RA. The investiga-
tional study devices being used are standard, commercially purchased VNS sys-
tems, treated as investigational study devices due to their off-label use in patients 
with RA, but implanted in the recommended manner, as described below (Fig. 2.4).

The study recruited 2 separate patient cohorts: An early stage cohort of patients 
who have only failed the standard first-line oral drug methotrexate (cohort I, N = 7), 
and a second cohort including patients who have not responded adequately to at 
least 2 different biologic RA drugs of the kind typically used sequentially, subse-
quent to methotrexate in standard RA treatment (cohort II, N = 10).
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This proof-of-concept study has been recently published (Fig. 2.5) [45]. Patients 
had screening assessments and baseline clinical and biomarker assessments at the 
day -21 visit, and were implanted under general endotracheal anesthesia at the day 
-14 visit (Fig. 2.5). The device was then inactivated and the patient allowed recovery 
from surgery for at least 14 days. On the day 0 visit, patients had postoperative clini-
cal assessments, and were given a single active stimulation. The patients had no 
stimulation between the day 0 and day 7 visits. On the day 7, 14, and 21 visits 
patients had clinical and biomarker assessments, and the stimulation output current 
to be delivered by the device was increased as tolerated. During each of these visits 
and on the intervening days patients received daily stimulations. At the day 28 visit, 
if the patient had not achieved a moderate or good clinical response according to 
EULAR classification [46], the stimulation frequency was increased from once daily 
to four times daily with other stimulation parameters remaining the same. The pri-
mary endpoint of the study was the day 42 visit. On day 42, all subjects had their 
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Fig. 2.3 NCAP ameliorates disease in the rodent collagen-induced arthritis (CIA) model. (a) 
Ankle swelling is significantly reduced in animals receiving NCAP. (b) NCAP improved histologi-
cal manifestations of disease with significant reductions in inflammation, pannus formation, carti-
lage damage, and bone resorption, as assessed by blinded reading on a semi-quantitative scoring 
scale. (c, d) Representative toluidine blue stained synovial tissue from NCAP (c), and sham (d) 
treated animals. Reductions in synovial inflammation (S), cartilage damage (thick arrow), and 
bone erosions (thin arrow) are seen (Figure was taken from [38] under open access policy https://
creativecommons.org/licenses/by/4.0/)
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device switched off and entered a 14-day treatment withdrawal period. On the day 56 
visit, the device was turned on again, and patients received stimulation at the same 
level and on the same schedule as they were receiving at the day 42 visit, and this was 
continued through the final study visit at day 84. The primary study endpoint is the 
mean change in a standard composite RA study endpoint termed the Disease Activity 
Score (DAS) between baseline and day 42 visit [46].

The DAS was reduced by VNS in both cohorts and when the treatment was paused, 
the DAS increased, and again was then reduced during retreatment (Fig. 2.5c). The 
inducible TNF production in whole blood monocytes was measured during the VNS 
stimulation as a biomarker, similar to the effect we observed in dogs and rodents (Fig. 
2.5b). The reduction in TNF production was compared to DAS reductions by linear 
regression showing a high correlation (Fig. 2.5d), and there was a temporal relationship 
between the changes in DAS and TNF reductions (Fig. 2.5e). This study provides proof 
that VNS can cause reduction in a standard rheumatoid arthritis endpoint in association 
with reductions in a cytokine that drives disease severity.

a b

c d

Fig. 2.4 VNS System used in RA proof-of-concept study (a) The implantable pulse generator 
(IPG) placed subcutaneously on the chest wall, and triple helical coiled cuff leads placed within the 
carotid sheath on the left vagus nerve are shown schematically. (b) Typical incision scars on left 
neck and chest wall from implants are shown. (c) In-clinic programming is performed using a 
handheld controller and a telemetry wand cabled to the controller that is placed over the position 
of the IPG on the chest wall for programming the implant. (d) A close-up view of the stimulation 
parameter screen of the handheld controller (Reproduced with permission from [45])
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�Development�of�an�Application-Specific�Investigational�VNS�
System�for�RA

The VNS system used in our present RA study has a standard implanted pulse gen-
erator (IPG) containing a non-rechargeable battery, an application-specific inte-
grated circuit (ASIC) that controls system function, and other components necessary 
for generation and control of electrical pulses and for telemetric communication 
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Fig. 2.5 The Effects of VNS on Rheumatoid Arthritis Severity and TNF production (a) A sche-
matic of the study design. (b) The effect of VNS in reducing in vitro TNF production in whole 
blood. (c) The reduction over time in the Disease Activity Score (DAS), a standard rheumatoid 
arthritis endpoint. (d) The reductions in DAS compared with reductions in TNF production in a 
regression analysis. (e) The temporal association between changes in TNF production and DAS 
reduction (Reproduced with permission from [45])
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with a wand-like external device controller (Fig. 2.4c). The IPG is typically placed 
in a subcutaneous pocket on the anterior chest wall through either an axillary or 
pectoral incision and connected to the nerve via a lead that is tunneled caudally 
from a neck incision through the skin, over the clavicle, and into the IPG chest wall 
pocket [47–49]. The lead is implanted on the nerve through a 2–3 cm left parame-
dian neck incision to expose the carotid sheath. The left vagus is then isolated within 
the carotid sheath between the carotid artery and internal jugular vein, and a short 
segment of perineurium is dissected. The lead has an IPG plug at its proximal end 
and three helical coiled nerve cuffs having a “corkscrew” appearance at its distal 
end. The distal and middle coils each have a platinum-iridium electrode to deliver 
stimulus. The proximal coil has no electrode and serves as an anchor to stabilize the 
lead on the nerve. The coils have very small suture-like threads at each end that are 
grasped and used to spread the coil and manually wind it around the nerve. The 
more proximal part of the lead body is then anchored with a clip to surrounding tis-
sue and a strain relief loop is created, prior to tunneling the lead and closure of the 
two surgical sites (Fig. 2.4a, b).

The elasticity of the coiled cuffs on the lead serves to facilitate their expansion 
and contraction, thus minimizing pressure being applied by the cuff to the nerve 
itself. This is important for the prevention of pressure-induced nerve damage. 
However, with time, these coils become fibrosed around the nerve, often in an ana-
tomically complex way. While an experienced surgeon can safely remove the lead 
coils, it is at best a tedious and time-consuming process, and in inexperienced hands, 
vagus nerve damage can occur during removal attempts [50–53]. When the device 
is being removed or replaced for reasons other than infection, oftentimes the lead is 
cut within the neck near the most proximal cuff coil and the distal part of the lead is 
left in place on the nerve rather than dissecting it free. While this procedure gener-
ally works well, implant infection can occur in around 3% of patients, and in such 
patients full removal of the infected implant is sometimes necessary for infection 
resolution [52]. The approach also leaves a “bare end” wire, which essentially func-
tions as an antenna, and can overheat and create a tissue damage hazard if the patient 
is exposed to the radiofrequency energy used during MRI procedures, despite the 
fact that safe MRI is possible under some conditions if the device is left intact [54].

The investigational VNS system that will be used in future RA studies is funda-
mentally different from existing systems in that it is implanted directly on the vagus 
nerve as a single unit that contains a rechargeable battery, pulse generator, as well 
as a self-contained nerve cuff and electrodes that function without a typical lead 
wire. The system has four major components (Fig. 2.6): First, a surgically implanted 
MicroRegulator (MR) functions as both a pulse generator and a leadless cuff elec-
trode. The vagus nerve fits into a groove in the saddle-like base of the unit, and the 
electrodes in the groove are thereby brought into close apposition to the nerve for 
efficient stimulation. An onboard ASIC controls the MR. An antenna mounted on 
the hybrid assembly board allows for radio frequency (RF) telemetry and inductive 
battery recharging. Second, a surgically implanted Positioning and Orientation 
Device (POD) is a flexible silicone enclosure that surrounds the MicroRegulator, 
and holds it against the nerve. The nerve is held in the POD in a cradled position 
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within the electrode groove, allowing for efficient application of electrical charge 
directly to the nerve, and inducing depolarization. The POD also serves to electri-
cally insulate the device from surrounding tissues other than the target nerve itself. 
Third, a non-implanted, intermittently worn collar is termed an Energizer. The 
Energizer collar is positioned on the patient’s neck to charge the battery and pro-
gram the implanted device. Integrated into the collar is a coil running circumferen-
tially, serving to transmit and receive telemetry information, and also to transmit RF 
energy to the MR antenna for inductive battery recharging. The collar generates an 
RF field with sufficient range to charge or communicate with the MR, regardless of 
implantation depth, with the collar placed anywhere on the neck.

The open Energizer collar is positioned on the patient’s neck and gently closed with 
a magnetic clasp. The outward face of the collar has a series of indicator LEDs, control 
buttons, and a vibrating motor that serve as an interface for patient use to control certain 
patient-enabled Energizer and MR functions. Finally, the “Prescription Pad” is a sys-
tem-specific control application for use by caregivers, which is loaded on to a standard 

a

b c d

Fig. 2.6 Investigational application-specific VNS system for RA studies (a) The MicroRegulator 
(MR) functions as both and IPG and a “leadless” electrode cuff, and has a groove on the bottom 
which allows it to cradle the nerve and bring it into close apposition opt the platinum-iridium 
electrodes in the groove. The MR is secured to the nerve with the Positioning and Orientation 
Device (POD), a soft enclosure which also isolates the implant electrically from surrounding tis-
sue. (b) The position of the MR and POD implanted on the left vagus, and the Energizer collar, 
used for intermittent telemetry and battery charging are shown. (c) The Energizer closes with a 
magnetic clasp, and is worn intermittently for charging and programming. The Energizer commu-
nicates with the MR and charges the onboard MR battery through a radio frequency (RF) interface. 
The Energizer has a limited number of patient-accessible controls. (d) The Prescription Pad is a 
standard iPad loaded with system-specific software that communicates by Bluetooth with the 
Energizer and allows the clinician to program the implant
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iPad. The application works through a typical iOS graphic user interface. After pro-
gramming with the Prescription Pad, the MR delivers bipolar, current-limited, sym-
metrically biphasic charge-balanced pulses with characteristics as shown in Fig. 2.7.

During the first ambulatory visit, the clinical caregiver will use the Energizer collar 
and Prescription Pad to program parameters for delivery of stimulation, on a clinician-
specified schedule, as the patient’s therapy “prescription”. The patient will wear the 
Energizer intermittently to re-charge the MR battery. The Energizer’s patient-control-
lable functions do not require the clinician’s Prescription Pad, and include an emer-
gency shut off and a manual dosing function. The use of this novel, application-specific 
system for delivery of therapy in upcoming clinical studies in RA may prove to offer 
greater ease of use and patient acceptability than standard VNS systems.

 The Future: Potential Steps Toward a Closed Loop 
“Bioelectronic Medicine”

An effort to increase the therapeutic armamentarium in systemic diseases typically 
treated with systemically administered drugs has resulted in the concept of “bioelec-
tronic medicines” [55]. As a goal these therapies would have characteristics of both 
classical medicines and classical medical devices. They would be embedded within 
the body, and would deliver electrical or other kinds of physical stimulation in a 
precise and targeted manner that would directly affect the disease pathophysiology.

An inherent part of the definition of an ideal bioelectronic medicine is that the 
therapeutic entity would be able to continuously monitor the function of the tissue or 
organ system being treated, adjusting its therapeutic effect in a precise and disease- 
responsive way that would maximize safety and efficacy. Development of an optimal 
bioelectronic medicine that can sense activity of individual afferent and efferent nerve 
fibers communicating with a visceral organ will require a great deal of work in 
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 engineering and biology. However, there are a few examples of present day implant-
able devices that already function in a truly closed loop manner. One such device 
approved and being marketed in the US alleviates the upper airway anatomic obstruc-
tion during sleep apnea by activating the hypoglossal nerve to open the airway, resolv-
ing the resultant apneic event. Interestingly, the device has a second lead placed in an 
intercostal muscle that senses the over-activation of the muscle as the patient struggles 
to inspire against a closed airway, and instructs the device to fire at that precise moment 
and open the airway, thus creating a functional closed loop [56]. Several other devices 
with similar, very simple closed loop designs are in clinical development.

With respect to the treatment of RA and inflammatory disorders, it may be possible 
to create a device that can “read” the level of systemic inflammation and adjust treat-
ment accordingly. One way to accomplish this would be to build sensors that can 
directly detect inflammatory mediators and respond to changes by modulating stimula-
tion parameters. However, developing robust closed loop systems that detect and 
respond to tissue levels of complex proteins will be exceedingly challenging, as evi-
denced by the lack of a truly closed loop insulin pump system, despite many years of 
effort to develop one. Alternatively, a device that measures and responds to a neuro-
physiological or cardiac “proxy” of inflammation may be more immediately feasible.

Epidemiological studies have demonstrated an inverse relationship between 
vagal tone and disease severity in several inflammatory disorders. Autonomic ner-
vous system activity can be measured indirectly by recording cardiac R-R interval 
variability and subjecting the data to power spectral analysis. Such heart rate vari-
ability (HRV) measurements are influenced by the levels of vagus nerve activity and 
by balance in cardiac sympathetic-parasympathetic tone. Reduced HRV is indica-
tive of decreased vagal tone, and HRV has a strong inverse correlation with serum 
levels of c-reactive protein (CRP), an indicator of systemic inflammation, 
 progression of atherosclerosis, and risk of sudden death [57, 58]. HRV is also 
reduced relative to normals in patients with RA, systemic lupus erythematosus and 
Sjogren’s syndrome, and the extent of reduction in HRV within the patient groups 
correlates strongly with disease severity [59–62].

Interestingly, a recent study in healthy human volunteers demonstrated that short 
infusion of very low doses of LPS caused small but measurable dose-dependent changes 
in body temperature, systemic inflammatory mediator release, and changes in HRV 
parameters including standard deviation of the average length of interval between each 
successive heartbeat over a 5-min period (SDNN), the percentage of interval differences 
of successive intervals between heartbeats greater than 50 milliseconds (pNN50), and 
high-frequency variability (HF) that correlates with vagal tone. Physiologic measures, 
mediator levels and HRV indices moved together dynamically during peri-infusion 
worsening and post infusion recovery [63], demonstrating the potential for HRV param-
eters to be used as a dynamic surrogate marker of systemic inflammation. Although the 
above-referenced correlative cross- sectional clinical studies show that HRV and inflam-
mation correlate in RA and other similar diseases, it will be necessary to understand the 
shorter term variability of HRV indices as the patient’s inflammatory disorder moves 
through its typical clinical cycles of waxing and waning severity. Real-time HRV data 
from observational studies of RA patients might then be correlated with systemic media-
tor levels and clinical disease activity assessments to understand the relationship between 
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HRV and disease, and these data used to model a responsive treatment algorithm that 
would increase or decrease the delivered VNS stimulation at levels appropriate to the 
patient’s current level of disease activity. The application-specific RA VNS system 
described above could be modified to sense an ECG signal or carotid pulse movement 
in order to read the R-R interval, then calculate HRV parameters and algorithmically 
adjust stimulation output using onboard firmware. A schematic summary of this concept 
is shown in Fig. 2.8. This research approach may facilitate development of a closed loop 
VNS system for inflammation therapy in the not-too- distant future.

 Summary

The cholinergic anti-inflammatory pathway can be harnessed to reduce systemic 
and organ-specific inflammation, by virtue of its effects in down-regulating B 
cell function, reducing T cell, neutrophil, and monocyte inflammatory mediator 
release, increasing regulatory T cell number and function, and reducing 
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Fig. 2.8 Concept for potential future modifications to create a closed loop system. The central 
nervous system responds to varying levels of systemic inflammation by causing alterations in heart 
rate variability (HRV). If the relationship between HRV parameters, inflammation, and disease 
activity can be understood and modeled, onboard sensors could measure the R wave to R wave 
(RR) interval, calculate HRV, and adjust stimulation settings using a pre-defined algorithm. This 
approach might allow a device to automatically tailor the delivered treatment to the patient’s 
changing level of disease activity
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trafficking of leukocytes to inflamed tissue. These pleiotropic effects underlie 
the improvement in disease activity in several animal models, including the 
standard rodent collagen-induced arthritis model of human RA.  A proof-of-
concept study in patients with RA has shown promising preliminary results. 
Future trials in RA will test a novel nerve stimulation system developed specifi-
cally for this application, which will be studied to confirm whether its design 
offers advantages over existing systems. In the future, this system is capable of 
being modified to detect and respond to inflammation- induced changes in heart 
rate variability, allowing the device to respond to changes in the patient’s dis-
ease status, and thereby offering the potential to become a closed loop, bioelec-
tronic medicine.
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Chapter 3
Electroceutical Approaches for the Treatment 
of Traumatic Brain Injury

Harvey Leung, Ali Ali, Christopher Heath, Arshad Majid, 
and Jessica Redgrave

Abstract Existing treatments for traumatic brain injury (TBI) include surgical 
intervention for the acute phase and rehabilitative therapies for the chronic/recovery 
phase. There is a brief time period after TBI has occurred when surgical intervention 
can reduce cerebral ischemia, limiting the damage this would otherwise cause. For 
example, decompressive craniectomy, can treat intracranial hypertension following 
TBI and may also improve regional cerebral blood flow. Surgical evacuation of 
haematomas may also help return cerebral blood flow regulation to normal. Various 
forms of therapy are used in the rehabilitation process for humans following 
TBI. For example, speech therapy, occupational therapy and physiotherapy all play 
a key role in helping patients to return to as normal a level of functioning as possi-
ble. Cognitive therapies may focus on specific areas such as working memory or 
attention deficits. Psychotherapy can help patients to adapt to their disability, and 
lead to improvements in mood and self-esteem.

Keywords Electroceuticals • Traumatic brain injury • Vagus nerve stimulation • 
Deep brain stimulation • Transcranial magnetic stimulation • Transcranial direct 
current stimulation

 Introduction

Traumatic brain injury (TBI) is generally defined as any brain injury caused by 
trauma inflicted on the brain by an outside source [1]. It is difficult to quantify the 
overall prevalence of TBI as minor cases may not always receive medical treatment. 
TBI also often occurs in combination with other injuries, leading to possible 
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under- reporting. However, the number of TBI serious enough to cause hospitalisa-
tion or death have been estimated to be over 10 million per year worldwide [1–3]. 
The most common causes of TBI are incidents such as falls, traffic accidents, struck 
 by/against events and assaults. In terms of demographics, people below 19 and over 
75 show the highest incidences of TBI, and males have a higher incidence than 
females [4].

As TBI encompasses a wide range of potential severities and injury locations 
within the brain, it can present with a wide range of symptoms. Adults with mild 
TBI have reported posttraumatic cognitive symptoms such as headaches, fatigue, 
forgetfulness, and sleep difficulties [5], as well as problems with balance and con-
centration [6]. In more severe cases, many different brain functions may be compro-
mised, and secondary effects may include movement and sleep disorders, visual 
deficits, and long-term cognitive and behavioural problems [1]. Studies have also 
highlighted an increased prevalence of seizures, epilepsy, depression and neurode-
generative diseases such as Alzheimer’s disease [2, 6] in those who have experi-
enced TBI.

The damage caused by TBI can generally be separated into two parts. Initially, 
the trauma causes specific areas of tissue damage and may impair cerebral blood 
flow regulation. Secondary, more diffuse damage may then occur to the brain 
through a variety of mechanisms. For example, the reduced regulation of cerebral 
blood flow may result in ischaemia or hyperaemia, and metabolic failure. Oedema 
and inflammation may lead to further brain damage.

Existing treatments for TBI include surgical intervention for the acute phase and 
rehabilitative therapies for the chronic/recovery phase. There is a brief time period 
after TBI has occurred when surgical intervention can reduce cerebral ischemia, 
limiting the damage this would otherwise cause [7]. For example, decompressive 
craniectomy, can treat intracranial hypertension following TBI [8] and may also 
improve regional cerebral blood flow [9]. Surgical evacuation of haematomas may 
also help return cerebral blood flow regulation to normal [10].

Various forms of therapy are used in the rehabilitation process for humans fol-
lowing TBI. For example, speech therapy, occupational therapy and physiotherapy 
all play a key role in helping patients to return to as normal a level of functioning as 
possible. Cognitive therapies may focus on specific areas such as working memory 
or attention deficits [11]. Psychotherapy can help patients to adapt to their disability, 
and lead to improvements in mood and self-esteem [1].

 Electroceutical Therapies in TBI

Electroceutical treatments such as vagus nerve stimulation (VNS), deep brain stim-
ulation (DBS), transcranial magnetic stimulation (TMS) and direct cortical stimula-
tion (DCS) may play a role in the treatment and recovery from TBI in the future. 

H. Leung et al.



57

However, owing to the diversity of types, locations, size and symptoms arising from 
TBI, evaluation of these potential treatments within standardised human trials is 
difficult. Human trials rely on volunteers or consent from third parties and it can be 
difficult to find large enough samples of participants with comparable brain injuries 
undergoing the same form of treatment. The frequency with which TBI occurs in 
conjunction with other injuries and illnesses also make it difficult to isolate the 
effects of TBI specifically. Therefore, we mostly rely on controlled animal studies 
when exploring the potential for electroceutical treatments in the context of TBI.

 Animal Models of TBI

Various methods have been used to induce TBI in animals to study the effects of 
VNS. These include: fluid percussion injury (FPI) [12–15], weight drop [16, 17], 
controlled cortical impact (CCI) [18], and explosive injury [19]. In all cases, 
craniotomy is performed to expose the brain with the dura mater intact prior to 
inducing TBI.

In fluid percussion injury (FPI), an injury cap is fitted over an exposed area of the 
brain then sealed and filled with saline to create a closed system. A fluid-filled cyl-
inder is attached to the cap and a weight pushes a piston to create a fluid pressure 
pulse directly onto the dura mater and underlying brain. This creates a pressure 
pulse lasting approximately 23 milliseconds and a pressure of 1.82 atmospheres 
(SD = 0.09). Following injury, the injury cap is removed and the craniotomy is cov-
ered with sterile gel foam [12–15].

In the “weight drop” model of TBI, a weight is dropped directly onto the brain. 
Bansal et al. [16] and Lopez et al. [17] deployed this technique in mice and exposed 
the brain first by creating a burr hole with a diameter of 4 mm, and a 250 g metal rod 
was dropped from a high of 2 cm onto the intact dura mater. Following this, the inci-
sion was closed using Vetbond [16, 17].

Pruitt et  al. used controlled cortical impact (CCI), in which they deployed a 
spring-loaded device, to induce TBI in a consistent manner [18]. The motor cortex 
of rats was exposed, and the 3 mm diameter impactor tip was lowered onto the sur-
face of the brain. The impactor tip was then lowered 2 mm below the surface of the 
brain at a velocity of 3 m/s and remained in place for 5 s before being removed. The 
craniotomy was then covered with a silicone polymer and sealed with acrylic [18].

Another model of TBI is so-called “explosive injury” as used by Zhou et al. in 
their studies on rabbits [19]. Following craniotomy to expose the brain, an incision 
was made in the dura mater to expose the parietal cortex. A firecracker wrapped in 
fine iron wire was then placed 0.5 cm from the exposed brain tissue. Five pieces of 
metal debris were placed on the right parietal cortex directly and then the fire- 
crackers were lit from a distance to induce TBI. Following this, the bone window 
was filled with bone wax and a whole-layer suture was performed [19].

3 Electroceutical Approaches for the Treatment of Traumatic Brain Injury
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 Evidence for Electroceutical Therapies in TBI

�Vagus�Nerve�Stimulation

The vagus nerve is the tenth cranial nerve and takes a long meandering course 
through the body, connecting to centres within the brain as well as several other 
organs. Vagus nerve stimulation (VNS) historically has involved implanting an 
electrode directly onto the vagus nerve in the neck. This electrode is then con-
nected to a stimulator unit implanted into the chest wall [20]. Whilst already in 
widespread use to treat epilepsy and depression in humans, VNS is currently 
being explored as a treatment for a number of other disorders, including  
TBI [21].

The vagus nerve is composed of 80% afferent fibres and 20% efferent fibres 
[22]. The afferent fibres receive innervation primarily from visceral organs of the 
thorax and abdomen and project to the nucleus tractus solitarius (NTS) in the 
medulla, which then relays information to the forebrain, thalamic region, and the 
orbitofrontal and prefrontal cortices. Whilst the neuroprotective effects of vagus 
nerve stimulation are not well understood, several potential mechanisms have 
been proposed. For example, the NTS connects to several structures in the brain, 
including the locus ceruleus (LC) [22]. The LC releases large amounts of norepi-
nephrine, which leads to neurogenesis, release of serotonin from the dorsal raphe 
nucleus (DRN), and acetylcholine secretion [23, 24]. Both norepinephrine and 
serotonin have been found to stimulate neurogenesis [25], inhibit excitotoxicity 
[26], and suppress seizures [27] indicating possible mechanisms underlying ther-
apeutic effects of VNS.  Furthermore, acetylcholine, another neurotransmitter 
released by VNS, blocks glutamate excite-toxicity and the synthesis of inflam-
matory cytokines, thereby reducing the production of reactive oxygen species 
and disruption of the blood-brain barrier [28–30].

 Experimental Models of Vagus Nerve Stimulation in Traumatic Brain 
Injury

To date, animal models have been used to investigate the effects of VNS on motor 
recovery [12, 13, 15, 18], brain swelling [15, 19], ischaemia [12–14, 17–19], blood 
brain barrier permeability [17], and inflammatory changes [16, 19] following 
TBI. These studies are summarised in Table 3.1. Changes in the level of cytokines 
such as TNF-α, IL-1β, and IL-10, or hormones like ghrelin after VNS may contrib-
ute to the attenuation of inflammation and oedema formation following TBI [15–17, 
19] to limit the size of the final injury [14].

H. Leung et al.
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 Effects of VNS on Motor and Cognitive Recovery Post TBI in Rats

The potential for VNS to enhance motor recovery following TBI have been reported 
in studies in rats [12, 13] (Table 3.1). For example, electrical stimulation of the left 
cervical vagus nerve at 30 min intervals for 2 weeks initiated at 2 h [12] or 24 h [13] 
after FPI both significantly improved the rate and degree of recovery of forelimb 
motor function by the end of the treatment period [12, 13]. Furthermore, “reference 
memory” as assessed by a Morris water maze task had improved in mice that 
received VNS at 2 h post-FPI but not in those who received VNS at 24 h post FPI 
[13]. Performance of VNS-treated animals in both motor and memory tasks was the 
same as that in the uninjured controls (craniotomy without injury) at 2 weeks post- 
TBI [12].

In another study by Pruitt et al., 28 female rats were trained to perform a “pull” 
task prior to TBI [18]. A successful trial in pulling the handle with a force greater 
than 120 g resulted in a single pellet reward and the rats achieved a >85% success 
rate in surpassing the 120 g threshold. A spring-loaded device was then used to 
induce controlled cortical impact (CCI) at the left motor cortex. The rats were 
divided into 2 groups, one group received rehabilitative training alone (n = 14) and 
the other group received rehabilitative training paired with VNS (n = 14) (VNS 
delivered within 45 ms of each successful pull trial). In the VNS group, there was 
pairing of electrical stimulation with the forelimb pulling task initiated at 3–4 weeks 
following TBI but stimulation was turned off during the 6th week in order to assess 
whether the effects of stimulation were sustained. By week 4 post-TBI, the fore-
limb maximal force strength and percentage of successful pull attempts in the VNS 
group were significantly increased in VNS treated rats compared to unstimulated 
rats. These differences were maintained at the end of week 6 (p < 0.05) leading the 
authors to conclude that the beneficial effects of VNS may persist after actual stim-
ulation has ceased [18]. Interestingly, upon sacrifice of the animals at the end of 
week 6, there were no differences in final lesion size between stimulated and 
unstimulated rats [18]. Other studies have confirmed no effects of VNS on the 
severity of tissue injury or cell death in the cortex or hippocampus following stimu-
lation at either 2 or 24 h post TBI [12, 13]. The beneficial effects of VNS on motor 
recovery therefore do not appear to be mediated through alterations in in size or 
extent of initial brain damage.

 Effects of VNS on Neuronal Survival Post TBI

A study by Neese et al. administered VNS in rats at 30 minute intervals for 2 weeks 
starting at 24 h following FPI in the left hemisphere. Here, 24 rats were implanted 
with a VNS device and 8 rats received FPI only, 8 received FPI followed by VNS, 
and 8 received sham FPI (craniotomy without injury) without VNS [14]. The VNS- 
treated rats had a significantly higher number of GABAergic neurons compared to 
FPI-only group in the cortex at the end of the 2 weeks treatment (p < 0.05) [14]. The 
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study also found a 32% increase in GABAergic-like cells in the hippocampus fol-
lowing VNS.  The authors hypothesised that this could be due to an increase in 
neurogenesis triggered by VNS or an increased number of newly divided neurons 
acquiring a GABAergic phenotype [14].

 Effects of VNS on Oedema Post TBI in Rats

One mechanism whereby VNS may reduce neuronal cell death following TBI is by 
attenuating cerebral oedema. In a study by Clough et al., 19 rats implanted with 
VNS and were divided into three groups: FPI with VNS (n = 8), FPI without VNS 
(n = 6), and sham (craniotomy without FPI) without stimulation (n = 5). All rats 
were tethered via their skulls to a stimulation device, but the devices for the sham 
and FPI minus VNS groups were inactive, ensuring the assessors were blind to the 
treatment group allocation. VNS was then initiated at either 2 h or 24 h post-FPI and 
given at 30-min intervals for 48 h. The rats underwent a beam walk test and were 
then sacrificed so that sections of brain tissues could be weighed before and after 
dehydration to determine water content as a measure of oedema [15]. A reduced 
level of oedema at the cerebral cortex ipsilateral to FPI was found in the VNS group 
compared to the FPI-only group (p < 0.04). Reductions in brain oedema were sig-
nificantly correlated with improved beam walk performance at 2  days post-FPI 
(p < 0.039). Taking these two observations together, the authors hypothesised that 
oedema reduction is one mechanism by which VNS may improve motor recovery 
post TBI.

Additional evidence for anti-oedema effects of VNS comes from a study by Zhou 
et al. in 28 rabbits following explosion-induced TBI [19]. The animals were divided 
into four groups: blank control (n = 4), sham surgery (craniotomy and vagus nerve 
implantation but no TBI) (n = 6), explosive injury without VNS (n = 10) and explo-
sive injury with VNS (n = 8). In that study, VNS was administered 1 h post-TBI and 
serum and brain tissue were collected 24  h later to assess oedema and cytokine 
levels. Histological examination of brain tissue demonstrated that oedema was 
reduced in rabbits that received VNS post TBI compared to TBI alone [19].

 Biochemical Changes Following VNS Post TBI

In the same study by Zhou et al., pro- and anti-inflammatory cytokines in serum and 
brain tissue were measured using enzyme-linked immunosorbent assays (ELISA). 
Pro-inflammatory TNF-α and IL-1β levels were significantly lower in the VNS 
group than in the TBI-only group in both serum and brain tissue (p  <  0.01). 
Furthermore, VNS increased the levels of the anti-inflammatory cytokine IL-10 in 
serum and brain tissue compared to the TBI-only group (p < 0.01). On further anal-
ysis, both TNF-α and IL-1β levels in the brain were strongly associated with brain 
water content at 24  h post-TBI.  This suggests that VNS may attenuate oedema 
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formation through lowering levels of TNF-α and IL-1β and increasing levels of 
IL-10 (19).

Another study also measured serum and tissue levels of TNF-α post-TBI [16]. Bansal 
et al. divided 40 mice into Five groups: Sham surgery (right cervical neck incision and 
vagus nerve exposure only) (n = 8), TBI without VNS (n = 8), TBI with VNS (n = 8), 
TBI with ghrelin injections and no VNS (n = 8), and TBI with ghrelin injections and 
VNS. In mice stimulated with VNS prior to weight drop TBI attenuated oedema forma-
tion was seen [16]. These “pre-conditioned” animals also demonstrated no increase in 
brain TNF-α following TBI unlike those that received TBI without prior VNS [16].

Ghrelin, a hormone with anti-inflammatory properties has also been studied as a 
possible mechanism behind beneficial effects of VNS post TBI. Ghrelin is respon-
sible for multiple physiological and biological functions to maintain homeostasis 
(e.g. appetite, gut motility, gastric acid balance) [32]. In one study ghrelin was ele-
vated in plasma 2 h following TBI in mice who had received VNS immediately prior 
to TBI and levels returned to those in TBI-only mice by 6 h post-TBI [16]. Vagotomy 
performed prior to preconditioning with VNS abolished the increased levels of 
ghrelin, providing further evidence that VNS up-regulates ghrelin [16].

 Effects of VNS on Blood Brain Barrier

A study by Lopez et al. investigated the effects of “preconditioning” with VNS on 
blood brain barrier breakdown following TBI [17]. In their study of 12 mice, 4 mice 
underwent weight drop-induced TBI alone, 4 mice received VNS for 10-minutes 
prior to TBI, and 4 mice underwent sham injury without VNS. Vascular permeabil-
ity was measured using a fluorescent permeability tracer and mice preconditioned 
with VNS had significantly reduced vascular permeability compared to those who 
received TBI-only (p < 0.05) Upon histological examination of brain tissue 200 μm 
medial to the injury site, the preconditioned mice had a decrease in vacuolization 
(an indicator of oedema) compared to those who had not received VNS [17]. 
Aquaphorins (AQP) are water channel proteins with AQP-4 being the predominant 
subtype found in brain [33]. Following TBI, AQP-4 upregulation is found at the site 
of injury, leading to oedema formation [34]. AQP-4 levels in mice who were pre-
conditioned with VNS prior to TBI remained similar to those in mice who received 
sham injury [17]. Taken together, these findings raise the hypothesis that VNS initi-
ate biochemical changes, possibly involving AQP-4 to alter vascular permeability 
which may improve outcomes following TBI.

 Challenges with Translating VNS Studies to Humans Post-TBI

Whilst there is evidence from the aforementioned studies that VNS may be both 
neuro-protective and boost neuroplasticity in animal models of TBI, the optimum 
VNS stimulation settings to achieve these beneficial effects e.g. pulse width, fre-
quency, intensity, duty cycle, duration of stimulation or number of doses per day, are 
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still unknown. Another area of uncertainty is the therapeutic window for VNS post 
TBI. Although VNS has been given both before and after TBI in animal models, this 
may not accurately represent the timescale for treating TBI in humans. Another 
potential barrier to translation is that some animal studies stimulated the right vagus 
nerve [16, 17, 19], which is generally avoided in humans as the right vagus nerve 
carries efferent fibres to the heart. Transient changes in heart rate, blood pressure, 
and cerebral blood flow have been found in response to stimulation of the right 
vagus nerve in rodent models of stroke [35, 36] further contributing to fears that 
right sided stimulation in humans might induce cardiac side effects and potentially 
be unsafe. Whilst such concerns remain, it is likely that human trials of VNS will 
need to stimulate on the left side. To our knowledge, no studies have compared 
efficacy of left versus right sided VNS in either humans or animals.

A further consideration is that studies in animals have tended to observe effects 
of VNS for up to 3 weeks following TBI i.e. persistence of beneficial effects of VNS 
in the longer term is unclear. Additionally, VNS was generally administered up to 
24 h after injury in the animal studies such that the effects of more delayed VNS are 
unknown. Since brain injuries in humans can go unrecognised for days or even lon-
ger, this is an important question to be addressed. Other unanswered questions 
include the influence of age and gender on the effects of VNS post TBI. It is known, 
for example, that oestrogen has neuro-protective properties and in humans treated 
with VNS for epilepsy, seizure reduction is greater in younger age groups [37]. 
Nevertheless, age and gender influences on the effects of VNS have not been rigor-
ously studied in animals with TBI.

 Human Studies of VNS Post TBI

It is not ethically possible to test the effects of VNS “preconditioning” on TBI out-
comes in humans, and studies involving delivery of VNS within 2 h of TBI might be 
difficult to recruit due to the narrow time intervals involved. However, several 
human studies have determined the effects of VNS on modification of symptoms 
and long term complications of TBI. One study, for example, investigated the effects 
of VNS on post-traumatic epilepsy (PTE) from the VNS Therapy Patient Outcome 
Registry [31]. Amongst 317 PTE patients and 1763 non-posttraumatic epilepsy 
(non-PTE) patients, those with PTE patients responded better to VNS [31]. 
Specifically, the median reduction in seizure frequency was higher in PTE than non- 
PTE patients following 24 months of VNS treatment (PTE = 73%, non-PTE = 57% 
reduction, p = 0.15). Furthermore, 78% of PTE patients had a ≥50% reduction in 
seizure frequency after 24  months of treatment, whereas only 61% of non-PTE 
patients achieved this target (p = 0.02).

Interestingly, the vagus nerve can now be stimulated noninvasively –either via 
the auricular branch, which supplies the concha of the outer ear, or via the cervical 
branch stimulated transcutaneously at the neck. Several commercially available 
devices are now available to treat patients in this way and trials have shown benefi-
cial effects in treatment of conditions such as: epilepsy [38–41], migraine [42–45], 
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depression [46, 47], and tinnitus [48–51], all of which are common complications 
of TBI. Non-invasive VNS activates similar regions of the brain to invasive VNS 
[52, 53] and may therefore provide an alternative to invasive VNS in the future.

�Review�of�Other�Electroceuticals�Traumatic�Brain�Injury�(TBI)

Other brain stimulation techniques have shown promise in the treatment of trau-
matic brain injury. For example, Transcranial magnetic stimulation (TMS), 
Transcranial direct cortical stimulation (tDCS) and Deep Brain Stimulation (DBS) 
have been evaluated in animal models and in human case series. Each of these three 
electroceutical techniques will be discussed in the next section along with a sum-
mary of available evidence supporting their role in TBI.

 Transcranial Magnetic Stimulation (TMS)

In TMS, an electrical current is passed through a copper coil, inducing a small mag-
netic field. The coil is passed over the scalp and the current depolarizes neurons at 
the axon hillock or indirectly via inter-neurons. When applied as single pulses, TMS 
can be used to measure parameters which reflect cortical excitability such as motor 
threshold (MT), motor evoked potential (MEP), and silent period (SP) duration 
[54]. These parameters change in the months following TBI in conjunction with 
clinical recovery [55] and therefore “single-pulse” TMS be useful to record surro-
gate outcomes in future trials of potential TBI therapies.

When TMS is used repeatedly over weeks or months, it can also have therapeutic 
effects [56]. For example, so-called “repetitive TMS (rTMS) was used in a trial of 
24 veterans with headache persisting for more than 3 months following TBI. In that 
trial, 12 veterans were given 2000 pulses of TMS at 10 Hz frequency (3 study treat-
ments within 1 week) and 12 were given sham TMS. At one-week follow-up, 58% 
of those in the TMS treated group achieved a >50% reduction in headache fre-
quency compared to only 17% of those given sham TMS (P = 0.04) [57]. In another 
study in rats, the delivery of 10 Hz repetitive TMS (rTMS) per day for 14 days post 
TBI resulted in increased success in a pellet-reaching task compared to sham stimu-
lation and this was accompanied by an increase c-fos protein expression (a marker 
of neuronal activity) in the cerebral cortex [58]. However the “optimum”  stimulation 
settings for rTMS remain unclear as dose finding studies have not yet been per-
formed [59].

There are several case reports of rTMS having been used to treat sequelae of TBI 
such as auditory hallucinations, tinnitus and visuo-spatial inattention. [60–64] There 
has also been one sham-controlled treatment trial of rTMS in depression post TBI 
in which ex-military personnel were given either 3  days of high dose, high fre-
quency rTMS over the left DLPFC or sham rTMS. Although small in size, that trial 
showed a rapid “anti-suicide” effect in those given rTMS [65].
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Another potentially useful property of rTMS is that the generated electric 
field can either increase or decrease cortical excitability depending on the fre-
quency of stimulation used. For example, high frequencies tend to increase corti-
cal excitability whereas low frequencies decrease it. This is particularly relevant 
in the context of TBI where the unaffected hemisphere may become “hyper-
excitable” due to a lack of inhibition by the damaged hemisphere [66]. A com-
monly used regime is low frequency (1 Hz) TMS to the dorsolateral prefrontal 
cortex (DLPFC) followed by high frequency (10 Hz) TMS to the contralateral 
DLPFC [67]. Such “sequential bilateral” rTMS has been found to be superior to 
standard unilateral high-frequency left sided rTMS in the treatment of patients 
with major depression [67] and may in future be shown to be useful in patients 
with depression secondary to TBI [68].

A further advantage is that rTMS may lead to changes in the cortex and a “pro- 
plasticity state”. A meta-analysis of 18 studies (392 patients) of rTMS given to 
patients with limb weakness who were at various time intervals post stroke found an 
effect size 0.55 for the motor outcome (95% CI, 0.37–0.72) in favour of treatment 
with VNS [69]. However, only seven studies in that meta-analysis performed fol-
low- up assessments and no study followed up for more than 1 year [69]. Thus it 
remains unclear whether the effects of rTMS on motor recovery are sustained in the 
longer term. Whilst similar studies in motor recovery have not yet been performed 
in humans with deficit post TBI, the cortical reorganisation which occurs following 
recovery from TBI is similar to that following stroke, and so rTMS may similarly be 
helpful in post TBI recovery.

The most serious side effect of TMS is inducement epileptic seizures. To mini-
mise this risk, patients with focal frontal lesions, subdural haematomas, previous 
surgery for clot evacuation, TBI within 3 months or a history of seizures are often 
excluded from human trials of rTMS. However, whilst likely leading to improved 
safety outcomes in trials, such exclusions will inevitably limit the clinical applica-
tion of rTMS post TBI.

 Deep Brain Stimulation

Deep brain stimulation (DBS) was introduced in 1987 as a therapy for a number of 
neurological disorders. DBS involves implantation of a stimulator unit into the chest 
wall which is then connected by a wire to electrodes which are strategically placed 
into specific regions of the brain depending on the symptom/disease being treated. 
For example, electrodes may be implanted into the ventromedial thalamus to treat 
essential tremor, into the globus pallidus to treat symptoms of Parkinson’s disease, 
or into the nucleus accumbens to treat depression/obsessive compulsive disorder. 
The mechanisms of action are considered to be a combination of depolarisation 
blockade and synaptic inhibition [70].

In the context of TBI, studies have shown increased arousal in minimally con-
scious patients e.g. 8/21 emerged from persistent vegetative state when DBS was 
applied [71]. There have also been reports of DBS having been used to treat tremor, 
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hemi-dystonia [72, 73] (commonly found in patients with injuries to the basal gan-
glia and thalamus) and parkinsonism [74] post TBI.  However, randomised con-
trolled trials are lacking and are hampered by heterogeneity of functional and 
anatomical deficits and ethical boundaries of undertaking such studies.

 Direct Cortical Stimulation

Transcranial direct current stimulation (tDCS) involves attaching one electrode to a 
specific place on the scalp which then transmits a weak but direct current to an elec-
trode placed on the contralateral side of the head or on the chin. Cortex excitability 
is either increased or decreased depending on the distance from each electrode. For 
example, the cortex near the “cathode” experiences reduced excitability and the area 
near the “anode” experiences increased excitability (a shift of neuro-membrane 
potentials towards depolarisation) [75, 76]. Thus depending on the positioning of 
the electrodes in relation to the precise site of brain injury, either of these cortical 
effects can be harnessed at appropriate time-points after TBI for therapeutic gain 
[77]. For example, “cathodal” stimulation may be useful in the acute phase to sup-
press glutamate whereas “anodal” stimulation may be useful in the sub-acute phase 
to counteract the GABA-ergic effects.

There is evidence from studies in other neurological diseases e.g. Parkinson’s 
disease and stroke, that tDCS can boost neuroplasticity thereby enabling improve-
ments in motor function [78–80]. There is also evidence that tDCS can be used to 
treat symptoms that commonly occur post TBI e.g. pain [81], gait disorder [82], 
aphasia [80], depression [76], and attention/working memory deficits [83, 84] 
although studies in patients following TBI specifically, are lacking.

There have been no reports of seizures following administration of tDCS [85] 
and it is therefore considered safer than rTMS in the context of TBI. Indeed tDCS 
may have anti-seizure effects as cathodal DCS has been used to successfully treat 
refractory epilepsy in a paediatric patient [86].

Summary

There is mounting evidence from animal models and from smaller studies and from 
case series in humans to suggest a role for VNS, TMS, tDCS, and DBS in the recov-
ery from TBI, e.g. for the relief of symptoms such as headache, and memory defi-
cits, for improving consciousness and for the promotion of neuroplasticity to assist 
in recovery of neurological function. However, large randomised placebo controlled 
studies in humans are lacking. There are also significant challenges in translating 
results from animal studies to humans with TBI.  Further research is required to 
understand how variations in individual stimulation settings (such as frequency and 
intensity), and the timings and frequency of delivery post TBI may influence the 
effects of electroceutical treatments. Furthermore, the effects of age and sex on the 
effects of electromodulation post TBI requires further study.

H. Leung et al.



69

References

 1. NIH Consensus Development Panel on Rehabilitation of Persons With Traumatic Brain Injury. 
Consensus conference. Rehabilitation of persons with traumatic brain injury. JAMA. 
1999;282(10):974–83.

 2. Langlois JA, Rutland-Brown W, Wald MM. The epidemiology and impact of traumatic brain 
injury: a brief overview. J Head Trauma Rehabil. 2006;21(5):375–8.

 3. Hyder AA, Wunderlich CA, Puvanachandra P, Gururaj G, Kobusingye OC.  The impact of 
traumatic brain injuries: a global perspective. NeuroRehabilitation. 2007;22(5):341–53.

 4. Faul M, Xu L, Wald MM CV. Traumatic brain injury in the United States: emergency depart-
ment visits, hospitalizations, and deaths. Centers for Disease Control and Prevention, National 
Center for Injury Prevention and Control. 2010. p. 891–904.

 5. Carroll L, Cassidy JD, Peloso P, Borg J, von Holst H, Holm L, et al. Prognosis for mild trau-
matic brain injury: results of the who collaborating centre task force on mild traumatic brain 
injury. J Rehabil Med. 2004;36(0):84–105.

 6. Bazarian JJ, Cernak I, Noble-Haeusslein L, Potolicchio S, Temkin N. Long-term neurologic 
outcomes after traumatic brain injury. J Head Trauma Rehabil. 2009;24(6):439–51.

 7. Irimia A, Goh S-YM, Torgerson CM, Stein NR, Chambers MC, Vespa PM, et  al. 
Electroencephalographic inverse localization of brain activity in acute traumatic brain injury 
as a guide to surgery, monitoring and treatment. Clin Neurol Neurosurg. 2013;115(10): 
2159–65.

 8. Taylor A, Butt W, Rosenfeld J, Shann F, Ditchfield M, Lewis E, et al. A randomized trial of 
very early decompressive craniectomy in children with traumatic brain injury and sustained 
intracranial hypertension. Childs Nerv Syst. 2001;17(3):154–62.

 9. Huang AP-H, Tu Y-K, Tsai Y-H, Chen Y-S, Hong W-C, Yang C-C, et al. Decompressive crani-
ectomy as the primary surgical intervention for hemorrhagic contusion. J  Neurotrauma. 
2008;25(11):1347–54.

 10. Chauhan NB, Gatto R, Chauhan MB. Neuroanatomical correlation of behavioral deficits in the 
CCI model of TBI. J Neurosci Methods. 2010;190(1):1–9.

 11. Elliott M, Parente F. Efficacy of memory rehabilitation therapy: a meta-analysis of TBI and 
stroke cognitive rehabilitation literature. Brain Inj. 2014;9052(12):1–7.

 12. Smith DC, Modglin AA, Roosevelt RW, Neese SL, Jensen RA, Browning RA, et al. Electrical 
stimulation of the vagus nerve enhances cognitive and motor recovery following moderate 
fluid percussion injury in the rat. J Neurotrauma. 2005;22(12):1485–502.

 13. Smith DC, Tan AA, Duke A, Neese SL, Clough RW, Browning RA, et al. Recovery of function 
after vagus nerve stimulation initiated 24  hours after fluid percussion brain injury. 
J Neurotrauma. 2006;23(10):1549–60.

 14. Neese SL, Sherill LK, Tan AA, Roosevelt RW, Browning RA, Smith DC, et al. Vagus nerve 
stimulation may protect GABAergic neurons following traumatic brain injury in rats: An 
immunocytochemical study. Brain Res. 2007;1128(1):157–63.

 15. Clough RW, Neese SL, Sherill LK, Tan AA, Duke A, Roosevelt RW, et al. Cortical edema in 
moderate fluid percussion brain injury is attenuated by vagus nerve stimulation. Neuroscience. 
2007;147(2):286–93.

 16. Bansal V, Ryu SY, Lopez N, Allexan S, Krzyzaniak M, Eliceiri B, et  al. Vagal stimulation 
modulates inflammation through a ghrelin mediated mechanism in traumatic brain injury. 
Inflammation. 2012;35(1):214–20.

 17. Lopez NE, Krzyzaniak MJ, Costantini TW, Putnam J, Hageny A-M, Eliceiri B, et al. Vagal 
nerve stimulation decreases blood-brain barrier disruption after traumatic brain injury. 
J Trauma Acute Care Surg. 2012;72(6):1562–6.

 18. Pruitt DT, Schmid AN, Kim LJ, Abe CM, Trieu JL, Choua C, et al. Vagus nerve stimulation 
delivered with motor training enhances recovery of function after traumatic brain injury. 
J Neurotrauma. 2016;33(9):871–9.

3 Electroceutical Approaches for the Treatment of Traumatic Brain Injury



70

 19. Zhou L, Lin J, Lin J, Kui G, Zhang J, Yu Y. Neuroprotective effects of vagus nerve stimulation 
on traumatic brain injury. Neural Regen Res. 2014;9(17):1585–91.

 20. Chambers A, Bowen JM. Electrical stimulation for drug-resistant epilepsy: an evidence-based 
analysis. Ont Health Technol Assess Ser. 2013;13(18):1–37.

 21. Shi C, Flanagan SR, Samadani U. Vagus nerve stimulation to augment recovery from severe 
traumatic brain injury impeding consciousness: a prospective pilot clinical trial. Neurol Res. 
2013;35(3):263–76.

 22. Cheyuo C, Jacob A, Wu R, Zhou M, Coppa GF, Wang P. The parasympathetic nervous system 
in the quest for stroke therapeutics. J Cereb Blood Flow Metab. 2011;31(5):1187–95.

 23. Fornai F, Ruffoli R, Giorgi FS, Paparelli A. The role of locus coeruleus in the antiepileptic 
activity induced by vagus nerve stimulation. Eur J Neurosci. 2011;33(12):2169–78.

 24. Masuda T, Nakagawa S, Boku S, Nishikawa H, Takamura N, Kato A, et  al. Noradrenaline 
increases neural precursor cells derived from adult rat dentate gyrus through β2 receptor. Prog 
Neuropsychopharmacol Biol Psychiatry. 2012;36(1):44–51.

 25. Young SZ, Taylor MM, Bordey A. Neurotransmitters couple brain activity to subventricular 
zone neurogenesis. Eur J Neurosci. 2011;33(6):1123–32.

 26. Kamei J, Igarashi H, Kasuya Y. Modulation by serotonin of glutamate-induced lethality in 
mice. Res Commun Chem Pathol Pharmacol. 1991;74(2):167–84.

 27. Neuman RS, Thompson PM. Serotonin mediates suppression of focal epileptiform activity 
induced by noxious stimulation. Epilepsia. 1989;30(3):307–13.

 28. Wehrwein E, Thompson SA, Coulibaly SF, Linn DM, Linn CL. Acetylcholine protection of 
adult pig retinal ganglion cells from glutamate-induced excitotoxicity. Invest Ophthalmol Vis 
Sci. 2004;45(5):1531–43.

 29. Giuliani D, Ottani A, Altavilla D, Bazzani C, Squadrito F, Guarini S. Melanocortins and the 
cholinergic anti-inflammatory pathway. Adv Exp Med Biol. 2010;681:71–87.

 30. Fraser PA. The role of free radical generation in increasing cerebrovascular permeability. Free 
Radic Biol Med. 2011;51(5):967–77.

 31. Englot DJ, Rolston JD, Wang DD, Hassnain KH, Gordon CM, Chang EF. Efficacy of vagus 
nerve stimulation in posttraumatic versus nontraumatic epilepsy. J  Neurosurg. 2012; 
117(5):970–7.

 32. Eissa N, Ghia JE.  Immunomodulatory effect of ghrelin in the intestinal mucosa. 
Neurogastroenterol Motil. 2015;27(11):1519–27.

 33. Neely JD, Christensen BM, Nielsen S, Agre P. Heterotetrameric composition of aquaporin-4 
water channels. Biochemistry. 1999;38(34):11156–63.

 34. Sun M-C, Honey CR, Berk C, Wong NLM, Tsui JKC. Regulation of aquaporin-4 in a trau-
matic brain injury model in rats. J Neurosurg. 2003;98(3):565–9.

 35. Ay I, Lu J, Ay H, Gregory SA. Vagus nerve stimulation reduces infarct size in rat focal cerebral 
ischemia. Neurosci Lett. 2009;459(3):147–51.

 36. Ay I, Sorensen AG, Ay H. Vagus nerve stimulation reduces infarct size in rat focal cerebral 
ischemia: an unlikely role for cerebral blood flow. Brain Res. 2011;1392:110–5.

 37. Englot DJ, Chang EF, Auguste KI. Efficacy of vagus nerve stimulation for epilepsy by patient 
age, epilepsy duration, and seizure type. Neurosurg Clin N Am. 2011;22(4):443–8. v

 38. Stefan H, Kreiselmeyer G, Kerling F, Kurzbuch K, Rauch C, Heers M, et al. Transcutaneous 
vagus nerve stimulation (t-VNS) in pharmacoresistant epilepsies: a proof of concept trial. 
Epilepsia. 2012;53(7):e115–8.

 39. He W, Jing X, Wang X, Rong P, Li L, Shi H, et al. Transcutaneous auricular vagus nerve stimu-
lation as a complementary therapy for pediatric epilepsy: a pilot trial. Epilepsy Behav. 
2013;28(3):343–6.

 40. Rong P, Liu A, Zhang J, Wang Y, Yang A, Li L, et al. An alternative therapy for drug-resistant 
epilepsy: transcutaneous auricular vagus nerve stimulation. Chin Med J  (Engl). 
2014;127(2):300–4.

 41. Aihua L, Lu S, Liping L, Xiuru W, Hua L, Yuping W. A controlled trial of transcutaneous 
vagus nerve stimulation for the treatment of pharmacoresistant epilepsy. Epilepsy Behav. 
2014;39:105–10.

H. Leung et al.



71

 42. Goadsby PJ, Grosberg BM, Mauskop A, Cady R, Simmons KA. Effect of noninvasive vagus 
nerve stimulation on acute migraine: an open-label pilot study. Cephalalgia. 
2014;34(12):986–93.

 43. Grazzi L, Padovan A, Barbanti P. Role of neurostimulation in migraine. Neurol Sci. 2015;36 
Suppl 1(S1):121–3.

 44. Barbanti P, Grazzi L, Egeo G, Padovan AM, Liebler E, Bussone G. Non-invasive vagus nerve 
stimulation for acute treatment of high-frequency and chronic migraine: an open-label study. 
J Headache Pain. 2015;16(1):61.

 45. Straube A, Ellrich J, Eren O, Blum B, Ruscheweyh R. Treatment of chronic migraine with 
transcutaneous stimulation of the auricular branch of the vagal nerve (auricular t-VNS): a 
randomized, monocentric clinical trial. J Headache Pain. 2015;16(1):543.

 46. Hein E, Nowak M, Kiess O, Biermann T, Bayerlein K, Kornhuber J, et al. Auricular transcuta-
neous electrical nerve stimulation in depressed patients: a randomized controlled pilot study. 
J Neural Transm. 2013;120(5):821–7.

 47. Fang J, Rong P, Hong Y, Fan Y, Liu J, Wang H, et al. Transcutaneous vagus nerve stimulation 
modulates default mode network in major depressive disorder. Biol Psychiatry. 
2016;79(4):266–73.

 48. Kreuzer PM, Landgrebe M, Husser O, Resch M, Schecklmann M, Geisreiter F, et  al. 
Transcutaneous vagus nerve stimulation: retrospective assessment of cardiac safety in a pilot 
study. Front Psych. 2012;3:70.

 49. Kreuzer PM, Landgrebe M, Resch M, Husser O, Schecklmann M, Geisreiter F, et al. Feasibility, 
safety and efficacy of transcutaneous vagus nerve stimulation in chronic tinnitus: an open pilot 
study. Brain Stimul. 2014;7(5):740–7.

 50. Lehtimäki J, Hyvärinen P, Ylikoski M, Bergholm M, Mäkelä JP, Aarnisalo A, et  al. 
Transcutaneous vagus nerve stimulation in tinnitus: a pilot study. Acta Otolaryngol. 
2013;133(4):378–82.

 51. Hyvärinen P, Yrttiaho S, Lehtimäki J, Ilmoniemi RJ, Mäkitie A, Ylikoski J, et al. Transcutaneous 
vagus nerve stimulation modulates tinnitus-related beta- and gamma-band activity. Ear Hear. 
2014;36(3):e76–85.

 52. Dietrich S, Smith J, Scherzinger C, Hofmann-Preiss K, Freitag T, Eisenkolb A, et al. A novel 
transcutaneous vagus nerve stimulation leads to brainstem and cerebral activations measured 
by functional MRI. Biomed Tech (Berl). 2008;53(3):104–111.

 53. Frangos E, Ellrich J, Komisaruk BR. Non-invasive access to the vagus nerve central projec-
tions via electrical stimulation of the external ear: fMRI evidence in humans. Brain Stimul. 
2015;8(3):624–36.

 54. Kobayashi M, Pascual-Leone A.  Transcranial magnetic stimulation in neurology. Lancet 
Neurol. 2003;2(3):145–56.

 55. Chistyakov AV, Soustiel JF, Hafner H, Elron M, Feinsod M. Altered excitability of the motor 
cortex after minor head injury revealed by transcranial magnetic stimulation. Acta Neurochir. 
1998;140(5):467–72.

 56. Lefaucheur J.  Methods of therapeutic cortical stimulation. Neurophysiol Clin. 
2009;39(1):1–14.

 57. Leung A, Shukla S, Fallah A, Song D, Lin L, Golshan S, et al. Repetitive transcranial magnetic 
stimulation in managing mild traumatic brain injury-related headaches. Neuromodulation. 
2016;19(2):133–41.

 58. Yoon MS, Han J, Tse WW, Rogers R. Effects of vagal stimulation, atropine, and propranolol 
on fibrillation threshold of normal and ischemic ventricles. Am Heart J. 1977;93(1):60–5.

 59. Hiscock A, Miller S, Rothwell J, Tallis RC, Pomeroy VM. Informing dose-finding studies of 
repetitive transcranial magnetic stimulation to enhance motor function: a qualitative system-
atic review. Neurorehabil Neural Repair. 2008;22(3):228–49.

 60. Cosentino G, Giglia G, Palermo A, Panetta ML, Lo Baido R, Brighina F, et al. A case of post- 
traumatic complex auditory hallucinosis treated with rTMS. Neurocase. 2010;16(3):267–72.

 61. Cavinato M, Iaia V, Piccione F. Repeated sessions of sub-threshold 20-Hz rTMS. Potential 
cumulative effects in a brain-injured patient. Clin Neurophysiol. 2012;123(9):1893–5.

3 Electroceutical Approaches for the Treatment of Traumatic Brain Injury



72

 62. Bonni S, Mastropasqua C, Bozzali M, Caltagirone C, Koch G.  Theta burst stimulation 
improves visuo-spatial attention in a patient with traumatic brain injury. Neurol Sci. 
2013;34(11):2053–6.

 63. Kreuzer PM, Landgrebe M, Frank E, Langguth B. Repetitive transcranial magnetic stimulation 
for the treatment of chronic tinnitus after traumatic brain injury: a case study. J Head Trauma 
Rehabil. 2013;28(5):386–9.

 64. Louise-Bender Pape T, Rosenow J, Lewis G, Ahmed G, Walker M, Guernon A, et al. Repetitive 
transcranial magnetic stimulation-associated neurobehavioral gains during coma recovery. 
Brain Stimul. 2009;2(1):22–35.

 65. George MS, Raman R, Benedek DM, Pelic CG, Grammer GG, Stokes KT, et al. A two-site 
pilot randomized 3 day trial of high dose left prefrontal repetitive transcranial magnetic stimu-
lation (rTMS) for suicidal inpatients. Brain Stimul. 2014;7(3):421–31.

 66. Mori F, Koch G, Foti C, Bernardi G, Centonze D. The use of repetitive transcranial magnetic 
stimulation (rTMS) for the treatment of spasticity. Prog Brain Res. 2009;175:429–39.

 67. Fitzgerald PB, Hoy KE, Herring SE, McQueen S, Peachey AVJ, Segrave RA, et al. A double 
blind randomized trial of unilateral left and bilateral prefrontal cortex transcranial magnetic 
stimulation in treatment resistant major depression. J Affect Disord. 2012;139(2):193–8.

 68. Fitzgerald PB, Hoy KE, Maller JJ, Herring S, Segrave R, McQueen S, et al. Transcranial mag-
netic stimulation for depression after a traumatic brain injury: a case study. J  ECT. 
2011;27(1):38–40.

 69. Hsu W-Y, Cheng C-H, Liao K-K, Lee I-H, Lin Y-Y. Effects of repetitive transcranial magnetic 
stimulation on motor functions in patients with stroke: a meta-analysis. Stroke. 
2012;43(7):1849–57.

 70. McIntyre CC, Savasta M, Kerkerian-Le Goff L, Vitek JL. Uncovering the mechanism(s) of 
action of deep brain stimulation: activation, inhibition, or both. Clin Neurophysiol. 
2004;115(6):1239–48.

 71. Yamamoto T, Katayama Y, Kobayashi K, Oshima H, Fukaya C, Tsubokawa T. Deep brain 
stimulation for the treatment of vegetative state. Eur J Neurosci. 2010;32(7):1145–51.

 72. Sellal F, Hirsch E, Barth P, Blond S, Marescaux C.  A case of symptomatic hemidystonia 
improved by ventroposterolateral thalamic electrostimulation. Mov Disord. 1993;8(4):515–8.

 73. Kim JP, Chang WS, Chang JW. The long-term surgical outcomes of secondary hemidystonia 
associated with post-traumatic brain injury. Acta Neurochir. 2012;154(5):823–30.

 74. Shahaduzzaman M, Acosta S, Bickford PC, Borlongan CV. α-Synuclein is a pathological link 
and therapeutic target for Parkinson’s disease and traumatic brain injury. Med Hypotheses. 
2013;81(4):675–80.

 75. Nitsche MA, Paulus W.  Excitability changes induced in the human motor cortex by weak 
transcranial direct current stimulation. J Physiol. 2000;527 Pt 3:633–9.

 76. Nitsche MA, Boggio PS, Fregni F, Pascual-Leone A. Treatment of depression with transcranial 
direct current stimulation (tDCS): a review. Exp Neurol. 2009;219(1):14–9.

 77. Vahedi K, Hofmeijer J, Juettler E, Vicaut E, George B, Algra A, et al. Early decompressive 
surgery in malignant infarction of the middle cerebral artery: a pooled analysis of three ran-
domised controlled trials. Lancet Neurol. 2007;6(3):215–22.

 78. Fregni F, Boggio PS, Santos MC, Lima M, Vieira AL, Rigonatti SP, et al. Noninvasive cortical 
stimulation with transcranial direct current stimulation in Parkinson’s disease. Mov Disord. 
2006;21(10):1693–702.

 79. Boggio PS, Nunes A, Rigonatti SP, Nitsche MA, Pascual-Leone A, Fregni F. Repeated sessions 
of noninvasive brain DC stimulation is associated with motor function improvement in stroke 
patients. Restor Neurol Neurosci. 2007;25(2):123–9.

 80. Monti A, Cogiamanian F, Marceglia S, Ferrucci R, Mameli F, Mrakic-Sposta S, et al. Improved 
naming after transcranial direct current stimulation in aphasia. J Neurol Neurosurg Psychiatry. 
2008;79(4):451–3.

 81. Fregni F, Boggio PS, Lima MC, Ferreira MJL, Wagner T, Rigonatti SP, et al. A sham- controlled, 
phase II trial of transcranial direct current stimulation for the treatment of central pain in trau-
matic spinal cord injury. Pain. 2006;122(1–2):197–209.

H. Leung et al.



73

 82. Madhavan S, Weber KA, Stinear JW. Non-invasive brain stimulation enhances fine motor con-
trol of the hemiparetic ankle: implications for rehabilitation. Exp Brain Res. 2011;209(1): 
9–17.

 83. Ulam F, Shelton C, Richards L, Davis L, Hunter B, Fregni F, et al. Cumulative effects of tran-
scranial direct current stimulation on EEG oscillations and attention/working memory during 
subacute neurorehabilitation of traumatic brain injury. Clin Neurophysiol. 2015;126(3): 
486–96.

 84. Kang E-K, Kim D-Y, Paik N-J. Transcranial direct current stimulation of the left prefrontal 
cortex improves attention in patients with traumatic brain injury: a pilot study. J Rehabil Med. 
2012;44(4):346–50.

 85. Iyer MB, Mattu U, Grafman J, Lomarev M, Sato S, Wassermann EM. Safety and cognitive 
effect of frontal DC brain polarization in healthy individuals. Neurology. 2005;64(5):872–5.

 86. Yook S-W, Park S-H, Seo J-H, Kim S-J, Ko M-H. Suppression of seizure by cathodal transcra-
nial direct current stimulation in an epileptic patient  – a case report. Ann Rehabil Med. 
2011;35(4):579–82.

3 Electroceutical Approaches for the Treatment of Traumatic Brain Injury



75© Springer International Publishing AG 2017 
A. Majid (ed.), Electroceuticals, DOI 10.1007/978-3-319-28612-9_4

Chapter 4
Deep Brain Stimulation for Movement 
Disorders Other than Parkinson’s Disease

Monty Silverdale

Abstract As well as being an effective treatment for well selected Parkinson’s dis-
ease patients, Deep Brain Stimulation (DBS) is also a beneficial treatment for 
Movement Disorders other than Parkinson’s disease. In the treatment of dystonia, 
the most common target is the internal globus pallidus (GPi). Focal and generalised 
primary dystonia will often respond extremely well to bilateral GPi DBS.  More 
modest improvements can be seen in the management of secondary dystonia. In the 
treatment of Essential Tremor, the usual target is either the ventral intermediate 
nucleus of the thalamus (VIM) or the zona incerta (ZI). Bilateral VIM or ZI DBS is 
often a very effective treatment for Essential Tremor and other tremor syndromes. 
DBS is sometimes used to treat Tourette syndrome, chorea, myoclonus and tardive 
syndromes. Impressive results are often seen in these other conditions, although 
further research is needed to clarify which patients will benefit. DBS does not 
improve patients with Parkinson Plus disorders.

Keywords Deep brain stimulation • Dystonia • Chorea • Tremor • Tourette 
syndrome • Tics • Myoclonus • Tardive dyskinesia

 Introduction

Movement Disorders are a group of neurological conditions, which impair the con-
trol of movement. Hypokinetic disorders are associated with a pathological reduc-
tion in movement whereas hyperkinetic disorders are associated with a pathological 
increase in movement.

Parkinson’s disease is the most common hypokinetic Movement Disorder. The 
main clinical features of Parkinson’s disease are resting tremor, rigidity (stiffness) 
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and bradykinesia (slowness of movement). Deep Brain Stimulation has been used in 
the treatment of Parkinson’s disease for some years now and can be a very effective 
treatment for many patients [1].

Parkinson Plus disorders may present in a similar fashion to Parkinson’s dis-
ease with tremor, rigidity and bradykinesia (although classical parkinsonian 
resting tremor is rare in Parkinson Plus disorders). However Parkinson Plus dis-
orders do not usually respond well to levodopa or other antiparkinsonian thera-
pies and they tend to progress much more quickly and relentlessly than 
Parkinson’s disease. Parkinson Plus disorders include Progressive Supranuclear 
Palsy (PSP), Multiple System Atrophy (MSA) and Corticobasal Degeneration 
(CBD) [2–4].

Hyperkinetic movement disorders are conditions associated with excess involun-
tary movements that often interfere with normal movements. There are several dif-
ferent types of hyperkinetic movement disorder which can usually be distinguished 
by clinical assessment: in chorea, the involuntary movements are random in nature; 
in dystonia the movements are patterned; in tremor, the movements are rhythmic; in 
myoclonus the movements are very brief; in tics, the movements are suppressible 
and associated with an underlying urge sensation.

This chapter will discuss the role of Deep Brain Stimulation (DBS) in the man-
agement of movement disorders other than Parkinson’s disease. The data are sum-
marised in Table 4.1.

 The History of DBS

In 1908 Horsley and Clarke developed a device which could make anatomically 
defined lesions in the brain of a monkey [38]. The device used a 3-dimensional 
coordinate system and was thus the first stereotactic device. The development of 
stereotactic surgery in humans did not start until 1947 when Spiegel and Wycis 
developed a similar device that could be used on humans. Stereotactic surgery 
gradually became very popular and by 1965 around 25,000 stereotactic opera-
tions had been used in the treatment of various neurological conditions including 
movement disorders, pain and epilepsy as well as in the treatment of psychiatric 
disorders [39].

Stereotactic surgery most commonly involves the use of a stereotactic frame. The 
frame initial developed by Spiegel and Wycis has been adapted and modified over 
the years and other frames, including the Leksell frame are also used [40]. An exam-
ple of the Leksell frame is shown in Fig. 4.1. The Leksell frame uses an arc system, 
which allows the carrier to move along the arc to any location and still be able to 
terminate at the desired target. The centre of the arc indicates the desired target. 
Thus any part of the brain can be accurately targeted by using a specific (x,y,z) 
coordinate system. Prior to the surgery itself, an image is taken of the patient with 
the frame in situ. This image can be x ray, CT or MRI. Part of the frame includes 
markers, called fiducials, that are visible on the imaging. Different types of markers 
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are used depending on whether x ray, CT or MRI imaging is to be undertaken. The 
surgeon can then indicate to the computer software the location of all the fiducials 
on the image, thus informing the computer software the exact location of the image 
within the frame. The surgeon then identifies the target on the image and the 
 computer software will calculate the desired (x,y,z) coordinates to use on the frame 
in order to reach the target [39].

Stereotactic lesioning has been used for many years in the treatment of move-
ment disorders. However a significant drawback of lesioning surgery is that the 
lesions are irreversible. Thus if a lesion is inaccurately placed or is larger than had 
been intended then neighbouring structures can be damaged. For example the 
internal capsule sits very close to both the subthalamic nucleus and the globus pal-
lidus and is potentially damaged during a lesioning procedure leading to hemipa-
resis. Furthermore the risks of bilateral lesioning procedures are very high such 
that bilateral lesioning is very rarely undertaken [41].

In the 1950s it was shown that stereotactic high frequency stimulation of the 
globus pallidus could be used to alleviate tremor when applied to the globus palli-
dus. Initially this type of high frequency stimulation was used to identify the exact 
location of the target prior to lesioning surgery [42]. In the 1980s the company 
Medtronic developed implantable cardiac pacemakers. This led to Benabid and 
colleagues developing implantable Deep Brain Stimulators as an alternative to 
lesioning procedures [43, 44]. DBS of a brain region produces a very similar effect 
to lesioning. However the effect of DBS is reversible such that if side effects are 
produced, for example due to internal capsule stimulation, then the DBS settings 
can be altered. DBS is therefore much safer than lesioning and has become the 
surgical procedure of choice for most movement disorders. Over 100,000 DBS 
systems have been implanted around the world and lesioning procedures are now 
fairly rarely performed [45].

Fig. 4.1 The Leksell 
frame
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 Surgical Technique: Getting the Lead to the Target

�Initial�Surgical�Procedure

As detailed in the previous section, most DBS procedures involve the use of a ste-
reotactic frame. All procedures now involve the use of an MRI scan to enable accu-
rate identification of the target structure. Some surgeons perform the MRI during 
the DBS surgical procedure, using an MRI compatible frame with fiducials that are 
visible on the MRI scan. Another technique involves performing the MRI scan prior 
to the surgery. On the day of surgery, after the frame has been attached, a CT scan 
is performed. The frame has fiducials, which are visible on a CT scanner. The intra- 
operative CT is then fused with the pre-operative MRI such that the location of the 
fiducials can now been seen with respect to the MRI image.

Once the computer software has identified the coordinates, the surgeon then 
drills a hole in the skull and passes the DBS lead to the desired coordinates.

�Checking�That�the�Target�Location�Has�Been�Reached

There are several different ways in which the surgeon can check that the lead is now 
lying in the appropriate target structure.

The first method involves microelectrode recording from a lead during the last 
few millimetres of the approach to target [46]. Signals from the lead are passed to 
an oscilloscope screen where they can be seen and heard. Typical “firing patterns” 
have been defined for all the commonly targeted structures, including the “firing 
patterns” just above the target, the “firing patterns” in the target structure and also 
the firing patterns just below the target structure. A neurophysiologist is able to 
therefore determine whether the lead is just above the appropriate target structure, 
whether the lead is inside the target structure and whether the lead is just below the 
target structure. Microelectrode recording is an effective way to ensure the correct 
target structure has been reached, although sometimes involves more than one pass 
(taking the lead out and putting it back in along a slightly different tract) therefore 
theoretically may add to the potential risks of the procedure [46].

A second method to determine accurate location of the lead requires waking 
the patient up during surgery (or performing the whole procedure awake) and 
testing the lead by switching on the DBS (awake stimulation) [47]. If the opera-
tion is being performed for Parkinson’s disease or for tremor then one would 
expect an immediate improvement in symptoms as the lead is switched on. One 
can also ask the patient about side effects as well as examining the patient look-
ing for the presence of side effects which may indicate that the lead is incorrectly 
placed or simply that the stimulation parameters are too high. If performing DBS 
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for dystonia one would not expect a beneficial effect during awake stimulation as 
beneficial effects can take several months, however one can still test for side 
effects due to inaccurately placed leads. Testing the DBS during surgery is a very 
effective way to ensure correct lead placement. However some patients find 
awake surgery very frightening and may be put off the procedure because of wor-
rying about being awake during brain surgery.

A third method to determine accurate location of the lead requires postopera-
tive imaging [48, 49]. There are theoretical concerns regarding the use of MRI 
imaging in a patient with an implanted DBS system as there are concerns that the 
lead may heat up in the MRI scanner and cause brain damage at the tip of the 
lead. Although one or two such cases have been reported [50], a great deal of 
research has been performed in order to develop guidelines for the safe use of 
MRI in DBS patients. Fairly strict guidelines are now available, and by following 
these guidelines several groups have shown that MRI brain scans can be safely 
undertaken after DBS [48, 51]. Thus a postoperative MRI scan can be used to 
ensure accuracy of targeting. This method potentially avoids the need for micro-
electrode recordings or awake stimulation. A similar method involves placing an 
MRI compatible stylet (cut to the exact dimensions of the DBS lead) down a 
“guide tube” similar to putting in an IV cannula. The stylet is visible on the MRI 
scan and therefore can be imaged via MRI entirely safely to check the accuracy 
of lead location. If the location is accurate the stylet can be removed and the 
actual lead placed down the guide tube [49].

Once accurate positioning of the lead has been confirmed, the lead is connected 
to a “pacemaker” battery placed into the chest wall. Subsequently a computer sys-
tem is able to wirelessly communicate with this pacemaker allowing adjustment of 
stimulator settings (stimulator programming).

 Programming the Deep Brain Stimulator

�Timing�of�Stimulator�Programming

Initially placing the DBS lead can sometimes improve symptoms including parkin-
sonian symptoms and tremor. This “impact effect” is thought to be due to a small 
lesion caused by the surgery itself. The impact effect often lasts a few weeks and can 
complicate stimulator programming. Thus most, although not all units, wait a few 
weeks after surgery before switching on the stimulator so that the effects of stimula-
tion can be assessed without the complicating factor of an impact effect.

The initial programming session takes between about 1 and 3 h depending on 
the number of parameters the programmer needs to assess. The main aim of the 
initial programming session is to work out the most effective stimulator settings 
for that patient.
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�Selecting�the�Best�Configuration�of�Contacts

The most commonly used stimulator system is the Medtronic system, although the 
Boston and St Jude’s system are also frequently used. The Medtronic 3389 lead is 
commonly used at the time of writing and is shown in Fig. 4.2. The lead has four 
contacts. These contacts are 1.5 mm long and are spaced a 0.5 mm intervals. On the 
left lead, the contacts are labelled from distal to proximal (0, 1, 2, 3) and on the right 
lead, the contacts are labelled from distal to proximal (8, 9, 10, 11). Stimulation is 
provided through the cathode (i.e. through the negative electrode).

Before programming, the initial step is to check the impedance across all the 
contacts. Impedance is the term used for resistance to flow of the electric current. 
The terms resistance and impedance are sometimes used interchangeably. However 
resistance is not altered by frequency and is the correct term to use for a direct cur-
rent. Impedance is altered by frequency and is therefore the correct term to use for 
a varying current. As DBS is a varying current, impedance is the correct term to use.

Usual levels of impedance are between 500 and 2000 Ω. Very low impedance 
levels may indicate a short circuit somewhere in the DBS system, whereas very high 
impedance levels may indicate a lead fracture or a problem with one of the 
contacts.

Following impedance checking, the programmer then checks the stimulator to 
decide on the best contacts to use. It is important to check all the contacts in a sys-
tematic fashion. For example, initially the programmer might start on the left lead 
and select the case as the positive electrode and contact 0 as the negative electrode. 
Stimulation is started at a low level and gradually increased observing for any ben-
eficial effects and any side effects. If beneficial effects are seen at a low setting, but 
side effects do not occur until very high settings then this would represent a “good” 
contact to use going forwards. Subsequently contacts 1, 2 and 3 would be tried (with 
case positive) in the same fashion in order to select the best contact. Thus it is pos-
sible to move the area of stimulation along the lead, in order to identify the best 
contact. When assessing certain symptoms such as parkinsonian symptoms and 
tremor, one expects a beneficial effect a few seconds after a change in settings has 

3389

0.5 mm 1.5 mm

7.5 mm

Fig. 4.2 The Medtronic 3389 lead. The lead has four contacts. These contacts are 1.5 mm long and 
are spaced a 0.5 mm intervals. On the left lead, the contacts are labelled from distal to proximal 
(0, 1, 2, 3) and on the right lead, the contacts are labelled from distal to proximal (8, 9, 10, 11) 
(© Medtronic Inc.)
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been made. However when assessing other symptoms such as dystonia, one would 
not expect a beneficial effect during stimulator programming as beneficial effects 
can take many months. Thus when programming a dystonia DBS system, one is 
reliant on determining which contacts cause side effects and which do not cause 
side effects to help decide on the best contact to use.

Monopolar stimulation is the term used when using one of the contacts as the 
negative electrode and the case as the positive electrode. One can also use bipolar 
stimulation where one of the contacts acts as the negative electrode and one of the 
other contacts acts as the positive electrode. Bipolar stimulation produces a smaller, 
more concentrated area of stimulation than monopolar stimulation.

A useful analogy, described by Montgomery, is to think of a round table with a 
hose pipe connected to a hole in the centre of the table ( [52]). The hosepipe is con-
nected from the underneath and projects up onto the table. When the hose is switched 
on, the whole table becomes covered with water, which pores off the sides. This 
situation is similar to monopolar stimulation where the cathode sends negatively 
charged electrons into the tissue and these conduct in all directions through the body 
and back to the case (anode). If however one drills a fairly large hole in the table 
separate from the hole that the hose is using, and perhaps applies some suction at 
this other hole, then the water will come out of the hose, pass towards the other hole, 
then drain back under the table. There is thus a more concentrated area of water 
between the hose and the other hole, with the rest of the table remaining fairly dry. 
This is the situation with bipolar stimulation during which the cathode sends nega-
tively charged electrons into the tissue and these electrons pass directly towards the 
positive contact, which is acting as the anode. This produces a fairly small intense 
area of stimulation between the two contacts. Bipolar stimulation can sometimes be 
a useful technique to reduce side effects in a well-placed lead when the side effects 
are due to the stimulation conducting too far away from the cathode into a neigh-
bouring brain structure.

Other contact configurations that can be used include using two cathodes (two 
separate negative contacts producing a fairly large area of stimulation) or tripolar 
stimulation (a negative contact with a positive contact on either side, producing a 
very small intense area of stimulation).

�Adjusting�Stimulator�Parameters

In the preceding section I talked about gradually increasing the stimulator parame-
ters, and I will now elaborate on what is meant by that.

Figure 4.3 shows the typical output from a Deep Brain Stimulator. Thus brief 
pulses of stimulation are applied at a very fast frequency. The pulse width defines 
the duration of each pulse, the amplitude defines the size of each pulse and the fre-
quency determines how many pulses there are per second. As well as being able to 
vary the active contacts as detailed in the previous section, it is also possible to vary 
the pulse width, frequency and amplitude.
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Typical settings for pulse width vary between 60 and 150 μs although higher 
pulse widths (up to 450 μs) are occasionally used for the treatment of dystonia. The 
electrical properties of neurons are such that low pulse widths stimulate mainly 
axons whereas higher pulse widths stimulate cell bodies as well as axons [53]. The 
low pulse widths typically used for DBS stimulate mainly the axons [54].

The frequency (F), measured in Hertz (Hz) can also be varied. Low frequency 
stimulation (<50  Hz) is generally not effective for most movement disorders. 
Typical stimulation parameters would be around 130 Hz.

The voltage (V), measured in volts or the current (I), measured in milliamps can be 
varied as well. Voltage, current and impedance are related to each other via Ohms law.

Impedance = 
V

I
.

Thus as long as the impedance remains stable, increasing either the current or the 
voltage has the same effect. The Medtronic DBS system is typically programmed by 
varying the voltage, whereas the Boston and the St. Jude DBS systems are typically 
programmed by varying the current.

Although rarely noted by the programmer, the most important setting is probably 
the Total Electrical Energy Delivered to the tissue (TEED) [55]. This is dependent 
on the pulse width in microseconds, frequency in Hertz, voltage in volts and imped-
ance (Imp) in Ohms of the tissue. The relationship between these parameters is as 
follows:

TEED =
 

V PW F

Imp

2 + +

Although there is a wide range of typical DBS settings used by different units, 
evidence indicates that in many cases the clinical effect of varying settings such as 
pulse width is not very great [56]. Usually the Voltage (or Current) will be reduced 
at the same time and the TEED will therefore be fairly similar despite different 
pulse widths. It is probably the TEED, which is most important as long as Pulse 
Width, Frequency and Voltage are kept within reasonable parameters.

Frequency (pulses per second)

Pulse width

Amplitude

Fig. 4.3 Adjustable stimulator parameters. The pulse width defines the duration of each pulse, the 
amplitude defines the size of each pulse and the frequency determines how many pulses there are 
per second
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In our unit we typically use the Medtronic system with a frequency of 130 Hz 
and pulse width of 60 μs. We would not alter the frequency or pulse width in most 
cases. We then start at an amplitude 0.5 V, slowly increasing to 5 or 6 V assessing 
for beneficial effects and side effects. We try out each contact that way in a monopo-
lar configuration, moving to bipolar stimulation or even tripolar if needed. Once the 
best contacts have been identified we would usually send the patient home with a 
stimulator amplitude of around 1 V, gradually increasing to a maintenance ampli-
tude over the next few weeks. A typical maintenance amplitude would often be 
around 3.5 V.

 How Does DBS Work?

The mechanism by which DBS of a target improves movement disorders is not fully 
understood. The following is a brief summary of some of the current thinking in this area.

�What�Effect�Does�DBS�Have�on�the�Electrical�Properties�
of�the�Nerve�Cell?

The neuronal cell membrane contains a lipid bilayer, which is impermeable to elec-
tric current. In electrical circuit terminology, the neuronal membrane acts as a 
capacitor. In the resting state, there is a “potential difference” between the outside 
of the cell and the inside of the cell, whereby the inside of the cell is negatively 
charged compared to the outside of the cell [57].

As detailed in the previous section, DBS is usually applied to the target via the 
cathode (negative electrode). Thus a strong negative stimulation is applied to the 
outside of the nerve cells and nerve axons within the target structure. Since the neu-
ronal membrane does not conduct electricity, the strong negative charge is stored 
outside the membrane. This external negative charge creates a potential difference 
across the neuronal membrane whereby the inside of the cell is now positive with 
respect to the outside. The potential difference changes the conformation of sodium 
permeable pores (sodium channels) in the membrane causing them to open. The 
opening of these sodium channels can lead to an Action Potential [58].

As the effects of DBS are very similar to the effects of a lesion, initial theories 
regarding the mechanism of DBS assumed that DBS caused overstimulation of the 
target structure leading to a “depolarising block” whereby the over-stimulated neu-
rones switched off, perhaps due to inactivation of sodium channels [59]. A similar 
mechanism is known to underlie the action at the neuromuscular junction of a group 
of paralysing agents called depolarising muscle blockers. However DBS is no lon-
ger thought to work in this way [45, 60].

M. Silverdale



85

�What�Part�of�the�Neuron�Does�DBS�Effect?

In principle, stimulation of three possible structures could be involved in the action 
of DBS: the stimulation could be primarily affecting the cell body; the stimulation 
could predominantly be affecting axons terminating or starting within the target 
structure; or the stimulation could predominantly be affecting axons which are sim-
ply passing through the target structure.

However, as detailed in the previous section, due to the electrical properties of 
nerve cells and nerve axons, the pulse widths that are used in DBS have been 
shown to predominantly stimulate nerve axons rather than cell bodies [54]. Thus 
the effects of DBS are not felt to be due to an action on the cell body. Having said 
that, the effects of DBS may well be on the axon just as it is leaving the cell body 
and thus have an effect very similar to stimulation of the cell body itself. A com-
bination of effects is currently thought to occur including stimulation of axons 
terminating in the target neurons, stimulation of the axon projections from the 
target neurons and stimulation of the axon projections through the target 
neurons.

�Effects�of�DBS�on�Brain�Oscillatory�Activity

It is now being increasingly recognised that the effects of DBS cannot simply 
be considered as those of stimulating or inhibiting a brain structure. All the 
areas of the basal ganglia are connected in a complex fashion and these inter-
connected areas produce rhythmic oscillatory activity. Recording the rhythmi-
cal activity within the basal ganglia has led to the concept of normal and 
pathological brain rhythms. This concept has been best studied in Parkinson’s 
disease but almost certainly applies to other conditions such as dystonia and 
tremor. Thus in Parkinson’s disease it is found that bradykinesia (slowness of 
movement) is related to an increase in rhythmic activity within the basal gan-
glia at a rate of 13–30 Hz. This abnormal rhythmic activity is called beta oscil-
lations and is thought to signal a “don’t move” message to the brain. In the 
non-Parkinsonian brain, beta activity reduces before voluntary movement 
allowing the brain to move. Thus abnormal synchronised rhythmic beta activity 
in Parkinson’s disease is thought to be important in the production of bradyki-
nesia. Using intracranial recording it has been shown that DBS reduces beta 
activity, probably in a similar fashion to a radar jamming signal. Thus it is 
unlikely that the DBS itself contains any “information” for the basal ganglia. 
Most likely the DBS simply gets in the way of the ability of the Parkinsonian 
basal ganglia to generate a beta rhythm. Reduction in beta activity will then 
allow movement to proceed [61, 62].
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�Why�Do�Some�Effects�of�DBS�Take�So�Long?

It is well recognised that DBS can improve parkinsonian symptoms very quickly 
(within seconds) and this may well be due to reduction in beta activity. However the 
beneficial effects of DBS on dystonia take much longer, often many months. This 
more prolonged effect is thought to be due to synaptic plasticity within the brain, 
whereby synapses gradually change their strength over time [59]. Some evidence 
that synaptic strength gradually changes over time when DBS is used for dystonia 
has been demonstrated in experiments using transcranial magnetic stimulation 
(TMS) of the cortex [63].

 Parkinson Plus Disorders

The parkinson plus disorders are a group of conditions which can sometimes be 
misdiagnosed as Parkinson’s disease. They cause Parkinsonian features including 
tremor, rigidity and bradykinesia, although a typical Parkinsonian resting tremor is 
rare in Parkinson plus disorders. These disorders tend to respond poorly if at all to 
levodopa and other anti-Parkinsonian treatments. They usually progress relentlessly 
towards severe disability and subsequently death. Median survival times are much 
lower than in Parkinson’s disease. Pathologically the Parkinson plus disorders are 
associated with much more widespread neurodegeneration in the basal ganglia than 
would typically be seen in Parkinson’s disease which may be the main reason why 
they do not respond well to levodopa or to DBS [64].

The three main Parkinson plus disorders are Multiple System Atrophy (MSA), 
Progressive Supranuclear Palsy (PSP) and Corticobasal Degeneration (CBD). As 
well as Parkinsonian features responding poorly to levodopa treatment Parkinson 
plus disorders are associated with other clinical features. Thus in MSA, autonomic 
symptoms and cerebellar symptoms are common; in PSP patients develop impair-
ment of volitional eye movements (supranuclear gaze palsy); in CBD patients often 
present with apraxia (a disorder of higher motor control) and myoclonus in a limb 
as well as Parkinsonism [2–4].

There have been a small number of case reports using subthalamic nucleus 
(STN) DBS in patients with parkinson plus disorders and in general there has been 
very little benefit [5, 6]. STN and Globus Pallidus Internus (GPi) DBS are not rec-
ommended in patients with Parkinson plus disorders Indeed standard recommenda-
tions for assessing Parkinson’s disease patients for DBS suitability usually stipulate 
that the patient should have had PD for at least 5 years [65]. One of the main reasons 
for this timing is that Parkinson plus disorders can look like PD in the first few 
years, however in the vast majority of cases a Parkinson plus disorder would have 
“declared” itself within 5 years of onset.

There have been attempts to treat the gait disorder in PSP using pedunculopon-
tine (PPN) nucleus DBS with some reports showing modest improvements [7]. 
However PPN DBS is very much an experimental treatment at present.
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 Dystonia

�Phenomenology�of�Dystonia

Dystonia is a hyperkinetic movement disorder whereby the increased involuntary 
movement is patterned. The word patterned means that the same movement(s) are 
performed repeatedly. Dystonia causes sustained muscle contractions leading to 
abnormal postures and repetitive movements [66].

Tremor is often associated with dystonia. When tremor occurs in a body affected 
by dystonia it is termed “dystonic tremor”, whereas when tremor occurs in a sepa-
rate body part from dystonia it is termed “tremor associated with dystonia”. Some 
patients with dystonia have a “sensory trick” whereby gently touching the dystonic 
area will lead to an improvement in dystonia [67].

�Classification�of�Dystonia:�Classification�by�Body�Part�Affected

Dystonia can be classified according to the body part(s) affected: in generalised dys-
tonia, the legs, trunk and another body part are affected; in hemidystonia the limbs 
down one side of the body are affected; in segmental dystonia two neighbouring body 
parts are affected; whereas in focal dystonia only one body part is affected [66].

Virtually any body part can be affected by dystonia, either as a focal dystonia or 
as part of a more widespread dystonic syndrome. Dystonia can affect the neck (cer-
vical dystonia) causing the neck to develop abnormal postures. When dystonia 
affects the eyelids (blepharospasm) they tend to forcefully close and when severe 
the patient can be functionally blind. Dystonia can also affect the limbs (limb dys-
tonia), including the lower limbs which may develop unusual postures on walking, 
or the upper limbs which may develop unusual postures for example when writing. 
When dystonia affects the mouth and jaw (oromandibular dystonia) the mouth can 
tend to opening or closing when eating or speaking. Sometimes the larynx is affected 
by dystonia (laryngeal dystonia) often causing a strained “dystonic” speech.

When dystonia presents in childhood, it often presents in the lower limbs and 
gradually becomes generalised. However when dystonia presents in adulthood it is 
usually focal or segmental dystonia.

�Classification�of�Dystonia:�Classification�by�Method�
of�Activation

Dystonia can be classified according to the method of activation. Thus when dysto-
nia first presents it often occurs only when doing a specific task (task-specific dys-
tonia). For example some people find that when they write, their hand and/or arm 
develops an abnormal posture, which can make normal writing difficult or 
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impossible. This is called writers cramp and is a form of task-specific dystonia. 
Other task-specific dystonias include those associated with playing musical instru-
ments. Often dystonia remains as a task specific phenomenon and does not progress 
past this. However in some people the dystonia can start to affect any movement of 
limb (action dystonia). Further progression in the condition can lead to dystonia 
even at rest (rest dystonia) and occasionally the limb may develop a fixed immobile 
posture (fixed dystonia).

�Classification�of�Dystonia:�Classification�by�Cause

Dystonia can be classified as primary dystonia, dystonia plus syndromes or second-
ary dystonia [68, 69].

 Primary Dystonia: Primary Torsion Dystonia (PTD)

Primary torsion dystonia (PTD) is the term given to the development of dystonia in 
the absence of any other movement disorder (except tremor), any other neurological 
problem, any causative abnormality on imaging or anything in the history to suggest 
a secondary cause. Primary dystonia accounts for about 75% of dystonia cases and 
many forms have a genetic cause. Childhood onset PTD typically starts in the lower 
limbs and then becomes generalised. Childhood onset PTD is often due to a muta-
tion in the DYT1 gene. Adult onset PTD is usually focal dystonia. Many cases of 
adult onset focal PTD have a family history suggesting genetic factors, although the 
majority of genes have not yet been identified.

 Dystonia Plus Conditions

The dystonia plus conditions are a group of conditions where dystonia is associated 
with another movement disorder (other than tremor). The main dystonia plus disor-
ders are Dopa Responsive Dystonia (DRD), Myoclonus Dystonia Syndrome (MDS) 
and Rapid Onset Dystonia Parkinsonism (RODP).

DRD is a rare form of generalised dystonia, which usually presents in childhood. 
It presents with lower limb dystonia that may mimic PTD or dystonic cerebral palsy. 
Diurnal fluctuations are common whereby the condition is improved in the morning 
and worsens through the day. Parkinsonian features can occur later. Most cases of 
DRD are due to a mutation in the GTP cyclohydrolase 1 gene, which codes for a 
protein that is important in dopamine synthesis. DRD usually responds dramatically 
to low doses of levodopa which are almost curative therefore this condition should 
not be missed and anyone with this phenotype should have a trial of levodopa.
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MDS causes a combination of dystonia and myoclonus. Myoclonic jerks typi-
cally affect the face and upper limbs and are often the most troublesome feature of 
the condition. Patients also often have dystonia including cervical dystonia or writ-
ers cramp. MDS is a genetic condition often due to a mutation in the epsilon sarco-
glycans gene. Drug therapy is often unsatisfactory. Psychiatric problems including 
obsessive compulsive disorder are common. The myoclonic jerks often respond to 
alcohol and many patients therefore develop alcoholism.

RODP is a rare condition that usually starts in childhood or early adolescence. 
Dystonia, which often affects the cranio-cervical region as well as generalised 
Parkinsonism, often develops over hours-to-weeks. The condition is caused by a 
mutation in the ATP1A3 gene.

 Secondary Dystonia

Dystonia can be caused by a vast number of secondary causes often associated with 
brain and in particular basal ganglia injury. Dystonic cerebral palsy is usually a 
generalised dystonia. Although classically associated with ABO incompatibility 
leading to haemolysis and jaundice (kernicterus) dystonic cerebral palsy can occur 
due to any cause of perinatal injury. Hypoxic injury or vascular injury to the brain 
can be complicated by dystonia. When a basal ganglia stroke leads to dystonia it is 
often contralateral hemidystonia. A large number of metabolic and hereditary con-
ditions can lead to basal ganglia injury and dystonia, including glutaric aciduria, 
neuroacanthocytosis, pantothenate-kinase associated neurodegeneration, Wilson’s 
disease, Lesch-Nyhan Syndrome and Huntington’s disease. Dystonia can also be a 
feature of neurodegenerative conditions including Parkinson’s disease and 
PSP. Finally dystonia can be caused by medication: levodopa treatment in PD can 
be associated with dystonic dyskinesia and neuroleptic treatment of psychiatric dis-
orders can cause a persistent dystonic syndrome termed tardive dystonia.

�Pathophysiology�of�Dystonia

The pathophysiology of dystonia is not well understood and is discussed in detail 
elsewhere [68]. Neurophysiological studies have demonstrated a reduction in inhi-
bition affecting various levels of the nervous system in patients with dystonia [70]. 
Sensory deficits have been demonstrated in dystonia including impaired temporal 
discrimination (the ability to perceive two successive stimuli as being separate) 
[71]. Most current theories of dystonia pathophysiology suggest that heightened 
synaptic plasticity (i.e. pathological strengthening of synaptic connections) in motor 
areas leads to the generation of pathological dystonic movements. The impaired 
inhibition may well lead to over-excitation thus driving this synaptic plasticity [68].
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�Treatment�of�Dystonia

Various drugs have been used in the treatment of dystonia. Antidopaminergic drugs 
are often used. These include dopamine blocking drugs (neuroleptics including 
haloperidol and risperidone) and dopamine depleting drugs (in particular tetrabena-
zine). Antidopaminergic drugs have modest efficacy against dystonic symptoms and 
are often associated with side effects. Anticholinergic drugs such as trihexyphenidyl 
can be somewhat effective treatments for dystonia but again side effects are com-
mon. Benzodiazepines such as clonazepam can give modest benefit as can the 
GABA-B agonist baclofen. In general however, drug treatment of dystonia has 
modest efficacy at best [72].

Botulinum toxin is a very effective treatment for focal dystonia. The toxin weakens 
the muscle by impairing acetyl choline release at the neuromuscular junction. The effect 
usually lasts about 3 months after which the injections need to be repeated. Dramatic 
beneficial effects can be seen in many forms of focal dystonia if the appropriate muscles 
are targeted with the appropriate dose. In particular cervical dystonia, blepharospasm 
and laryngeal dystonia often respond well to botulinum toxin treatment. Treatment of 
limb dystonia such as writer’s cramp is more difficult. The dystonia can often be 
improved but sometimes only at the expense of weakness which itself can cause dis-
ability. Generalised dystonia is difficult to treat with botulinum toxin as so many mus-
cles would need targeted and there is a limit to how much toxin can be injected before 
side effects such as respiratory muscle weakness become a problem [72].

�Rating�Scales�for�Dystonia

Several rating scales exist for the assessment of dystonia, allowing fairly unified 
assessment between units. The Burke Fahn Marsden Dystonia Rating Scale 
(BFMDRS) is a rating scale for dystonia affecting any part of the body and is most 
useful in patients with generalised dystonia. Dystonia is assessed in several body 
parts and each part is rated between 0 (normal/none) and 4 (severe dystonia). The 
final score is between 0 and 120. The Toronto Western Spasmodic Torticollis Rating 
Scale (TWSTRS) is a similar scale focussing only on cervical dystonia.

�DBS�for�Dystonia

 DBS in Primary Torsion Dystonia (PTD)

In some patients medical treatment of dystonia is unsatisfactory. Some patients are 
very disabled by the condition hence the requirement for alternative treatments. In 
the 1950s the first attempts were made to treat dystonia surgically with lesions in 
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various sites including the GPi, the thalamus, the zona incerta and the subthalamic 
nucleus. DBS for dystonia was developed in the 1980s in parallel with the develop-
ment of DBS for PD. The majority of DBS operations for dystonia have targeted the 
internal globus pallidus bilaterally (bilateral GPi DBS). As mentioned previously, 
the beneficial effects of DBS on dystonia can take several months to occur, probably 
due to the gradual alterations in synaptic plasticity within motor areas of the brain 
[18].

Most DBS operations for dystonia have been on patients with primary torsion 
dystonia (PTD). A large number of case reports, case series and large multi-centre 
clinical trials have demonstrated the efficacy and safety of DBS in the treatment of 
PTD [8–10]. The benefit in generalised PTD can very dramatic. Most cases show 
improvements of 50–60% in the BFMDRS with some patients achieving improve-
ment of as much as 90%. The beneficial effects of bilateral GPi DBS on cervical 
dystonia are also well established, with improvements in TWSTRS of between 50 
and 70% in most studies [11–13].

Although there is a large body of evidence regarding the efficacy of GPi DBS in 
the treatment of cervical dystonia, the data on the treatment of other forms of focal 
dystonia are more limited. Nonetheless good results have been reported in blepha-
rospasm and Meige’s syndrome (Meige’s syndrome is the term given to the combi-
nation of blepharospasm and oromandibular dystonia) [14, 15]. A small number of 
case reports have successfully used DBS to treat writers cramp, although the ventral 
oral nucleus of the thalamus was chosen as the target rather than the GPi based on 
encouraging results with lesioning studies [18].

 DBS in Dystonia Plus Conditions

DBS has been used to treat myoclonus dystonia. The two main targets used have 
been the GPi and the ventral intermediate nucleus of the thalamus (VIM). 
Encouraging results have been demonstrated with improvements in both myoclo-
nus and dystonia [16, 17]. I am not aware of any cases of DRD or RODP treated 
with DBS.

 DBS in the Treatment of Secondary Dystonia

GPi DBS is much less effective in the treatment of secondary dystonia than in the 
treatment of PTD.  Nonetheless improvements can be seen. A number of studies 
have investigated DBS in the treatment of dystonic cerebral palsy with modest 
improvements (around 25%) seen in many patients [19]. It is important to distin-
guish dystonia (which may be improved by DBS) from spasticity (which will not be 
improved by DBS, although may be improved by intrathecal baclofen). Dystonia 
and spasticity often co-exist in patients with secondary dystonia such as cerebral 
palsy. Similar modest improvements, mainly in case reports, have been demon-
strated in the treatment of other secondary dystonia syndromes including 
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pantothenate kinase associated neurodegeneration, neurodegeneration with brain 
iron accumulation and Lesch-Nyhan disease [18].

Although most cases of secondary dystonia respond only modestly to GPi DBS, 
many case reports and case series have demonstrated that tardive dystonia can 
respond extremely well to bilateral GPi DBS with improvements seen between 
about 50 and 90% in most patients [20, 21].

A small number of patients with generalised dystonia can present with a severe 
exacerbation of their dystonia called dystonic storm. This condition can lead to 
rhabdomyolysis, renal failure, respiratory compromise and even death. Dystonic 
storm can be provoked by infections or medication, although a provoking factor is 
not always found. Urgent bilateral GPi DBS has been used in the treatment of dys-
tonic storm with generally positive results [73].

 Tremor

Tremor is an oscillatory, rhythmic, usually regular movement affecting one or more 
body parts such as the limbs, neck, tongue, face or larynx. When examining a patient 
with tremor it is useful to determine whether the tremor is present at rest (resting 
tremor), with posture holding such as extending out the arms (postural tremor), with 
action such as writing or pouring water between cups (action tremor) or with inten-
tion such as when bringing the finger to a target (intention tremor).

�Classification�of�Tremor

There are many different causes of tremor including parkinsonian tremor, essential 
tremor, dystonic tremor, orthostatic tremor and secondary tremors [67, 74].

 Physiological Tremor

We all have a low amplitude physiological tremor, which can be demonstrated on 
electromyography (EMG). In certain conditions the physiological tremor can be 
enhanced such as with anxiety and hyperthyroidism. Enhanced physiological tremor 
is never severe enough to consider DBS.

 Parkinsonian Tremor

Most although not all patients with Parkinson’s disease have a tremor. Parkinsonian 
tremor is usually a resting tremor. Occasionally Parkinsonian tremor can be a pos-
tural tremor (with or without resting tremor) that often takes a few seconds to 
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develop after the arms are held outstretched (postural re-emergent tremor). Most 
patients with Parkinsonian tremor have other Parkinsonian features including rigid-
ity and bradykinesia. Resting tremor in PD can be a nuisance and can be embarrass-
ing but is rarely disabling as the tremor improves on action. Postural re-emergent 
tremor on the other hand can be very disabling as it can affect activities such as 
using cutlery and holding a cup. Parkinsonian tremor is usually asymmetrical. Jaw 
tremor is common. Head tremor and vocal tremor are fairly rare in PD.

 Essential Tremor

Essential tremor is a common condition that causes a predominantly postural and 
action tremor. Thus various actions such as writing, pouring and holding a cup will 
bring out the tremor. Essential tremor can present at almost any age. In patients with 
a large amplitude tremor, essential tremor can be very disabling and in severe cases 
simple tasks such as drinking from a cup or using cutlery become almost impossi-
ble. Essential tremor often runs in families and is therefore felt to be genetic how-
ever most genes have not yet been found. Essential tremor often affects the upper 
limbs however can also affect the head, the face, the speech, the trunk and the lower 
limbs.

 Dystonic Tremor

Dystonic tremor is a fairly poorly-characterised condition. As detailed in the section 
of dystonia, when tremor occurs in a body part affected by dystonia it is termed 
“dystonic tremor”, whereas when tremor occurs in a separate body part it is called 
“tremor associated with dystonia”. Similar to essential tremor, dystonic tremor 
causes a predominantly postural and action tremor. It can affect the limbs, head, 
trunk, face and speech and in many cases is very disabling. The presence or absence 
of subtle dystonic features in a patient can be the only difference between whether 
they are diagnosed with essential tremor or dystonic tremor and there is some debate 
regarding the correct diagnosis in many patients.

 Orthostatic Tremor

Orthostatic tremor is a tremor that mainly affects the anti-gravity muscles and thus 
is most commonly demonstrated in the lower limbs. Orthostatic tremor tends to be 
at a much higher frequency (13–18 Hz) than essential tremor (4–10 Hz). Orthostatic 
tremor tends to be worse on standing than on walking. Patients may therefore report 
the unusual symptom that they are unsteady while standing but not while walking. 
When examining a patient while standing, the orthostatic tremor can sometimes be 
seen as a high frequency rhythmic movement in the quadriceps muscles. Sometimes 
the tremor can be palpated. The tremor can sometimes be heard by placing the bell 
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of the stethoscope over the quadriceps and listening for a noise similar to that of 
rotating helicopter blades. Orthostatic tremor can be demonstrated in the upper 
limbs if they act as anti-gravity muscles such as when the patient stands and leans 
on a table with straight arms, allowing the table to take their weight.

 Cerebellar Tremor

Lesions and diseases affecting the cerebellum can cause a variety of “cerebellar 
signs” including an intention tremor. Cerebellar or intention tremor tends to affect 
the limb while moving and tends to get larger in amplitude as the limb approaches 
the target.

 Holmes Tremor

Holmes tremor, sometimes called rubral tremor or midbrain tremor is due to a lesion 
affecting the midbrain or its connections. The tremor tends to be fairly large ampli-
tude and disabling. It predominantly affects the upper limb and is a unilateral tremor, 
contralateral to the causative lesion. Holmes tremor is present at rest and on posture 
but becomes much more exaggerated as the limb approaches the target (intention 
tremor). The resting tremor component may be due to the lesion affecting the sub-
stantia nigra and its pathways whereas the intention component of the tremor may 
be due to the lesion affecting the cerebellum or its pathways. Various lesions includ-
ing stroke, tumour and vascular malformations can cause a Holmes tremor.

 Multiple Sclerosis (MS) Tremor

Tremor is common in MS and an important cause of disability. The prevalence of 
tremor in MS is around 25% in the community and over 50% in specialist clinics. 
MS tremor is often an upper extremity postural and intention tremor although rest 
tremors and rubral tremors have been rarely reported [75].

�Treatment�of�Tremor

Various drugs are used in the treatment of tremor [76]. The most commonly used 
medication for tremor is beta blockers. In particular propranolol has been shown to 
have modest efficacy in the treatment of most tremors. Although most beta blockers 
may well be efficacious for tremor, the enhanced lipid solubility of propranolol 
(enabling good brain penetration) as well as the pharmacological profile of pro-
pranolol (blocks beta 2 adrenergic receptors as well as beta 1) may potentially indi-
cate that propranolol is more effective than other beta blockers. Nonetheless 
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propranolol has only modest efficacy against tremor and rarely provides satisfactory 
relief of severe essential tremor. It is contraindicated in patients with asthma.

Primidone is another anti-tremor drug with reasonable efficacy although often 
associated with side effects such as sedation. Other medications occasionally used 
include topiramate, gabapentin, benzodiazepines (such as clonazepam) and prega-
balin. Occasionally botulinum toxin injections can improve tremor. Resting tremor 
in PD will often improve with levodopa and other antiparkinsonian medications. 
Occasionally levodopa can improve the resting tremor component of a Holmes 
tremor. Treatment options for orthostatic tremor include gabapentin and 
clonazepam.

Although there are quite a few drugs available for the treatment of tremor, the 
effects of these drugs is modest at best and most patients with severe tremor syn-
dromes will not achieve satisfactory control of their tremor with medication.

�Tremor�Rating�Scales

The most commonly used tremor rating scale is the Fahn Tolosa Marin Tremor 
Rating Scale (FTMTRS). This scale assesses tremor in various body parts as well as 
asking about activities of daily living and assessing actions including pouring and 
writing. Each assessment is graded from 0 (normal or none) to 4 (severely impaired). 
The FTMTRS enables fairly unified assessment of tremor between different units.

�DBS�for�Tremor

In the 1950s stereotactic lesioning of the thalamus was widely used in the treatment 
of tremor. During some of these operations, high frequency stimulation of the thala-
mus was used to suppress tremor intra-operatively enabling the surgeon to know 
that they were at the correct target before the permanent lesioning was performed. 
In parallel with the development of DBS for PD in the 1990s, DBS was also devel-
oped for tremor [22].

The majority of DBS operations for tremor have targeted the thalamus. Thalamic 
anatomy is very complicated with many different nomenclature methods used for 
classifying over 120 thalamic nuclei. This has made it very difficult to compare 
targets between centres. Over time, an evolving consensus has been reached indicat-
ing that bilateral DBS of the ventral intermediate thalamic nucleus (VIM) is an 
appropriate thalamic target for the treatment of tremor.

The efficacy of DBS in the treatment of essential tremor has been demonstrated 
in many studies [22–24]. When assessed using the FTMTRS, improvements in 
tremor range from 50 to 90%. Improvement in tremor usually occurs within seconds 
of switching on the stimulator at the appropriate settings. Another region that has 
received attention is the Zona Incerta lying dorsal to the STN. Bilateral Zona Incerta 
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DBS can also produce very impressive improvements in essential tremor and other 
tremor syndromes [25, 26].

Dystonic tremor is also improved with bilateral VIM DBS although is a less well 
investigated and less well defined condition ( [27]). A small number of case reports 
have demonstrated modest efficacy when treating Holmes tremor with either unilat-
eral VIM or GPi DBS [28]. DBS management of MS tremor is difficult, partly due 
to the problems distinguishing tremor (which may be improved by DBS) from 
ataxia (which will not be improved by DBS). Most studies indicate fairly disap-
pointing results when using VIM stimulation for MS tremor, but some fairly encour-
aging results have been demonstrated [29, 30]. A small number of case reports have 
demonstrated efficacy of bilateral thalamic DBS for the treatment of orthostatic 
tremor [31].

 Tics and Tourette’s Syndrome

A tic can take a wide variety of forms including eye blinking, shoulder rotation, 
facial movements, limb movements and vocalisations [77]. The cardinal feature of 
a tic is that the patient will describe an uncomfortable sensation in the body part and 
an urge to make the movement, similar to an itch that you have to scratch. The 
patient makes the movement voluntarily in response to the urge/uncomfortable sen-
sation leading to a transient improvement in the urge and sensory component. The 
movement can be suppressed via a force of will on behalf of the patient, however 
during this time the urge and uncomfortable sensation get stronger and stronger 
until a rebound increase in tics is seen. Although there are formal diagnostic criteria, 
Tourette disorder can basically be considered a severe form of tic disorder. There is 
a spectrum with mild tic disorder at one end and severe Tourette syndrome at the 
other end. Tics affect around 5% of school children being more common in boys 
than in girls. Tics usually present in early adolescence and will often reduce as the 
child moves into adulthood. Occasionally tics continue into adulthood, and adult 
onset tic disorder is described. As well as motor tics, vocalisations are common in 
tic disorder and Tourette syndrome. Vocalisations usually include grunting, throat 
clearing and other vocal noises. Coprolalia (swearing) occurs in less than 50% of 
patients with Tourette syndrome. Many patients with Tourette syndrome have obses-
sive compulsive disorder (OCD) and attention deficit hyperactivity disorder 
(ADHD).

�Treatment�of�Tic�Disorder�and�Tourette�Syndrome

The main drugs used to treat tics include dopamine blockers (such as haloperidol, 
risperidone and sulpiride), dopamine depleting medication (tetrabenazine), baclofen 
and alpha 2 agonists (clonidine). These drugs are often not very effective and may 

M. Silverdale



97

well cause side effects. In most cases of simple tic disorder and in some cases of 
Tourette syndrome, treatment is not helpful, causing side effects and not improving 
the tics to any great degree. Therefore often it is best to avoid medication. However 
some patients will achieve meaningful benefit from medication without side effects. 
Botulinum toxin injections can sometimes be helpful for focal tics. Psychological 
strategies are available to try and reduce tics and can sometimes be helpful. However 
in most patients with severe Tourette syndrome, drug treatment and psychological 
treatment is unsatisfactory [77].

�Rating�Scales�for�Tourette�Syndrome

The main rating scale for Tourette syndrome is the Yale Global Tic Severity Scale 
(YGTSS). The scale documents number, frequency, intensity, complexity and inter-
ference of both motor and vocal tics grading each question from 0 (none) to 5 
(severe). The scale also documents how much the tics interfere with normal activi-
ties of daily living. Total scores range from 0 to 100. The YGTSS enables Tourette 
syndrome severity to be compared between different units.

�DBS�for�Tourette�Syndrome

Thalamic lesioning as a treatment for Tourette syndrome was first reported in the 
1970s and the first case report of thalamic DBS for Tourette syndrome was in 1999. 
Since then there have been many case reports, case series and a small number of 
trials investigating the use of DBS for Tourette syndrome. The main targets have 
been the medial thalamus (in particular the centromedian parafascicular nuceleus), 
the GPi, the external Globus Pallidus (GPe) and the internal capsule/nucleus accum-
bens. Most of the studies have shown fairly significant improvements in YGTSS in 
the range of 50%, sometimes more [32]. A randomised double-blind crossover trial 
of GPi DBS for medically-refractory Tourette’s syndrome has been recently 
reported. GPi DBS led to a significant improvement in tic severity, with an overall 
acceptable safety profile [78].

 Myoclonus

Myoclonus describes sudden involuntary jerking movements of the muscles. 
Myoclonic movements are very brief, typically <100 ms if measured by EMG. A 
large number of conditions can cause myoclonus and are reviewed in detail else-
where [33, 34, 79]. As mentioned in the section on dystonia, myoclonus dystonia is 
a genetic condition causing myoclonus and dystonia. Bilateral GPi DBS has been 
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used in the management of myoclonus dystonia in several case reports and case 
series. Thalamic DBS has also been reported. Fairly impressive reductions in both 
myoclonus and dystonia have been demonstrated [16, 17]. With the exception of 
one study demonstrating efficacy of thalamic DBS for myoclonus associated with 
perinatal hypoxia [80], I am not aware of studies investigating DBS for other forms 
of myoclonus.

 Chorea

Chorea is a hyperkinetic movement disorder in which the movements are com-
pletely random. The most well recognised cause of chorea is Huntington’s disease 
(HD), which is caused by a mutation in the Huntington gene. HD is an autosomal 
dominant condition causing chorea, dystonia, parkinsonism, dementia, behavioural 
problems and psychiatric issues [81]. A small number of case reports have demon-
strated useful reduction in chorea in HD using bilateral GPi DBS [35]. However 
chorea is one of a large number of problems that HD patients face therefore DBS 
should be reserved only for those with very disabling chorea. Hemiballism / hermi-
chorea usually results from a vascular or metabolic insult to the basal ganglia, often 
near the subthalamic nucleus. The condition causes severe chorea down one side of 
the body contralateral to the lesion. Usually the condition will gradually settle over 
a few months although not in all cases [82]. GPi and thalamic DBS have been shown 
to be an effective treatment for refractory hemiballism / hemichorea [36]. There are 
a large number of other causes of chorea, reviewed elsewhere, but I am not aware of 
DBS being used for any these other causes of chorea [83].

 Tardive Dyskinesia

Long term treatment with dopamine blocking drugs can cause involuntary move-
ments termed tardive dyskinesia [84]. The most common clinical scenario is the use 
of neuroleptic drugs to treat psychiatric disorders such as schizophrenia. Tardive 
dyskinesia is a hyperkinetic movement disorder. The involuntary movements often 
affect the orolingual region and are stereotyped in nature. The movements will often 
settle when the patient tries to eat or speak, only to recur again afterwards. The term 
stereotypy is sometimes used to define this type of hyperkinetic movement disorder 
and tardive dyskinesia is therefore sometimes called tardive stereotypy. Tardive dys-
kinesia sometimes affects other body parts as well including the limbs. A few case 
reports and case series have documented beneficial effects of bilateral GPi DBS in 
the treatment of Tardive Dyskinesia [37].

A more disabling complication of long-term dopamine blocking treatment is that 
of tardive dystonia where the involuntary movements tend to be dystonic rather than 
stereotypic. Classically tardive dystonia affects the neck and axial muscles causing 
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dystonic spasms, which tend to throw the neck and body backwards into an extensor 
posture. However many other forms of dystonia can be seen. Tardive dystonia 
 usually responds well to bilateral GPi DBS as detailed in the section on dystonia 
[20, 21].

 Adverse Effects of DBS

I will split the adverse effects of DBS into surgical complications, stimulation 
related adverse effects and cognitive/neuropsychiatric adverse effects.

�Surgical�Complications�of�DBS

DBS involves placing a small wire deep into the brain. It will never be possible to 
perform such a procedure without any risk, however modern surgical techniques 
have minimised the risk. The most feared complication is haemorrhage. Sometimes 
intracranial haemorrhage complicating DBS can be asymptomatic however intra-
cranial haemorrhage can be complicated by hemiparesis and even death. A fairly 
recent meta-analysis has indicated a haemorrhage rate of around 1.57% (95% con-
fidence intervals 1.26–1.95%) [85].

Another surgical complications of DBS is infection. Minor infections of the bat-
tery site are not uncommon and usually respond to antibiotic treatment, occasion-
ally requiring removal of the battery. More major infections tracking down the lead 
itself are uncommon however will require prolonged antibiotic treatment as well as 
removal of the whole DBS system including the intracranial lead.

Occasionally the leads can become damaged leading to fracture or short circuit. 
These type of problems will declare themselves when the stimulator impedance is 
measured and this should therefore be done regularly. Although not a complication 
as such, the stimulator battery will usually need replaced every 5 years or so unless 
a rechargeable battery is used.

�Stimulation�Related�Adverse�Effects�of�DBS

No matter which target is being used, many important structures pass close to the 
DBS target. Thus the conduction of electrical DBS activity to neighbouring struc-
tures can cause side effects depending on the normal function of the structure 
involved [52].

With STN DBS the electrical activity can stimulate the nearby internal capsule 
causing muscle spasms. Other structures that can be stimulated include the oculo-
motor region causing double vision, the sensory pathways causing paraesthesia and 
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the brachium conjunctivum causing ataxia. Stimulation induced dysarthria is also 
common, probably due to capsular stimulation

With GPi DBS nearby structure include the visual pathways, stimulation of 
which can cause flashing lights and the internal capsule, stimulation of which can 
cause muscle spasms.

With VIM DBS, stimulation induced side effects include paraesthesia (due to 
stimulating the sensory thalamus), tonic muscle spasms due to capsular stimulation 
and dysarthria.

The main advantage of DBS over lesioning is that these stimulation-induced side 
effects are not permanent and can be treated by changing stimulator parameters as 
detailed in the section on stimulator programming.

�Neuropsychiatric�and�Cognitive�Effects�of�DBS

A large body of literature has investigated the cognitive effects of DBS in the treat-
ment of Parkinson’s disease. There is fairly good evidence for mild cognitive side 
effects in particular “frontal lobe” problems including verbal fluency. Similarly 
there are many case reports and case series detailing neuropsychiatric complications 
of DBS in PD including depression, apathy, mania and impulsivity [86–88].

However there are several potential causes for cognitive and neuropsychiatric 
complications of DBS in PD including: effects of the disease itself (cognitive 
impairment and neuropsychiatric symptoms are common in PD); effects of the 
medication (medication reduction may be the main cause of apathy) [86]; effects of 
the surgery itself (the lead usually passes through the frontal lobe on its way to tar-
get); and the effects of the stimulation. Thus both disease related and DBS-related 
factors may be implicated [87].

Neuropsychiatric and cognitive effects of DBS in the treatment of other move-
ment disorders, in particular dystonia have been much less investigated. However 
current evidence suggests very little in the way of cognitive or neuropsychiatric 
complications when DBS is used to treat dystonia [89]. Nonetheless careful moni-
toring is still recommended.

 Future Directions

Although DBS is now a well-established treatment for dystonia and tremor, there is 
still work to be done in order to clarify the role of DBS in the management of 
Tourette syndrome, chorea, myoclonus and other movement disorders. We also 
need to clarify the best target for each condition. Clinical trials, ideally double blind 
are required.
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Improved stereotactic MRI-guided techniques are starting to improve the accu-
racy and safety of targeting and there will probably come a time when microelec-
trode recording and/or awake stimulation are not necessary.

Improved battery technology including rechargeable batteries and much smaller 
batteries will make the whole process easier for the patient. Rechargeable batteries 
are already in common use.

Improved lead technology will allow many more contacts as well as being able 
to stimulate in a certain direction from a contact. The ability to fuse the patient’s 
MRI image with an image of their lead placement as well as using computer algo-
rithms will enable the programmer to visualise anatomically the effects of specific 
stimulator settings on the area stimulated. This will vastly speed up the time taken 
to programme and potentially allow the programmer to choose the appropriate set-
tings without resorting to trial and error.

One of the more exciting developments is so called adaptive DBS. So far this has 
mainly been used in Parkinson’s disease where beta activity is known to be associ-
ated with a Parkinsonian state (see previous section). Using adaptive stimulation, 
the stimulator can assess for beta activity and switch itself on only when required 
rather than all the time. Early studies using adaptive stimulation suggest that it may 
be more effective than continuous stimulation [90]. In the future it is likely that 
similar techniques may enable the DBS system to programme itself without the 
requirement for a programmer.

The ability to safely implant a lead into the brain in order to record, analyse and 
modify activity within a discrete neuronal area is an extremely exciting develop-
ment. The future of DBS opens up possibilities, which at this present moment would 
be considered farfetched even in a science fiction movie.
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Chapter 5
Deep Brain Stimulation for Parkinson Disease

Kelvin L. Chou, Emily L. Levin, Parag G. Patil, and Daniel Leventhal

Abstract Deep brain stimulation (DBS) therapy is now considered one of the most 
important advances in the treatment of Parkinson disease (PD), a progressive neuro-
degenerative disorder. DBS improves the cardinal motor symptoms of PD (rest 
tremor, bradykinesia, rigidity), markedly reduces motor complications (dyskinesias 
and wearing off), and dramatically improves quality of life. In this chapter, we 
review how DBS came to be and present the current science behind how DBS 
works. Clinical indications and up-to-date evidence on clinical outcomes of DBS 
are presented. Finally, the risks and side effects of DBS, and advances in DBS tech-
nology are discussed.
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 Overview

Deep brain stimulation (DBS) therapy involves the surgical placement of electrodes 
in precise areas of the brain. These electrodes are then connected by extension wires 
to a pacemaker-like device in the chest called an implantable pulse generator.  
The tip of the electrode has four metal rings at the end of it, called “contacts”  
(see Fig. 5.1). When the stimulator is turned on, electrical impulses travel from the 
pulse generator, through the extension wires and out the contacts (see Fig. 5.2). The 
resulting electrical stimulation of the brain can improve the symptoms of many 
medical conditions.

DBS is currently an established treatment for many movement disorders, including 
Parkinson disease (PD). PD affects approximately 1% of the population greater than 
65 years of age and 2.5% of the population greater than 80 years of age [1]. Between 
4.1 and 4.6 million individuals over the age of 50 are affected worldwide and this num-
ber is expected to double by the year 2030 [2]. The cardinal features of rest tremor, 
bradykinesia, rigidity and postural instability progressively worsen over time, and the 
disease is associated with increased morbidity and a high economic burden. The symp-
toms of PD respond very well to medications such as levodopa and other dopaminergic 
agents. These medications can be increased as the motor symptoms of tremor, bradyki-
nesia and rigidity worsen. At some point, however, most patients with PD develop 

Fig. 5.1 The quadripolar electrodes (leads) used for deep brain stimulation. Each contact on the 
electrode is 1.5  mm long and 1.27  mm in diameter. On the left is model 3387 (produced by 
Medtronic), in which the contacts are spaced 1.5 mm apart. On the left is model 3389, in which the 
contacts are spaced 0.5 mm apart (Reprinted with the permission of Medtronic, Inc. © 2014)
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motor complications such as dyskinesias (abnormal involuntary movements) and 
“wearing off” (recurrence of PD symptoms towards the end of a dose), which can be 
difficult to manage. DBS markedly improves the wearing off symptoms and dyskine-
sias in PD. By doing so, a patient’s quality of life is also dramatically improved.

DBS is now considered one of the two greatest advances in therapy for the treat-
ment of PD, with the other one being levodopa. In this chapter, we will focus on this 
life changing therapy for PD. We review how DBS came to be and present the cur-
rent science behind how DBS works. Clinical indications and clinical outcomes of 
DBS for PD are presented. Finally, the risks and side effects of DBS, as well as 
advances in DBS technology are discussed.

Implant sites

Leads

Pacemaker-like device

Actual patient not pictured

Fig. 5.2 Schematic displaying the implantation of electrodes within the brain. The electrodes 
are connected by extension wires which travel behind the ear and down to the pulse generator, 
which is implanted overlying the chest muscles (Reprinted with the permission of Medtronic, 
Inc. © 2014)
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 History of DBS for Parkinson Disease

Early surgical treatments for movement disorders date to the late nineteenth cen-
tury. Victor Horsley was a pioneer in this regard and performed cortical motor 
strip resection to address athetosis and tremor in 1890 [3]. Though this approach 
helped involuntary movements, it proved undesirable because lesioning the pyra-
midal system left patients with long-term weakness. The concept of the extrapy-
ramidal system and its possible role in movement disorders was introduced in the 
1920s and 1930s, but extrapyramidal structures were not targeted surgically until 
1940, when Meyers reported on anterior caudate resections as part of his 1940 
series on the treatment of postencephalitic tremor [4]. He demonstrated that 
tremor could be improved without paresis. However, morbidity and mortality 
from these open craniotomy procedures remained significant, mainly because of 
accuracy. The introduction of stereotactically guided frame-based surgery with 
the first modern stereotactic atlas of the human brain in the late 1940s changed the 
field of movement disorders surgery [5, 6] because surgery could now be per-
formed with less than 1% mortality [7].

There was a significant increase in stereotactic functional neurosurgery in the 
1950s, with Irving Cooper and Rolf Hassler introducing neurosurgical targeting for 
PD [8]. Part of this rationale emerged after Cooper accidentally tore the anterior 
choroidal artery during pedunculotomy and observed a dramatic improvement in 
tremor and rigidity without limb weakness [9]. Cooper concluded that his accident 
resulted in infarction of the globus pallidus and thalamus, but ligating the anterior 
choroidal artery did not yield uniform results as the distribution of this artery varied 
from patient to patient. Spiegel and Wycis are credited with the first direct lesioning 
of the globus pallidus, though for chorea instead of PD [10, 11]. While clinical 
effects were somewhat disappointing, the anterodorsal part of the globus pallidus 
was targeted. Leksell eventually tried the posteroventral pallidum and found that it 
relieved tremor and rigidity in PD [12]. Around the same time, Hassler and a num-
ber of surgeons began to ablate the ventrolateral thalamus at the ventralis oralis 
anterior/ventralis oralis posterior nuclei (VOA-VOP) to relieve tremor and rigidity 
for PD [13, 14]. Thalamic lesioning eventually replaced pallidotomy as the surgical 
treatment for tremor at this time.

Electrical recordings and stimulation began to be used to map out the proximity 
of other structures in the brain before creating a lesion in the late 1950s and true 
microelectrode recording was introduced in the early 1960s [15–17]. Because of 
this, tremorgenic cells, located mostly in the ventralis intermedius (VIM) nucleus, 
were identified and VIM eventually replaced Voa and Vop as the target for tremor 
[18]. By the end of the 1960s, microelectrode recording was routinely used for ste-
reotactic movement disorders surgery, but surgery for PD quickly fell out of favor 
when levodopa was introduced in 1968.

Surgical therapies for PD returned in the 1980s and 1990s because levodopa 
therapy was associated with debilitating on-off motor fluctuations and dyskinesias 
as the disease progressed [19]. Laitinen et  al., in particular, promoted Leksell’s 
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 posteroventral pallidotomy as an effective treatment for dyskinesias, rigidity, and 
bradykinesia in PD [20, 21].

J. Lawrence Pool was the first neurosurgeon to utilize deep brain stimulation in 
a patient with PD in 1948, stimulating the caudate nucleus. However, the modern 
era of deep brain stimulation is considered by many to have begun with Alim Louis 
Benabid, a French neurosurgeon. Benabid and colleagues observed that prolonged 
high frequency stimulation of the thalamus during lesion localization resulted in a 
reduction of Parkinsonian tremor [22, 23]. The implantation of deep brain stimula-
tors in the thalamus provided an alternative to lesioning that was reversible, adjust-
able, and allowed for bilateral treatment [24–26]. However, because only tremor 
improved with thalamic stimulation, the search for a target that would improve bra-
dykinesia and rigidity ensued.

Laitinen’s report of pallidotomy as an effective surgical treatment for PD in 
1992 led to increased interest in this target [20, 21]. Before long, many surgeons 
were trying DBS in the pallidum as an alternative to pallidotomy and reporting 
good motor outcomes with less risk [27, 28]. At the same time, Benabid’s group 
in Grenoble began targeting the subthalamic nucleus (STN) based on the finding 
that lesions in this structure in N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) primates dramatically improved tremor, bradykinesia and rigidity with-
out causing ballism [29, 30]. High frequency STN stimulation has since been 
found to be effective for the cardinal motor symptoms of PD and improve quality 
of life [31, 32].

 How Does DBS Work?

Despite significant advances over the last 10–15 years, explaining how DBS exerts 
its effect remains an elusive but important goal of translational neuroscience. DBS, 
while highly successful, does not treat all PD symptoms [33] and may have signifi-
cant motor and nonmotor side-effects [32]. Furthermore, DBS for investigational 
indications (e.g., pedunculopontine nucleus stimulation for gait and balance) has 
shown promise in individuals but inconsistent results at a population level [34]. 
Finally, observations in DBS patients offer unique insights into extrapyramidal 
physiology in health and disease, with potential therapeutic implications beyond 
neuromodulation.

The question of how DBS works may be approached from at least two perspec-
tives. The first is how DBS influences neural elements near the stimulating elec-
trode. When the benefits of DBS were first recognized, their similarity to lesional 
effects suggested suppression of local neurons. Several experiments support this 
hypothesis, finding decreased local neuronal firing during or immediately after high 
frequency pulse trains in rats [35], nonhuman primates [36], and humans [37–40]. 
Proposed mechanisms include depolarization block [41], somatic hyperpolarization 
[42], excitation of GABAergic afferents [38], or accumulation (or depletion) of 
local neuromodulators [37]. Determining which of these mechanisms are  responsible 
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for local neuronal inhibition has been difficult, largely because of stimulation arti-
facts. As it turns out, though, effects on cell bodies may not be the primary determi-
nant of DBS outcomes.

This is because firing rate changes downstream from the stimulated nuclei occur 
with local neuronal activation. Stimulation of the glutamatergic STN increases glo-
bus pallidus, pars externa (GPe) and interna (GPi) firing [43], while stimulating 
GABAergic nuclei reduces downstream firing. GPi stimulation transiently pauses 
firing in the basal ganglia recipient thalamus [44, 45], and GPe stimulation sup-
presses STN and GPi activity [46]. PET [47, 48], fMRI [49], and microdialysis [50] 
studies are all consistent with increased efferent activity during high frequency 
DBS.  Computational models suggest that somatic hyperpolarization may occur 
simultaneously with axonal depolarization [42], potentially reconciling local neuro-
nal suppression with efferent activation.

Afferent and passing axons [51] may also be activated by DBS, contributing to 
somatic inhibition (or excitation) by forcing local neurotransmitter release. More 
importantly, structures upstream from the target nucleus may be antidromically acti-
vated. Recordings consistent with antidromic stimulation have been obtained from 
motor cortex in animal models [52], as well as patients undergoing thalamic or 
subthalamic DBS [53–55]. Modeling studies suggest that antidromic stimulation 
from STN leads is important to modulating network activity [56]. Furthermore, 
optogenetic experiments in 6-hydroxydopamine (6-OHDA) lesioned mice found 
that antidromic stimulation of cortical afferents to STN was necessary and sufficient 
to reduce parkinsonian behavior [57]. It is less clear how pallidal stimulation might 
antidromically activate motor cortex, though a sparse cortico-pallidal pathway has 
been identified [58]. Stimulation of passing capsular fibers could also antidromi-
cally activate motor cortex [59], but this does not appear to be a significant effect. 
One study also showed short latency inhibition of motor cortex with pallidal DBS 
in an MPTP treated monkey [60], though the mechanism and significance of this 
finding are unclear.

Given that DBS likely activates local afferent, efferent, and passing axons, the 
next goal is to understand how DBS modulates cortical-basal ganglia-thalamic cir-
cuits and motor output. This is a significantly more difficult problem because basal 
ganglia physiology and pathophysiology are only partially understood. The “rate” 
model [61, 62], which suggests that basal ganglia neuronal firing rates uniquely 
determine motor output, has dominated basal ganglia physiology for over 20 years. 
This model makes many accurate predictions, but is clearly incomplete. In fact, 
much of the evidence inconsistent with it comes from the surgical treatment of 
Movement Disorders [63]. For example, the rate model predicts that decreased 
basal ganglia output should induce uncontrollable movements, but pallidotomy 
treats chorea and dystonia.

While a comprehensive model of basal ganglia function remains elusive, there 
are clear differences between normal basal ganglia physiology and the pathophysi-
ology of PD. Patients with PD and dopamine-depleted animals exhibit enhanced 
neuronal burst firing, oscillations, and synchrony [63]. To variable degrees, DBS 
restores each of these factors towards their normal state.
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Bursts may be defined as brief episodes of high frequency firing against slower 
background activity, and are found throughout the cortical-basal ganglia-thalamic 
network in dopamine-depleted subjects [63]. Therapeutic, but not subtherapeutic, 
GPe [46] and STN [64] DBS reduce GPi bursting. Conversely, low frequency STN 
DBS, which may exacerbate Parkinsonism, increases GPi bursting [65]. In humans, 
effective GPi DBS also reduced GPi burst-firing [66], though conflicting results 
were obtained in MPTP-treated monkeys [67]. Clinically effective STN [65, 68] or 
GPe [46] DBS is also associated with decreased basal ganglia-recipient thalamic 
bursting compared to the “off” state. Motor cortical bursting is observed in 
dopamine- depleted subjects, but has different characteristics compared to basal 
ganglia bursts [69] and is not diminished by pallidal DBS [59].

Enhanced oscillatory power in single unit and local field potential (LFP) record-
ings throughout the cortical-basal ganglia-thalamic network are consistently identi-
fied in parkinsonian subjects [63]. Oscillations in lower frequencies (~5–20 Hz) are 
suppressed by subthalamic DBS [68, 70, 71], though the clinical correlates of these 
oscillations are controversial. Inactivation of the STN in tremulous monkeys elimi-
nates tremor and 8–20 Hz, but not 4–8 Hz, pallidal oscillations [72]. In contrast, 
single unit oscillations in the cerebellar-recipient thalamus near 5  Hz are highly 
coherent with rest tremor in humans [73], and correspond temporally to tremor 
episodes in monkeys [74]. Whether VIM DBS suppresses these low frequency 
oscillations has not been directly tested, however. Enhanced beta band (~15–30 Hz) 
power is correlated with bradykinesia and rigidity, and suppressed by both subtha-
lamic [75, 76] and pallidal [59] stimulation coincident with clinical improvement.

“Synchrony” describes two or more events that occur nearly simultaneously, and 
may refer to single unit spikes, LFP phase across recording sites, or consistent rela-
tionships between single unit spikes and LFP phase. Under normal physiologic con-
ditions in awake animals, basal ganglia and motor cortical neurons rarely fire 
synchronously [77]. After dopamine depletion, however, single unit oscillations in 
the GPi, GPe, and STN become highly synchronized with each other [71, 78], and 
basal ganglia-cortical oscillations are more tightly coupled [79]. It has been sug-
gested that excessive synchrony, potentially mediated by neuronal entrainment to 
enhanced LFP oscillations, limits flexibility in behavioral control [79–81]. For 
example, if circuits controlling agonist/antagonist muscle pairs cannot operate inde-
pendently, rigidity would result. Pallidal [59, 67] and subthalamic [79] DBS reduce 
LFP coherence and single unit synchrony, potentially decoupling pathologically 
entrained networks. In summary, therapeutic DBS reduces burst firing in the basal 
ganglia and thalamus (but perhaps not cortex), and suppresses exaggerated oscilla-
tions and synchrony throughout the cortical-basal ganglia-thalamic network.

How these physiologic changes translate into clinical improvement is not known, 
but DBS probably modulates motor function by altering corticospinal activity. In 
the rate model, motor output is determined by thalamic drive to motor cortex, which 
is determined by basal ganglia output firing rates. This traditional view of basal 
ganglia physiology ignores other inputs to “motor” thalamus, especially corticotha-
lamic fibers. Indeed, given the clinical effectiveness of pallidotomy, it appears that 
recurrent thalamocortical loops can function without pallidal input [though palli-
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dotomy patients have specific deficits, particularly in implicit learning – [82]]. It is 
more likely that pallidothalamic activity regulates the fine timing of thalamic spik-
ing than suppressing it entirely [83, 84]. The bursting, oscillating, synchronous pal-
lidal output of PD disrupts normal thalamocortical function, which can be partially 
restored by either eliminating pallidal output or entraining it to high frequency 
stimulation (See Fig. 5.3) [85]. The importance of pallidothalamic spike timing is 
highlighted by the efficacy of low frequency closed loop DBS, in which pallidal 
stimulation is triggered by cortical action potentials [86]. Whether direct connec-
tions between the basal ganglia and brainstem or antidromic cortical activation also 
contribute to the clinical effects of DBS is unknown.

The data described above might explain DBS mechanisms for bradykinesia and 
rigidity, but the physiology of parkinsonian tremor is poorly understood [87]. DBS 
of the STN, GPi, and VIM thalamus all improve tremor, even when refractory to 
dopamine replacement. However, VIM thalamus receives its subcortical afferents 
from the cerebellum. It remains unclear why a (usually) dopa-responsive symptom 
such as parkinsonian tremor responds to stimulation of cerebellar pathways. Phrased 
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another way, it is not clear why tremor is dopa-responsive when cerebellothalamic 
pathways are clearly involved in its pathophysiology [88]. Furthermore, neither 
STN nor GPi are directly connected to VIM thalamus. STN/pallidal stimulation 
may improve tremor via recently described bidirectional subthalamocerebellar 
pathways [89]. Alternatively, basal ganglia DBS may activate passing cerebellotha-
lamic axons [33]. Finally, the basal ganglia and cerebellar-recipient thalamus may 
interact via recurrent connections with motor cortex [63].

Finally, it is not known why certain PD symptoms resolve over different time 
periods. For example, tremor tends to respond within seconds to DBS, but often 
returns within weeks of initial programming. Rigidity improves over seconds to 
minutes, but may continue to improve over weeks. Bradykinesia improves over 
days to weeks. Presumably delayed effects (or side-effects) result either from altera-
tions in synaptic plasticity or intrinsic neuronal excitability, but how and where this 
occurs remains unknown.

 DBS for Parkinson Disease: Clinical Indications

Successful DBS outcomes result from the selection of appropriate surgical candi-
dates. Because there are risks associated with the surgery, it should only be offered 
to patients in whom the risk to benefit ratio is favorable. For PD, DBS is typically 
considered when patients have motor fluctuations that interfere with their quality of 
life despite optimal medical management. Motor fluctuations include dyskinesias, 
wearing off, and the on-off phenomena, and tend to occur several years into the 
disease [90]. It has been common practice to wait until patients are more advanced 
in their symptoms before referring them for DBS because of the surgical risk. 
However, a recent trial (the EARLYSTIM study) demonstrated that STN DBS, 
when performed as soon as motor fluctuations are present, improves motor out-
comes as well as quality of life beyond best medical therapy [91]. While there are 
currently trials investigating the safety of DBS in an even earlier stage of PD (i.e. 
within a couple of years of diagnosis) [92, 93], with the hope of initiating a larger 
phase 3 trial to see if DBS can slow down clinical progression, there is no clear 
evidence to refer patients for this reason at this time. Other appropriate candidates 
for DBS include those with medication-refractory Parkinsonian tremor [22, 94, 95] 
or those with dopaminergic medication-induced side effects such as nausea, ortho-
static, or impulse-control disorders [96, 97]. Most DBS centers have set protocols 
for evaluating potential candidates; not all PD patients will be suitable candidates 
[98, 99].

Surgical candidates should be thoroughly evaluated using a comprehensive, mul-
tidisciplinary process [100]. One of these evaluations is a visit with a movement 
disorders specialist to make sure that the diagnosis is correct and that patients have 
been tried on appropriate medications. An accurate diagnosis of PD is essential 
because patients with atypical Parkinsonian syndromes such as progressive supra-
nuclear palsy, multiple system atrophy, dementia with Lewy bodies, corticobasal 
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degeneration, or vascular Parkinsonism respond poorly to DBS [101–104]. Yet, 
these patients are often referred. Okun et al. reviewed the records of 41 patients at 
their center who had been characterized as DBS failures and found that 12% had 
diagnoses other than PD, and would not be expected to respond to DBS [103]. 
Because of the risk of surgery, it is reasonable to try patients on maximally tolerated 
doses of levodopa, dopamine agonists, dopamine extenders (catechol-O- 
methyltransferase (COMT) inhibitors and monoamine oxidase type B (MAO-B) 
inhibitors) before considering surgery. Amantadine for dyskinesias and trihexyphe-
nidyl or other anticholinergics for tremor should also be considered. Many patients 
can delay surgery with medication adjustments.

Dopaminergic responsiveness is perhaps the best indicator of a good motor out-
come from DBS surgery [99, 105, 106]. The motor symptoms that respond to dopa-
minergic medication also respond well to DBS. On the other hand, dopaminergic 
resistant symptoms such as speech, postural instability and freezing of gait are gen-
erally unresponsive to DBS. Tremor is the one exception to this rule. Parkinson 
patients whose primary goals are to improve these symptoms are thus poor candi-
dates. Several long-term studies have shown that speech and postural instability 
continue to progress after DBS despite changes in stimulation parameters [106–
111]. Evaluation of dopaminergic response should be performed in all PD patients 
being considered for DBS.  Patients should first be examined with the Unified 
Parkinson Disease Rating Scale (UPDRS) or the Movement Disorders Society revi-
sion of the Unified Parkinson Disease Rating Scale (MDS-UPDRS) in the 
medication- off state (practically defined as the condition after not receiving PD 
medications for 12 h) [112]. After giving a levodopa challenge dose (either supra-
threshold or the patient’s typical levodopa dose) and the patient reports that the 
medication is working, the exam is repeated. The best surgical candidates are those 
whose performance improves significantly (total 25–50% reduction in their motor 
score) [113].

Exclusionary criteria for DBS in PD include significant cognitive impairment 
and patients with active psychiatric disease [114, 115]. Patients with dementia and 
significant cognitive impairment may be unable to provide appropriate feedback 
during intraoperative testing or postoperative programming. Many aspects of cogni-
tion may worsen after DBS and in some PD patients with preexisting cognitive 
impairment, cognition may worsen irreversibly [116–118]. Because of this, preop-
erative DBS screening for dementia with neuropsychological testing is a mandatory 
part of the evaluation. The exact neuropsychological tests that are used to determine 
dementia may vary from center to center.

Suicidality and depression after DBS for PD has also been reported [119–123]. 
While the reason for this is unclear, it is typically associated with stimulation of the 
STN.  Additionally, patients with preoperative depression or previous suicide 
attempts may be more likely to develop postoperative depression [119, 123]. Given 
this, patients should be screened for psychiatric issues. It is reasonable to delay 
surgery for patients with active psychiatric illness until their symptoms are stabi-
lized. Furthermore, close monitoring of patients post-operatively who may be at 
higher risk for suicide should be considered [121, 124].
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There have been conflicting studies on whether age affects DBS outcomes. Some 
centers use 70 or 75 years of age as a cutoff for surgery because many studies have 
used these ages as cutoffs for inclusion. Additionally, some studies have demon-
strated that patients under 70 tend to experience greater motor improvement than 
patients over 70 [106, 125]. It is also thought that advancing age may be associated 
with more postoperative complications. However, a recent study found that PD 
patients older than 75 years of age did not have greater complications at 90 days 
post-operatively compared to younger patients [126]. This suggests that there should 
not be an age cutoff for surgery.

 DBS for Parkinson Disease: Clinical Outcomes

There are two main DBS targets for PD: the STN and GPi. Both STN and GPi 
stimulation improve the cardinal symptoms of PD as well as motor fluctuations [32, 
127, 128]. Other DBS targets for PD include the VIM thalamus and the pedunculo-
pontine nucleus (PPN). The VIM target reduces parkinsonian tremor [129], but does 
not significantly improve bradykinesia, rigidity, or motor fluctuations. PPN stimula-
tion is investigational for gait problems and freezing in PD [130–132].

�Stimulation�of�the�Subthalamic�Nucleus�(STN)�and�Globus�
Pallidus�Interna�(GPi)

 STN and GPi Stimulation Compared to Best Medical Therapy

Several randomized clinical trials over the last decade have firmly established that 
both STN and GPi stimulation are effective for patients with moderate to severe PD 
when compared to best medical therapy [31, 91, 127, 133]. Although stimulation 
does not improve patients beyond the benefit obtained from dopaminergic medica-
tions (best “on” time), DBS can increase the amount of “on” time, reduce wearing 
off, and reduce dyskinesia.

The first randomized trial showing that stimulation was superior to best medical 
therapy in PD was published by Deuschl et al. in 2006 [31]. In this landmark trial, 
156 advanced PD patients were randomized to either bilateral STN DBS or best 
medical therapy. The primary outcome of quality of life, as measured by the 
Parkinson Disease Questionnaire (PDQ-39) was significantly improved at 6 months 
in the DBS group compared to the medication group. Motor function, as measured 
by the UPDRS part 3, was also improved in the DBS group at 6 months. However, 
one limitation of this study was that the evaluations were not blinded. The Veterans 
Affairs Cooperative Studies Program thus conducted a multicenter, randomized, 
blinded trial of bilateral deep brain stimulation versus best medical therapy in 
advanced PD [127]. PD patients who received either STN or GPi stimulation 
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(n = 121) gained 4.6 h per day of additional “on” time without troubling dyskinesias 
when compared to patients managed with medication alone (n = 134) at 6 months 
[127]. Additionally, 71% of DBS patients had meaningful clinical improvement in 
motor function compared to only 32% of those randomized to best medical therapy, 
and the DBS group had significant improvements in quality-of-life scores. Okun 
et al. published the results of a constant-current DBS device implanted in the bilat-
eral STN in 136 advanced PD patients [133]. Twenty-five percent of the patients had 
their stimulation turned on at 3 months instead of immediately. While this was not 
a blinded study, the immediate stimulation group had 2.51 h of more “on” time at 
3 months than the delayed stimulation group. Finally, the EARLYSTIM study dem-
onstrated that STN DBS improved quality of life at 2 years compared to best medi-
cal therapy in 251 PD patients (mean age, 52  years and mean disease duration, 
7.5 years) within 2 years of experiencing motor fluctuations [91]. Secondary motor 
outcomes were also improved in the stimulation group at 2 years.

 STN Versus GPi Stimulation

A couple of early nonrandomized studies comparing STN to GPi stimulation 
suggested that the STN might be a better target. The Deep Brain Stimulation 
for Parkinson’s Disease Study Group enrolled 96 patients with STN DBS and 
38 patients with GPi DBS [134]. At 3 months, the STN group had a median 
improvement in UPDRS motor scores of 49% compared to 37% in the GPi 
group. Another study conducted by Krause et al. suggested that the STN was a 
superior target for all PD symptoms, while the GPi was the superior target for 
ameliorating dyskinesias [135]. Many of the early open label studies also sug-
gested that STN stimulation allowed patients to reduce dopaminergic medica-
tions and required lower stimulation settings [134, 136], while GPi stimulation 
appeared to be associated with slightly less cognitive and behavioral side 
effects [27, 109, 137].

The first randomized prospective trial comparing STN to GPi DBS was per-
formed by Burchiel et al. [138]. They found no difference in off medication UPDRS 
motor scores between the two groups after 12 months. While dopaminergic doses 
were able to be decreased in the STN group but not the GPi group, the trial was too 
small (4 GPi vs. 5 STN patients) to draw firm conclusions. The Veterans Affairs 
Cooperative Studies Program then conducted a large head-to-head randomized, 
multicenter trial of STN vs. GPi stimulation in PD [32]. In this trial, 299 subjects 
were randomized and followed up to 24 months. Both stimulation sites were equally 
effective on motor symptoms based on the UPDRS motor score, but the STN group 
had greater decline in processing speed on a cognitive task at 24 months compared 
to the GPi group. Additionally, the Beck Depression Inventory score worsened by 
approximately 1 point in the STN group and improved by about 1 point in the GPi 
group. It is unclear whether or not these differences are clinically meaningful. 
Similar to earlier nonrandomized and open label studies, the STN stimulation group 
was able to be titrated to lower doses of dopaminergic medications postoperatively. 
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The STN group also had lower stimulation amplitudes and pulse widths, which may 
allow for longer intervals between pulse generator replacement.

Of the 299 subjects in the VA study, 198 consented to be followed for up to 
36 months [128]. The amount of improvement in the UPDRS motor score contin-
ued, with no difference between the two groups, though changes in quality of life 
deteriorated after 6 months in both groups. Though on-stimulation/off-medication 
motor performance was similar between both targets, dopaminergic medications 
had a less robust benefit in the STN group compared to the GPi group. The mild 
difference in depression scores seen at 24 months were no longer seen at 36 months. 
Compared to those undergoing GPi stimulation, STN stimulation patients also had 
mild worsening in performance on verbal learning testing as well as more rapid 
decline in Mattis Dementia Rating scale scores at 36 months [128].

Finally, the Netherlands Subthalamic and Pallidal Stimulation (NSTAPS) study 
was a randomized controlled trial involving 65 patients randomized to GPi and 63 
randomized to STN DBS [139]. The primary outcome in this study was functional 
health, as measured by the weighted Academic Medical Center Linear Disability 
Scale, and a composite score for cognitive, mood, and behavioral effects. At a year 
after surgery, there were no differences in these primary outcomes, but the on- 
stimulation/off-medication motor scores and amount of medication reduction 
favored the STN group.

Taking all of the above studies into account, it is clear that either target is appro-
priate for treating the motor symptoms of PD. However, target selection might differ 
depending on the relative importance of specific non-motor outcomes. As an exam-
ple, some centers might choose to target GPi rather than STN in a PD patient with 
mild cognitive impairment or mild depression, while PD patients with side effects 
from dopaminergic medications might benefit more from STN stimulation because 
of the ability to reduce medication doses.

 Long-Term Outcomes of GPi and STN Stimulation

Though there might be some deterioration in bradykinesia and axial symptoms over 
time, STN DBS continues to be effective on the three cardinal PD symptoms of 
tremor, rigidity, and bradykinesia for up to 10 years [107, 140, 141]. Nonetheless, 
PD continues to progress and patients may develop levodopa unresponsive symp-
toms such as dementia. Other dopaminergic-resistant features, such as speech, gait, 
and postural instability, also continue to decline despite long-term stimulation [107, 
109, 111, 142].

The longest follow-up study for pallidal stimulation monitored 16 GPi patients at 
5–6 years after DBS surgery [143]. The stimulation effect on the motor UPDRS was 
assessed in the off-medication state in a double blind cross-over fashion (i.e. with 
stimulation off for 2 h and after 2 h after switching stimulation on [sequence A] or 
the reverse [sequence B]). GPi DBS was associated with a 20% improvement in the 
UPDRS motor score in blinded evaluations, and an approximately 35% improve-
ment in unblinded evaluations.
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Quality-of-life measures have been shown to improve with DBS of both targets for 
PD. These improvements can be sustained long-term [144–146], though many initial 
benefits in quality of life may be lost over time [146]. These improvements may occur 
because of motor benefit [147], but may also occur because of improvements in mood 
[120]. Not all PD patients undergoing DBS have satisfactory results. Some may not 
notice significant improvement in motor function. Some of these deep brain stimula-
tion “failures,” may be improved by re-implantation because of suboptimal lead loca-
tions [103]. Others may improve with stimulation adjustments by an expert 
programmer at a DBS center [103, 148]. Unfortunately, 34% of deep brain stimulation 
“failures” referred to a DBS center could not be improved [103], with the most com-
mon reason for failure being implantation in a patient unlikely to benefit from DBS 
(i.e. misdiagnosis or with symptoms unlikely to improve from stimulation).

 Thalamic Stimulation

As mentioned earlier, the modern era of DBS began when Benabid et al. discovered 
that PD tremor was reduced with high frequency stimulation prior to making a 
lesion [22, 23]. Less than a decade later, the VIM nucleus of the thalamus became 
the first US Food and Drug Administration (FDA) approved site for DBS, with an 
indication for Parkinsonian or other tremor.

The largest series of PD patients undergoing VIM stimulation for Parkinsonian 
tremor was reported by Limousin and colleagues [149]. In this study, 73 patients 
with Parkinsonian tremor were enrolled, and tremor scores improved by at least 
50% in 85% of the patients at 1 year. Thirty-eight of these patients were re- evaluated 
at a mean of 6.6 years postoperatively [150]. The tremor contralateral to the DBS 
electrode in these patients continued to be as well controlled at 6 years as they were 
a year after surgery. Interestingly, total UPDRS motor scores in this patient popula-
tion did not change between 1 and 6  years, suggesting that tremor predominant 
patients have little progression of disease.

In other long-term studies, thalamic DBS has been shown to be safe and effective for 
parkinsonian tremor, but not bradykinesia or rigidity [95, 151]. Thalamic DBS for PD is 
mostly done unilaterally, since bilateral stimulation can be associated with significant 
dysarthria, paresthesias and ataxia [26, 115]. Because STN and GPi stimulation can treat 
all symptoms of PD and can be done bilaterally with fewer side effects, many DBS 
centers opt to treat tremor predominant PD patients with STN or GPi stimulation instead.

�Pedunculopontine�Nucleus�(PPN)�Stimulation

Because levodopa unresponsive symptoms such as gait and postural instability continue 
to progress despite pallidal or STN stimulation, there has been interest in exploring other 
targets for gait dysfunction in PD. The pedunculopontine nucleus (PPN) is thought to 
mediate gait freezing and postural instability in PD [152]. While no large scale 
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randomized controlled trials have been looked at PPN stimulation, several case series 
have demonstrated the safety of low-frequency stimulation of the PPN in PD patients. 
Unfortunately, results for this target are mixed for gait dysfunction [130, 131, 153].

PPN stimulation may also help more than just gait. An open label study of six patients 
with both PPN and STN electrodes showed fairly similar improvement in UPDRS 
motor scores with PPN stimulation and STN stimulation alone [154]. When both targets 
were stimulated simultaneously, there was even more improvement in motor symptoms. 
Such a synergistic effect was also seen in another open label series with PPN and caudal 
zona incerta stimulation [155]. PPN stimulation may also affect cognitive and sleep 
dysfunction in PD [156, 157]. However, because of the small numbers reported in the 
literature, this target remains experimental. Further studies are needed to better charac-
terize the efficacy of this target on the various symptoms of PD.

 Surgical Risks and Side Effects of Stimulation

DBS complications may be related to the surgical procedure, the hardware, or stim-
ulation (see Table 5.1). Due to the lack of standardized guidelines for reporting 
adverse events, though, the published medical literature may underestimate the 
prevalence of DBS-related complications [158].

�Surgical�Risks

A recently published series of over 500 consecutive patients showed an overall pro-
cedure complication rate of 11.2 ± 2.03% [159]. Specific complications include 
those associated with any neurosurgical procedure, such as subdural hematoma, 
venous infarction, CSF leak, pulmonary embolism, pneumonia, bleeding, wound 
infection, postoperative seizures, and perioperative confusion. In addition, DBS 
procedures are associated with a ~3% chance of intracerebral hemorrhage [159, 
160]. Only 0.6–1.6% of implantations are associated with neurologic deficit, how-
ever [160–162]. Patients with hypertension are at higher risk for intracerebral hem-
orrhage. The risk also increases with the number of electrode passes needed [134, 
163, 164]. While it had previously been thought that risk of hemorrhage increased 
with age, this was not borne out in at least one study [126].

�Hardware-Related�Complications

Hardware-related complications have been estimated to occur in 5–9% of patients 
[159, 165]. Such complications may include infection, device malfunction such as 
electrode/wire break or implantable pulse generator malfunction, skin erosion, and 
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Table 5.1 Complications of deep brain stimulation for Parkinson disease

Related to procedure
  Intracerebral hemorrhage
  Subdural hematoma
  Venous infarction
  Postoperative seizure
  CSF leak
  Wound infection
  Pulmonary embolisum
  Pneumonia
  Perioperative confusion
Related to hardware
  Infection
  Skin erosion
  Electrode/wire break
  Pulse generator malfunction
  Lead migration
Related to stimulation
  All targets

   Dysarthria
   Paresthesias
   Motor contractions
  Specific to thalamic stimulation

   Postural instability
   Ataxia
   Limb weakness
  Specific to GPi stimulation

   Blurry vision
   Light flashes
   Worsening akinesia
  Specific to STN stimulation

   Diplopia/ocular deviation
   Lightheadedness
   Sweating
   Dyskinesias
   Hemiballismus
   Dysphagia
   Apraxia of eyelid opening
   Weight gain
   Cognitive impairment
    Psychiatric symptoms (depression, suicide, anxiety, apathy, hypomania, impulse control 

disorders)
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lead migration [162, 165]. Diathermy, a form of treatment involving the production 
of heat in a part of the body by high-frequency electric currents, is contraindicated 
in someone with a DBS system. In one patient, induction of a radiofrequency cur-
rent and heating of the electrodes by diathermy caused damage to the brain [166]. 
In another patient, a brain lesion was produced by the heating of a DBS electrode 
associated with MRI of the lumbar spine [167]. Thus, MRI of any part of the body 
other than brain is contraindicated after having DBS. MRI of the brain is believed 
to be safe in DBS patients as long as the manufacturer’s recommendations are fol-
lowed [168, 169].

�Stimulation-Related�Effects

Stimulation-related side effects vary with the surgical target, and can often be mini-
mized with reprogramming. Stimulation-related side effects of VIM stimulation 
include dysarthria, paresthesias, dystonia, postural instability, ataxia, and limb 
weakness [129, 170, 171]. Stimulation-related side effects related to pallidal stimu-
lation may include blurry vision or light flashes, dysarthria, paresthesias, or motor 
contractions [134, 172, 173].

Common side effects of STN stimulation include dysarthria, paresthesias, motor 
contractions, diplopia, lightheadedness, sweating, dyskinesias, or hemiballismus 
[174–177]. Other side effects of STN stimulation that have been reported include 
apraxia of eyelid opening, weight gain, cognitive impairment, impaired recognition 
of emotions, and psychiatric symptoms such as impulse control disorders, depres-
sion, anxiety, apathy, and hypomania [109, 111, 178–180]. Apraxia of eyelid open-
ing is infrequent, and the mechanism is poorly understood. The weight gain usually 
happens in the first 3 months after surgery [181], but may continue in many patients 
[182, 183]. The underlying mechanism remains unclear but may be related to reduc-
tion of energy output, improved alimentation, or a direct influence on lateral hypo-
thalamic function. In a perioperative study evaluating brain metabolism with PET 
imaging up to 4 months after DBS placement, weight gain was associated with 
changes in brain metabolism in limbic and associative areas, indicating a possible 
mechanism [180].

Cognitive and psychiatric effects post-DBS have been well studied in recent 
years [184–186]. In general, there does not appear to be any major decline in global 
cognitive functioning after GPi or STN DBS in appropriately selected patients. 
However, in most studies of STN DBS, verbal fluency and executive dysfunction 
consistently decline after surgery [128, 187, 188]. Psychiatric effects have also been 
reported more with STN DBS as opposed to GPi DBS, though it is not always clear 
if it is due to stimulation or the procedure. Elevated suicide, depression, hypomania 
and impulse control disorders have all been reported to occur or worsen with STN 
DBS [121–123, 189, 190]. However, in the head-to-head studies comparing GPi to 
STN stimulation, GPi has not been unequivocally demonstrated to be a better target 
with respect to neuropsychological side effects [128, 139].
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 Future Directions and Advances in DBS Technology

As a technologically intensive therapy, it is logical that many of the advances in 
DBS would come through technological innovations. Over the past decade, devel-
opments in both surgical technique and device design have increased accessibility 
to the surgery and improved efficiency. Future developments will hopefully improve 
efficacy and decrease side effects.

�Intraoperative�Image�Guidance�for�Electrode�Insertion

Traditionally, DBS surgery for PD has relied on pre-operative imaging, utilizing a 
skull-mounted stereotactic frame, and confirmation of electrode placement with micro-
electrode recording and test stimulation in an awake patient off Parkinson medications. 
It is therefore difficult to perform the surgery in patients who cannot tolerate their 
Parkinson symptoms when withdrawn from medications or in those with severe anxi-
ety regarding frame placement or awake surgery. Recent technological breakthroughs 
now allow the use of real-time intraoperative imaging with MRI or CT to permit accu-
rate DBS electrode placement in patients under general anesthesia [191–193]. 
Intraoperative visualization of the target utilizing MRI permits adjustments to account 
for any brain shift that may occur with intracranial air or guide tube placement. 
Outcomes have been promising. In an early prospective series of patients implanted in 
the STN utilizing interventional MRI, clinical outcomes, including improvement in 
UPDRS III score, were similar to published outcomes for traditional DBS electrode 
placement [194]. The accuracy of DBS electrode placement for CT and MRI guided 
techniques is reported as 0.8–1.2 mm for MRI and 1.59 mm for CT [191, 194, 195]. Li 
et al., have proposed the addition of an MR-compatible robotic arm to further enhance 
the accuracy of electrode placement [196]. While these techniques improve our ability 
to precisely place an electrode deep within the brain, experience and understanding of 
the best anatomical target are still required to achieve the best outcomes.

�Developments�in�Implanted�Hardware

 Current Steering and Field Shaping

Often the therapeutic window of deep brain stimulation is limited by side effects 
caused by undesirable electrical stimulation of structures surrounding the target of 
interest. Implantable electrodes currently on the market consist of four cylindrical 
contacts arranged longitudinally at the distal tip of the lead. By using monopolar or 
bipolar stimulation through different contacts, the volume of the region stimulated 
may be controlled. With current lead designs, the volume stimulated is typically 
arranged symmetrically around the lead, forming a spherical or ellipsoid region of 
stimulation. Electrodes currently being evaluated have 12–32 contacts at the distal 
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end of the lead, which allows for “directional steering” of the stimulation current 
[197]. This may help to enhance stimulation at the target while avoiding stimulation 
of surrounding structures [198].

 Closed Loop Stimulation

Current implanted pulse generators for DBS output a constant stream of stimulation, 
without regard to patients’ current symptoms or brain physiology. This may be lik-
ened to previous generation cardiac pacemakers, which provided a pacing signal 
regardless of whether it was needed. Current cardiac pacemakers are capable of ana-
lyzing heart rhythms to determine when stimulation is required. Research is progress-
ing to determine what brain signals may be used to provide an appropriate feedback 
signal [199, 200]. Recordings of local field potentials surrounding the DBS electrode 
[201, 202] and at the motor cortex [79] have noted abnormal synchronization, particu-
larly in the beta range, in patients with PD. STN DBS has been found to abolish this 
abnormal synchronization [203]. In a short-term clinical trial of closed loop stimula-
tion using STN beta local field potentials, the amount of time spent with stimulation 
in the on state was reduced by approximately 50%, with an improvement in motor 
symptoms similar to continuous DBS [204]. By reducing the time of active stimula-
tion, it may be possible to maintain or improve efficacy while preserving battery life.

 Conclusions

DBS has been a revolutionary advance for patients suffering from PD. The discov-
ery that DBS could improve PD symptoms (beginning with tremor) was serendipi-
tous, but we are finally coming to understand how DBS works to exert its effect. 
DBS improves the cardinal features of tremor, bradykinesia and rigidity, and reduces 
motor complications from levodopa therapy. While there are certainly risks associ-
ated with the procedure, the benefits can be dramatic for appropriately selected 
patients. Surgical techniques have improved over the years and as more centers are 
established, patients will have increased accessibility to this life changing proce-
dure. The technology behind DBS hardware continues to improve and we envision 
that DBS will continue to be a mainstay of PD therapy for years to come.
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Chapter 6
Electrical Stimulation for the Treatment 
of Dysphagia

Sue Pownall, Pam Enderby, and Lise Sproson

Abstract Dysphagia is the term used to describe swallowing disorders usually result-
ing from a neurological or physical impairment of the oral, pharyngeal or oesophageal 
mechanisms. Difficulty with swallowing may have life threatening consequences and 
can lead to an impaired quality of life. Electrical stimulation has recently become of 
interest to clinicians working with people presenting with dysphagia due to its reha-
bilitation potential especially for pharyngeal stage swallowing disorders. The electro-
therapies for dysphagia can be divided into two main groups; those that are peripherally 
delivered and those where the stimulation is delivered cortically. This chapter outlines 
a number of electro-therapies as treatment approaches for dysphagia. The rationale for 
the use of each technique in the treatment of dysphagia is explained and an overview 
of the current published literature reported.

Keywords Dysphagia • Electrical stimulation • Electro-therapies • Neuro-muscular 
electrical stimulation • Repetitive transcranial magnetic stimulation

 Introduction

Dysphagia is the term used to describe a swallowing disorder usually resulting from 
a neurological or physical impairment of the oral, pharyngeal or oesophageal mech-
anisms. The significance of dysphagia has only relatively recently been appreciated. 
It has a marked impact on survival, general health and quality of life. There are a 
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range of approaches to the assessment of dysphagia which is important given that 
aspiration (food or liquid entering the lungs) as a result of impaired swallowing can 
be easily overlooked, and if untreated may result in the person developing pneumo-
nia. The most significant method of improving dysphagia is by detecting its pres-
ence, nature and severity through appropriate assessment. Without this, appropriate 
interventions cannot be implemented and, conversely inappropriate interventions 
may not be avoided.

Dysphagia can be a transient, persistent or a progressively worsening symptom 
according to the underlying pathology. The normal swallow has four interconnected 
physiological phases:

 1. oral preparatory phase
 2. oral phase
 3. pharyngeal phase
 4. oesophageal phase

The first three of these together are termed the oropharyngeal phase [1]. The 
‘normal’ swallow needs the respiratory, oral, pharyngeal, laryngeal and oesopha-
geal anatomical structures to function in synchrony, which is dependent upon the 
cognitive, motor and sensory nervous system being intact. Disorders of swallowing 
are associated with increased likelihood of aspiration, chest infections, and under 
nutrition. Pneumonia is common sequelae of dysphagia and is associated with 
higher costs of care [2].

�Incidence�and�Prevalence�of�Dysphagia

Disordered swallowing has been recognised as a significant problem following stroke. 
Whilst stroke is the third most common cause of death and the most important cause 
of long-term disability most stroke-related deaths are due to medical complications of 
the stroke, rather than directly due to the neurological damage. Only 10% of stroke-
related deaths are caused by neurological deficits, while 30% of post-stroke deaths are 
due to pneumonia [3]. In 67% of patients pneumonia manifests within 48 h of admis-
sion [4]. Clinical studies show evidence of dysphagia in over 70% of stroke patients 
[5]. In 75% of patients with early swallowing problems dysphagia will continue to be 
moderate to severe, and in 15% it will remain profound [6]. Preventing pneumonia 
with early and effective treatment of dysphagia could have a significant impact on 
survival, patient experience, functional recovery and costs.

Dysphagia is a common symptom associated with progressive neurological dis-
ease with 200/100,000 UK population having difficulties with swallowing associ-
ated with Parkinson’s disease [7]. Furthermore, more than 90% of those with motor 
neurone disease (ALS) will develop this symptom at some point in the course of the 
disorder. Sixty-eight percent of those with dementia in nursing homes have been 
reported as having difficulty swallowing and this is considered a low estimate [8]. 
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Suckling and swallowing are common problems associated with cerebral palsy (57 
and 38%) in the first 12 months of life [9].

Dysphagia is, also, now recognised as a symptom of concern in many other con-
ditions such as COPD [10], head and neck cancer [11], thermal burn injury [12] and 
acquired brain injury [13]. A study of those having cervical discectomy and fusion 
indicated an incidence of dysphagia in 50.3% of patients [14].

�Impact�of�Dysphagia

Dysphagia can present in many ways, and the patient may demonstrate one or sev-
eral of the following symptoms:

• Food spillage from lips
• Taking a long time to finish a meal
• Poor chewing ability
• Dry mouth
• Drooling
• Nasal regurgitation
• Food sticking in the throat
• Poor oral hygiene
• Coughing and choking
• Regurgitation
• Weight loss
• Repeated chest infections

Difficulty with swallowing may have life threatening consequences and can lead 
to an impaired quality of life. This may be due to embarrassment and lack of enjoy-
ment of food, which can have profound social consequences for both the person and 
members of the family.

�Role�of�the�Speech�and�Language�Therapist�in�the�Management�
of�Dysphagia

Speech and language therapists/speech pathologists have a unique role in the assess-
ment, diagnosis and management of oropharyngeal dysphagia. The aims and objec-
tives of speech and language therapy interventions for dysphagia depend on the type 
and nature of the dysphagia, the underlying cause, and the needs and preferences of 
the individual. Considering the safety of the swallow, managing aspiration and pre-
venting complications are of paramount concern. In children the aims and objec-
tives will change as appropriate to the age as the child’s anatomy and neurological 
abilities alter with growth and development [15].

6 Electrical Stimulation for the Treatment of Dysphagia



140

The overall aims of the speech and language therapist working with an individual 
with dysphagia include:

• accurate assessment (there may be multiple assessments over time) leading to 
accurate diagnosis of dysphagia which may assist with the differential medical 
diagnosis.

• ensuring safety (reducing or preventing aspiration) with regards to swallowing 
function.

• balancing these factors with quality of life, taking into account the individual’s 
preferences and beliefs.

• working with other members of the team, particularly dieticians, to optimise 
nutrition and hydration.

• stimulating improved swallowing with oral motor/sensory exercises, swallow 
techniques and positioning.

Speech and language therapists (SLTs) will often provide education and training 
for those responsible for providing nutrition, hydration and mealtime support (fam-
ily, professionals, and relevant others) and maintain links with the multi- disciplinary 
team to ensure good communication. SLTs are pivotal in the team supporting long- 
term management of those with dysphagia associated with a long-term chronic or 
progressive condition. There is evidence that some individuals discharged with a 
percutaneous endoscopic gastrostomy (PEG) tube can have these removed once 
swallowing improves. The speech and language therapist has a role in monitoring 
change of swallowing over time. Appropriate insertion or removal of PEGs is asso-
ciated with improved quality of life and reduced health and social care costs.

Management of dysphagia frequently requires environmental modifications, safe 
swallowing advice, appropriate dietary modification, and the application of swal-
lowing strategies, which improve the efficiency of swallow function and reduce the 
risk of aspiration [16–18].

Many of these interventions are designed to minimise symptoms of dysphagia 
rather than aimed at restoring physiological deficits, and thus are only providing 
compensatory management. Successful rehabilitation of the pharyngeal phase 
impairments remains a unique challenge to clinicians. Research into electrical 
 stimulation techniques is gaining interest due to its rehabilitation potential espe-
cially for pharyngeal stage swallowing disorders.

 Electrical Stimulation in Dysphagia

Electrical stimulation became of interest to clinicians working with people present-
ing with dysphagia following its successful use as a treatment intervention by phys-
iotherapists for disorders such as foot drop and facial paralysis, where muscles are 
stimulated to enhance their function and performance [19]. There are, however, a 
number of different electrico-therapeutic interventions which have been proposed 
as treatment options for dysphagia and it is necessary to differentiate between them.
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We will address the following:

• transcutaneous neuromuscular electrical stimulation (NMES or TNMES), via 
stimulation to sensory nerve fibres, which primarily supports circulation to 
the swallowing muscles; or where a muscle contraction is stimulated primar-
ily to strengthen the muscles of swallowing via stimulation to motor nerve 
fibres

• palatal electrical stimulation, where the palate is stimulated with a specific train-
ing device

• pharyngeal electrical stimulation (PES), where an intraluminal catheter is placed 
in the pharynx as a source of peripheral sensorimotor input

• Functional magnetic stimulation (FMS) a non-invasive method of stimulating 
the muscles and nerves of swallowing via a coil rather than electrodes

• repetitive transcranial magnetic stimulation (rTMS), a non-invasive method of 
stimulating the brain, which is thought to be effective in controlling the excit-
ability of the motor cortex

• transdirect current stimulation (tDCS), where a weak electrical current is passed 
over the brain by the use of surface electrodes

• paired associative stimulation, where pharyngeal electrical stimulation (PES) is 
paired with direct transcranial electrical stimulation

Each treatment approach will be outlined. The rationale for the use in the treat-
ment of dysphagia will be explained and an overview of the current evidence for 
each intervention will be reported. The electro-therapies for dysphagia can be 
divided into two main groups; peripherally delivered and cortically delivered 
stimulation.

�Peripherally�Delivered�Stimulation�Approaches

 Transcutaneous Neuromuscular Electrical Stimulation

Transcutaneous neuromuscular electrical stimulation is a relatively new therapeutic 
intervention for the treatment of swallowing disorders and was first approved by the 
Food and Drug Administration in USA in 2001 as a treatment for dysphagia. 
Although it is used as a treatment modality in the USA, it is currently not used in 
routine clinical practice in the UK and other European countries although the effi-
cacy of NMES for the treatment of dysphagia is being investigated in a small num-
ber of research studies.

Transcutaneous neuro-muscular electrical stimulation can be defined as “the 
external control of innervated but paretic or paralytic muscles by electrical stimula-
tion of the corresponding intact peripheral nerves” [20]. It is referred to in the litera-
ture by a potentially confusing variety of acronyms (NMES, TNMES, EMS, TES, 
TC and the trademarks VitalStim and AMPCARE™). For the consistency for this 
chapter, the acronym NMES will be used.
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NMES is a non-invasive technique, involving application of an electrical current 
to the targeted muscle groups via the skin using electrodes placed on the skin sur-
face. The source of the electrical current is usually from a battery powered hand 
held stimulator unit (see Fig. 6.1).

Fig. 6.1 Equipment and placement site of the Ampcare™ Effective Swallowing Protocol device 
(With permission from Professor Patrick McAdoo)
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The hypothesis of transcutaneous electrical stimulation for the treatment of dys-
phagia is two-fold. Firstly, that by targeting the musculature of the oropharynx with 
electrical current, the muscles required for swallowing will be strengthened. It is 
postulated that by increasing the intensity of the electrical current, the electrical 
field penetrates deeper and depolarizes nerve endings in muscles to produce a mus-
cle contraction. This process aims to strengthen the innervated muscles [21] and 
may protect striated muscles from atrophy [22, 23]. Secondly, stimulation of the 
sensory pathways may promote reorganization of the motor cortex and enhance 
motor relearning.

During volitional muscle contraction that occurs in traditional exercise, type I 
motor unit fibres are typically recruited first whereas in NMES, the fast twitch mus-
cle fibres (type II motor unit fibres) are activated first and it is postulated that this 
pattern of recruitment will lead to enhanced muscle strengthening [22, 23]. This is 
considered to be a positive aspect of NMES in the treatment of dysphagia since a 
number of the muscles of swallowing are thought to have a higher proportion of 
type II motor unit fibres; for example the digastric muscle and middle pharyngeal 
constrictor muscles. However, although muscle strength may be gained during 
NMES, the carryover to functional activities is not thought to be as great as that of 
active exercises due to this manner of motor recruitment being opposite to usual 
recruitment [24]. This is thought to be especially true when the exercise is tailored 
to match the motor unit activation pattern of the desired movement.

When NMES is combined with traditional swallow exercises, the simultaneous 
recruitment of both types I and II muscle fibres during the combined therapy is 
thought to generate larger swallowing muscle force and enhance the therapeutic 
effect above that of NMES or exercise alone in dysphagia treatment. The greatest 
gains may thus be obtained when NMES is paired with resistance training and/or 
functional activities [25]. When using NMES as an adjunct treatment technique, an 
individual often produces more numerous and more frequent swallows during the 
treatment session than with exercise alone and this repetitive action of swallowing 
may help to explain the improved overall therapeutic effect which has been found in 
some studies [26–29]. Additionally, the electrical stimulation combined with swal-
lowing practise and exercise can increase swallowing excitability in the motor cor-
tex of the brain and facilitate motor learning.

The placement of electrodes during electrical stimulation for treating dyspha-
gia is an area of some controversy particularly as the muscles involved in swal-
lowing are small and many are overlapping. Suprahyoid muscles including the 
anterior belly of the digastric, the mylohyoid, and the geniohyoid muscles are 
responsible for the anterior and superior movement of the hyoid. Whilst the infra-
hyoid muscles such as the sternohyoid, omohyoid, and sternothyroid muscles 
depress the hyoid.

When swallowing, the movement of the larynx in both an upward and forward 
direction is critical for closure of the laryngeal vestibule and the reduction in the risk 
of aspiration occurring during the swallow process. Reduced elevation and superior 
motion of the larynx, which are common occurrences in people presenting with 
dysphagia, is usually as a result of reduced hyoid movement.
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When the electrodes are placed on the group of infrahyoid muscles, the electrical 
current is thought to reach the sternohyoid and omohyoid muscles first, because the 
sternohyoid muscle is larger and closer to the surface than the thyrohyoid muscle. 
However, as the sternohyoid and omohyoid muscles pull the hyoid bone down-
wards, this site of electrode placement has been found to result in a downward 
movement of the hyoid [30, 31]. It is suggested that this could be a detrimental 
movement to patients who present with dysphagia? as it may put them at greater risk 
of aspiration as a result of the airway remaining open during the swallowing process 
[30]. This is especially likely if the individual is consuming diet and/or fluid at the 
same time as the stimulation is being received.

However, a further theory explored in the literature [30] is that such a movement 
during swallowing, may produce a resistance against upward displacement of the 
hyolaryngeal structures and so may strengthen the suprahyoid muscles and thyrohy-
oid muscle which lift the larynx. With this debate in mind some may thus consider 
that the electrode placement on the suprahyoid muscles may be a safer placement to 
achieve hyolaryngeal elevation in dysphagic patients with weak muscles and 
reduced hyolaryngeal elevation.

One of the most commonly used NMES techniques in the USA for treating 
patients with dysphagia incorporates electrode placements which stimulate both the 
suprahyoid and infrahyoid muscles [22]. This technique was developed by a team 
based in Chattanooga, USA and is marketed under the trade name of VitalStim 
Therapy. The intervention uses a pair of electrodes usually positioned bilaterally on 
the digastric muscles and the other on the thyrohyoid muscle. The electrical current 
is delivered via a hand held stimulator unit for a period of up to 60 min whilst the 
patient produces voluntary swallows. At regular intervals throughout each treatment 
session, patients are asked whether they can tolerate greater current intensity. Use of 
increased intensities facilitates progressively stronger muscle contractions, with the 
aim of achieving maximum treatment outcomes.

Studies reported in the literature have used the protocol over an intervention 
period of up to 5 days a week, for up to approximately 4 weeks of intervention. 
Some authors use this electrode placement with a current intensity at a sensory level 
only whilst others set the intensity at both a sensory and motor level. Different 
nerves are thought to be stimulated by increasing the intensity of the electrical stim-
ulation. At the lower levels, the electrical current will stimulate just the afferent 
nerves (sensory nerves). The patient is reported to feel the electrical stimulation 
perhaps as a ‘tingling sensation’ but no muscles are contracting. As the intensity 
increases, some of the efferent nerves (motor nerves) will be stimulated resulting in 
a muscle contraction. During the treatment sessions, patients are generally encour-
aged to swallow boluses of oral intake via voluntary swallowing activity.

In contrast, a further protocol cleared by the FDA in USA for the treatment of 
dysphagia uses electrodes positioned only on the submental musculature, in order to 
target the anterior digastric, mylohyoid and geniohyoid muscles (the suprahyoid 
muscles) as these protract and elevate the hyoid bone and raise the larynx. This 
protocol is marketed under the trade name of the Ampcare Effective Swallowing 
Protocol.™
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This protocol uses different electrode placement and different treatment param-
eters to the previously described protocol (Fig. 6.1). However, the electrical current 
is also provided via a hand held stimulator unit. The stimulus is set according to the 
maximum patient tolerance level and aims to produce a motor unit response level 
muscle contraction. This protocol differs from the previously described technique, 
as the patient is encouraged to carryout simultaneous laryngeal exercises during the 
stimulation period rather than taking oral intake. The exercises are produced against 
resistance, by incorporating a specially designed neck brace, which acts as a resis-
tive device for the patient to work against. Pulse duration/width is an adjustable 
parameter during this technique, allowing the clinician to select the most comfort-
able parameter for the patient. Treatments are generally 5 days a week for a period 
of around 4–6 weeks.

The parameters are adjusted during the intervention period to encourage the indi-
vidual to work harder during the sessions. In Week 1, treatment involves a total of 
60 stimulations (each lasting 5 s) during which the patients carry out exercises and 
then swallow. In Week 2, the rest period between pulses of stimulation is reduced, 
so that patients receive a total of 72 stimulations during the session. In Weeks 3 and 
4, patients receive a total of 90 stimulations.This procedure is postulated to encour-
age progressive muscle strengthening. The exercises completed during each pulse 
of stimulation are specifically selected to target hyoid and laryngeal elevation.

The aim of combining the resistive exercises simultaneously with the stimulation 
aims to strengthen and improve functional swallowing movement patterns through 
muscle contraction against resistance. It also aims to improve cortical reorganiza-
tion and neurovascular coupling, and provide an overload principle to muscles, to 
increase range of motion and strength.

Since an initial study by Freed et al. [22], there have been a considerable number 
of studies investigating the therapeutic effect of NMES on swallow function. The 
majority of these have focussed on dysphagia post stroke. Baijens and colleagues 
[32] have looked at Parkinson’s disease and found no significant effects when com-
pared to traditional therapy – however they only used a single session of stimula-
tion. Ryu et al. [33] looked at dysphagia following head and neck cancer and found 
no significant differences between NMES and traditional therapy.

Within the stroke dysphagia population, there have been conflicting findings 
within the literature. This may in part be due to the heterogeneity of the treatment 
protocol across studies – some have used NMES alone versus traditional therapy 
techniques, whereas others have used it as an adjunct. Differing electrode types 
have been used, with different electrode application sites and different treatment 
parameters. Many studies have also been criticised for use of small sample sizes, 
lack of randomised controls and lack of blinding or inter-rater reliability controls 
[22, 28, 34].

These limitations make meta-analysis a challenge and so there remains a need 
for large scale, randomised controlled trials using explicit reporting of electrode 
type, placement and treatment parameters before decisions regarding clinical adop-
tion of this technique can be made. Several systematic reviews [35, 21] and meta- 
analysis studies [36–38] have been completed, although they each acknowledge the 
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limitations inherent in combining studies with significant heterogeneity. A Cochrane 
review in 2012 [39] summarises the position, stating that the evidence on NMES (as 
with the other electrical stimulation approaches) “remains unclear”.

Given the cautionary notes above regarding the difficulty in extrapolating defini-
tive answers from the current evidence base regarding NMES and treatment efficacy 
post stroke dysphagia, Table 6.1 summarises the main points from the available lit-
erature to date.

 Palatal Electrical Stimulation

Electrical stimulation via a palatal prosthesis as a treatment for post stroke dyspha-
gia has been explored in a small number of patients who present with delayed trig-
gering of the swallow. This technique involves fitting each patient with an 
individually made palatal appliance (constructed from a dental impression). 
Electrodes extend posteriorly from an acrylic plate and are designed to contact the 
soft palate. The electrodes are not placed at a specific point on the soft palate; rather 
the aim is to deliver general stimulation to the palate.

Palatal electrical stimulation is founded upon the hypothesis that the stimulation 
will excite sensory feedback and so result in stimulation of an involuntary swallow 
reflex. Electrical stimulation is generally provided at 1-s intervals and the patients 
are asked to swallow a bolus during stimulation [40].

This technique has been explored in a very small number of studies [40, 41] 
which developed from earlier work on mechanical/thermal stimulation of the  faucial 
arches in order to trigger swallowing. Following a failure to demonstrate treatment 
efficacy of mechanical/thermal stimulation, these studies investigated whether elec-
trical stimulation to the palate might prove more effective. The earlier study by Park 
[40] concluded that palatal electrical stimulation had improved swallow function in 
2 out of 4 patients in a case series; however the Power study [41] used a real versus 
sham design on 16 patients with post stroke dysphagia and found no evidence of 
functional change. The technique has received little attention since this period and 
is unlikely to be adopted into routine clinical practice, as other electro- therapeutic 
approaches have offered more promising results.

 Pharyngeal Electrical Stimulation

The use of pharyngeal electrical stimulation (PES), as a treatment for dysphagia has 
been explored primarily by Hamdy and colleagues [42–44], mainly via trials on 
healthy volunteers and then on patients with dysphagia post stroke.

In this approach, the electrical input is provided via an intraluminal pharyngeal 
catheter, placed into the pharynx via either the nasal or oral cavity. The catheter is 
connected to an electrical stimulator base unit, which generates a stimulus accord-
ing to set parameters.
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The stimulation in this technique is described as a sensorimotor input which 
primarily activates the afferent nerves. However, when given at higher intensities 
the stimulation can “evoke small twitches of the pharyngeal musculature” ([45] p8). 
This approach is designed to exploit neuroplasticity by enhancing the excitability 
and organisation of the motor cortex in the brain. Stimulation is described in studies 
as being for around 10 min a day for a period of 1–3 days [46].

Much of the earlier research into PES and dysphagia has focussed on stroke – 
and specifically on the acute phase of stroke [46]. However, Vasant [47] looked at 
PES in more chronic post stroke dysphagia; concluding that data collection at 3 
months post stroke showed that PES expedited recovery of swallow function in 
comparison to traditional therapy. A Cochrane review by Geeganage et  al. [39] 
reported that PES “reduced pharyngeal transit time” of the bolus during swallowing 
and this approach therefore justifies further larger randomised controlled trials, par-
ticularly studies which evaluate the economic efficacy of this approach, and its lon-
ger term health outcomes.

 Functional Magnetic Stimulation

A much more recently investigated type of neurorehabilitation of swallowing is 
functional magnetic stimulation (FMS). This type of neuromodulation involves a 
current pulse passing through a coil to generate a magnetic field (Fig. 6.2), causing 
stimulation to nerves and muscles, in FMS the current is applied peripherally, over 
targeted muscle groups.

FMS stimulates nerves and muscles by changing the electrical potential of the 
nerve cell wall and if this change is large enough, an action potential in the nerve 
will be generated. If the nerve is a motor nerve a muscle fibre is activated.

The principles behind FMS can be thought of as largely similar to those for neu-
romuscular electrical stimulation, but FMS is postulated by some to achieve a 
greater range of depth to stimulate deep tissue without pain [48].

With FMS it is speculated that it may be possible to induce improved contract-
ibility of pharyngeal muscle groups and neuro-modulation of swallowing-related 
muscle groups by stimulation of the pharyngeal muscles and their dominant nerves 
through FMS [49]. One of the afferent pathways of the swallowing reflex is the 
sensory branch of the vagus nerve from the pharyngeal mucosa. It is speculated that 
if the vagus nerve is stimulated, it is possible that afferent input from the oropharynx 
could act on the swallowing reflex centre in the medulla oblongata and on the cere-
bral cortex. As research protocols using FMS have not involved oral intake, it is 
thought that this intervention can be carried out safely even for patients with severe 
dysphagia [49].

It should be noted that currently, this technique has only been investigated by a 
very small group of researchers, through research studies using small numbers of 
subjects. These studies have often included uncontrolled trial designs and therefore 
more research – including larger, randomised controlled trials – will be required 
before this technique could be considered for translation into clinical practice.

S. Pownall et al.



149

�Cortically�Delivered�Stimulation�Approaches

Repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current 
stimulation (tDCS) deliver stimulation to the cerebral cortex and have also been 
investigated as potential tools for facilitating recovery of swallowing function. 
These two different interventions are considered to be non-invasive and appear to be 
safe when used according to established safety guidelines [50].

 Repetitive Transcranial Magnetic Stimulation

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive method of 
stimulating the brain and it is thought to be effective in controlling the excitability 
of the motor cortex and in reducing the inhibitory imbalance between the hemi-
spheres after stroke [26].

Stimulation is usually via a figure-of-eight coil positioned over one of the two 
hemispheres of the brain (Figs. 6.2 and 6.3). High frequency magnetic stimulation 
of an affected hemisphere is postulated to increase the excitability of the cortex, 

Fig. 6.2 Circular and 
figure of eight coils for 
delivery of cortical 
stimulation (With 
permission from Professor 
A.T. Barker)
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whereas low-frequency stimulation of the unaffected hemisphere lowers cortical 
excitability, which might decrease the imbalance between the hemispheres [26, 51, 
52]. The stimulation of neuronal networks is thought to outlast the actual stimula-
tion period by 30–60  min [53, 54]. However, the exact recovery mechanism of 
rTMS is currently unclear. Positive effects of rTMS in stroke patients with dyspha-
gia have been reported in some studies [55–59]. However, each study uses a differ-
ent magnetic stimulation frequency with no definitely established protocol.

Some of the current evidence regarding rTMS relates to studies on normal sub-
jects, or on virtual lesions [60] a number of small studies have investigated the 
potential of rTMS to rehabilitate swallow function either by use of rTMS alone 
[55–58] or in combination with intensive traditional swallow rehabilitation  exercises 
[59]. Each of these studies found positive effects of rTMS on swallow function 
(although using varying outcome measures). Caution should be applied to these 
findings however as very small sample sizes have been used to date and several of 
the studies used uncontrolled designs. Evidence based guidelines for the use of 

Fig. 6.3 The first 
repetitive transcranial 
magnetic stimulation 
(rTMS) system developed 
in Sheffield, UK (With 
permission from Professor 
A. Barker)
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rTMS [61] have included stroke within the clinical applications they evaluated, 
however their conclusions relate to the effects on general motor deficit, aphasia and 
hemineglect rather than dysphagia.

 Transcranial Direct Current Stimulation

Transcranial direct current stimulation (tDCS) is an additional non-invasive tech-
nique that has been investigated in a small number of studies [62–66]. During tDCS 
a weak electrical current is passed over the brain via two surface electrodes placed 
on the scalp to produce changes in neuronal excitability [62]. The effects of tDCS 
are dependent on the direction of the current flow. Doeltgen ([63] p209) suggests 
that “anodal stimulation of the motor cortex generally produces facilitation of motor 
cortical excitability, whereas cathodal stimulation reduces it”.

It is postulated that the application of tDCS to the cortical motor and sensory 
pharyngeal areas can improve swallowing function when combined with traditional 
swallowing activities [45, 60, 62]. Shigematsu et al. [50] showed beneficial effects 
of tDCS in conjunction with traditional dysphagia therapy exercises post stroke.

Although tDCS is cheaper and easier to carryout than rTMS, and there have been 
several studies which have shown favourable results, the sample sizes have been 
small and there remain unanswered questions regarding the optimum dose for stim-
ulating the motor cortex and also the optimal site for electrode placement over the 
cerebral cortex.

Many of the studies so far on clinical populations have focussed on stroke. 
However, Restivo [64] investigated the effects of tDCS versus pharyngeal electrical 
stimulation (PES) on multiple sclerosis related dysphagia. Patients who received 
real versus sham tDCS made significantly greater improvement on measures of 
swallow function and also penetration-aspiration scales under videofluoroscopy, 
however there was no significant difference between tDCS and PES groups, 
although the authors reported that tDCS was better tolerated than PES.

Consideration of the timing of the measurement of any beneficial effects must 
also be made; Yang [65] found no significant difference between tDCS plus tradi-
tional therapy versus sham stimulation plus traditional therapy immediately after 
treatment, however at 3 months, the tDCS group showed improvement on dyspha-
gia outcome measures (when factors of age, time post onset etc. were controlled 
for). Further research is therefore required to determine whether this intervention 
should be adopted into clinical practice.

 Paired Associative Stimulation (PAS)

Michou and colleagues [66] looked at pairing pharyngeal electrical stimulation with 
direct transcranial electrical stimulation. They first tested the technique on virtual 
lesions in healthy volunteers, which they created by repetitive transcranial magnetic 
stimulation over the pharyngeal cortex. They reported reversing the lesions with 
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10 min of paired stimulation (compared to sham stimulation) and then went on to 
evaluate the effects of PAS in a proof-of principle study on six patients with dyspha-
gia post stroke. They found that PAS to the contralesional pharyngeal motor cortex 
“increased excitability of the unaffected hemisphere,” (p  37) accompanied by a 
reduction in severity of aspiration and/or laryngeal penetration and reduced bolus 
flow times through the pharynx. This is currently early phase research on a small 
sample size and the authors acknowledge further research will be required into the 
potential treatment efficacy of this approach. It is also interesting to speculate 
whether other stimulation approaches might be paired and to what effect in future 
studies.

 Future Direction

With the application of electrical stimulation techniques to the treatment of dysphagia 
the aim is to improve or recover swallowing function. The outcome for the patient is 
likely improved nutritional status and quality of life and the prevention of deleterious 
health outcomes; moreover the outcome for the health economy is likely reduced 
costs, due to reduction in occurrence of dysphagia related complications such as aspi-
ration pneumonia and reduction in hospital admissions which are costly to the health 
economy. Many of the electrical stimulation techniques described in this chapter are 
showing positive trends as treatment approaches for oropharyngeal dysphagia how-
ever before they can be translated into routine clinical practice further research is 
indicated to answer the emerging questions around dose response effects, standardised 
protocols for intervention and evidence around which patient populations respond 
maximally to each method, particularly over the longer term. Many of the studies 
discussed have included functional changes to the swallow as an outcome measure for 
example the Functional Oral Intake Scale (FOIS) [67] which describes on a seven 
point scale the foods and drinks that a person is able to take orally or via a PEG. However 
fewer studies have included specific physiological measures which could objectively 
quantify changes in the swallowing biomechanics eg measures of laryngeal elevation 
or airway closure timings following the e-stimulation intervention.

The positive effects being described in the literature regarding the efficacy of the 
different electrical stimulation techniques for treating oropharyngeal dysphagia 
may yield exciting benefits for patients in the coming years. Carefully controlled 
and fully powered trials are needed to ensure clinical practise is evidence based and 
targeted at providing maximal clinical benefits to patients.

The selection of a specific modality for an individual patient will need to be based 
on the underlying physiological features of the swallowing deficit. Knowing the spe-
cific features for remediation from detailed assessment procedures will allow specific 
therapeutic protocols to be developed and specific outcome measures to be utilised. 
The identification and clear understanding of stimulation effects on the underlying 
pathophysiology of swallowing disorders and on the central nervous system organ-
isation will allow individualised treatment protocols to be designed [68].
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Before we can apply these promising treatments more widely to the general dys-
phagia population we need to improve our understanding of the efficacy of each 
individual technique. The challenge for both clinicians and researchers is to com-
plete large scale robust research trials which incorporate control groups, randomisa-
tion processes and clear outcome measures on homogeneous samples of patients. 
Only then can the full potential of electrical stimulation for the treatment of dyspha-
gia be fully determined.

References

 1. Logemann J. Evaluation and treatment of swallowing disorders. San Diego: College-Hill Press 
Inc; 1983.

 2. Katzan IL, Dawson NV, Thomas ME, Votruba ME, Cebul RD. The cost of pneumonia after 
acute stroke. Neurology. 2007;68:1938–43.

 3. Heuschmann PU, Kolominsky-Rabas PL, Roether J, Misselwitz B, Lowitzsch K, Heidrich J, 
et al. Predictors of in-hospital mortality in patients with acute ischemic stroke treated with 
thrombolytic therapy. JAMA. 2004;292(15):1831–8.

 4. Hassan A, Khealani BA, Shafgat S, Aslam M, Salahuddin N, Syed NA, et al. Stroke-associated 
pneumonia: microbiological data and outcome. Singapore Med J. 2006;47(3):204–7.

 5. Martino R, Foley N, Bhogal S, Diamant N, Speechley M, Teasell R. Dysphagia after stroke: 
incidence, diagnosis, and pulmonary complications. Stroke. 2005;36(12):2756–63.

 6. Mann G, Hankey GJ, Cameron D. Swallowing function after stroke. Prognosis and prognostic 
factors at six months. Stroke. 1999;30(4):744–8.

 7. Hartelius L, Svensson P. Speech and swallowing symptoms associated with Parkinson’s dis-
ease and multiple sclerosis: a survey. Folia Phoniatr. 1994;46(1):9–17.

 8. Steele C, Greenwood C, Ens I, Robertson C, Seidman-Carlson C. Mealtime difficulties in a 
home for the aged: not just dysphagia. Dysphagia. 1997;12:43–50.

 9. Reilly S, Skuse D, Poblete X. Prevalence of feeding problems and oral motor dysfunction in 
children with cerebral palsy: a community survey. J Pediatr. 1996;129(6):877–82.

 10. McKinstry M, Tranter M, Sweeney J. Outcomes of dysphagia intervention in a pulmonary 
rehabilitation program. Dysphagia. 2010;25(2):104–11.

 11. McCabe D, Ashford J, Wheeler-Hegland K, Frymark T, Mullen R, Musson N, et al. Evidence- 
based systematic review: Oropharyngeal dysphagia behavioral treatments. Part IV- Impact of 
dysphagia treatment on individuals’ postcancer treatments. 2 J Rehabil Res Dev. 2009;46(2): 
205–14.

 12. Ward E, Uriate M, Conroy A. Duration of dysphagic symptoms and swallowing outcomes after 
thermal burn injury. J Burn Care Rehabil. 2001;22(6):441–53.

 13. Ward E, Green K, Morton A. Patterns and predictors of swallowing resolution following adult 
traumatic brain injury. J Head Trauma Rehabil. 2007;22(3):184–91.

 14. Frempong-Boadu A, Houton JK, Osborn B, Opulencia J, Kells L, Guida DG, Roux 
P. Swallowing and speech dysfunction in patients undergoing anterior cervical discectomy and 
fusion: a prospective, objective preoperative and post-operative assessment. J Spinal Disord 
Tech. 2002;15(5):362–8.

 15. Logemann J. Evaluation and treatment of swallowing disorders. (rev. ed). Austin: PRO-ED and 
St. Tammany Parish Schools Dysphagia Team; 1998.

 16. Crary M, Groher M. Introduction to adult swallowing disorders. Philadelphia: Butterworth- 
Heinemann; 2003.

 17. Costa Bandeira A, Azevedo E, Vartanian JG, Nishimoto I, Kowalski L, Carrara-de AE. Quality 
of life related to swallowing after tongue cancer treatment. Anna Karinne Dysphagia. 
2008;23(2):183.

6 Electrical Stimulation for the Treatment of Dysphagia



154

 18. Rosenvinge S, Starke I.  Improving care for patients with dysphagia. Age Ageing. 
2005;34(6):587–93.

 19. Robbins SM, Houghton PE, Woodbury MG, Brown JL. The therapeutic effect of functional 
and transcutaneous electric stimulation on improving gait speed in stroke patients: a meta- 
analysis. Arch Phys Med Rehabil. 2006;87:853–9.

 20. Huckabee ML, Doeltgen S. Emerging modalities in dysphagia rehabilitation: neuromuscular 
electrical stimulation. N Z Med J. 2007;120:U2744.

 21. Clark H, Lazarus C, Arvedson J, Schooling T, Frymark T. Evidence-based sustematic review: 
effects of neuromuscular electrical stimulation on swallowing and neural activation. Am 
J Speech Lang Pathol. 2009;18:361–75.

 22. Freed ML, Freed L, Chatburn RL, Christian M. Electrical stimulation for swallowing disorders 
caused by stroke. Respir Care. 2001;46(5):466–74.

 23. Blumenfeld L, Hahn Y, LePage A, Leonard R, Belafsky PC. Transcutaneous electrical stimula-
tion versus traditional dysphagia therapy: a nonconcurrent cohort study. Otolaryngol Head 
Neck Surg. 2006;135(5):754–7.

 24. Clark HM.  Neuromuscular treatments for speech and swallowing: a tutorial. Am J  Speech 
Lang Pathol. 2003;12(4):400–15.

 25. Mysiw WJ, Jackson RD. Electrical stimulation. In: Braddom RL, editor. Physical medicine 
and rehabilitation. Philadelphia: Saunders; 1996. p. 464–87.

 26. Lim KB, Lee HJ, Lim SS, Choi YI. Neuromuscular electrical and thermal-tactile stimulation 
for dysphagia caused by stroke: a randomized controlled trial. J  Rehabil Med. 
2009;41:174–8.

 27. Park JW, Kim Y, Oh JC, Lee HJ. Effortful swallowing training combined with electrical 
stimulation in post stroke dysphagia: a randomized controlled study. Dysphagia. 
2012;27:521–7.

 28. Kushner DS, Peters K, Eroglu S, Perless-Carroll M, Johnson-Greene D. Neuromuscular elec-
trical stimulation in acute stoke feeding tube-dependent dysphagia during inpatient rehabilita-
tion. Am J Phys Med Rehabil. 2013;92(6):486–95.

 29. Lee KW, Kim SB, Lee JH, Lee SJ, Ri JW, Park JG. The effect of early neuromuscular electrical 
stimulation therapy in acute/subacute ischaemic stroke patients with dysphagia. Ann Rehabil 
Med. 2014;38(2):153–9.

 30. Ludlow C, Humbert I, Saxon K, Poletto C, Sonies B, Crujido L. Effects of surface electrical 
stimulation in chronic pharyngeal dysphagia. Dysphagia. 2007;22:1–10.

 31. Humbert IA, Poletto CJ, Saxon KG, Kearney PR, Crujido L, Wright-Harp W, et al. The effect 
of surface electrical stimulation on hyolaryngeal movement in normal individuals at rest and 
during swallowing. J Appl Physiol. 2006;101:1657–63.

 32. Baijens LW, Speyer R, Passos VL, Pilz W, Van der Kruis J, Haarmans S, Desjardins-Rombouts 
C. Surface electrical stimulation in dysphagic Parkinson patients: a randomized clinical trial. 
Laryngoscope. 2013;123(11):38–44.

 33. Ryu JS, Kang JK, Park JY, Nam SY, Choi SH, Roh JL, et al. The effect of electrical stimulation 
therapy on dysphagia following treatment for head and neck cancer. Oral Oncol. 2009;45:665–8.

 34. Gallas S, Marie JP, Leroi AM. Sensory transcutaneous electrical stimulation improves post- 
stroke dysphagic patients. Dysphagia. 2010;25:291–7.

 35. Ayala KJ, Cruz KJ. Transcutaneous electrical stimulation in dysphagia treatment: is there suf-
ficient evidence? Tex J Audiol Speech Lang Pathol. 2008;31:37–54.

 36. Carnaby-Mann G, Crary M. Examining the evidence on neuromuscular electrical stimulation 
for swallowing, a meta-analysis. Arch Otolaryngol Head Neck Surg. 2007;133:564–71.

 37. Tan C, Liu Y, Li W, Liu J, Chen L. Transcutaneous neuromuscular electrical stimulation can 
improve swallowing function in patients with dysphagia caused by non-stroke diseases: a 
meta-analysis. J Oral Rehabil. 2013;40:472–80.

 38. Chen YW, Chang KH, Chen HC, Liang WM, Wang YH, Lin YN. The effects of surface neuro-
muscular electrical stimulation on post-stroke dysphagia: a systematic review and meta- 
analysis. Clin Rehabil. 2015. doi:10.1177/0269215515571681

S. Pownall et al.

http://dx.doi.org/10.1177/0269215515571681


155

 39. Geeganage C, Beavan J, Ellender S, Bath PM. Interventions for dysphagia and nutritional sup-
port in acute and subacute stroke. Cochrane Database Syst Rev. 2012;10:CD000323.

 40. Park CL, O’Neill PA, Martin DF. A pilot exploratory study of oral electrical stimulation on 
swallow function after stroke: an innovative technique. Dysphagia. 1997;12(3):161–6.

 41. Power M, Fraser CH, Hobson A, Singh S, Tyrell P, Nicholson D, Turnbull I, Thompson DG, 
Hamdy S. Evaluating oral stimulation as a treatment for dysphagia after stroke. Dysphagia. 
2006;21:49–55.

 42. Hamdy S, Rothwell JC, Aziz Q, Singh KD, Thompson DG.  Long term re-organization of 
human motor cortex driven by short term sensory stimulation. Nat Neurosci. 1998;1(1):64–8.

 43. Hamdy S, Aziz Q, Rothwell JC.  Recovery of swallowing after dysphagic stroke realtes to 
functional reorganization in the intact motor cortex. Gastroenterology. 1998;115(5):1104–12.

 44. Hamdy S, Rothwell JC, Aziz Q, Thompson DG. Organization and reorganization of human 
swallowing motor cortex: implications for recovery after stroke. Clin Sci. 2000;99(2):151–7.

 45. Mistry S, Michou E, Vasant D, Ghannouchi I, Verin E, Hamdy S. New techniques – future. 
J Gastroenterol Hepatol. 2014;3(5):1080–7.

 46. Jayasekeran V, Singh S, Tyrrell P, Michou E, Jefferson S, Mistry S, et al. Adjunctive functional 
pharyngeal electrical stimulation reverses swallowing disability following brain lesions. 
Gastroenterology. 2010;138(5):1737–46.

 47. Vasant DH, Michou E, Tyrrell P, Mistry S, Jayasekeran V, Hamdy S. Pharyngeal electrical 
stimulation (PES) expedites swallowing recovery in dysphagia post-acute stroke: a phase II 
double-blinded randomised controlled trial. Gastroenterology. 2014;146(5):S-77.

 48. Momosaki R, Abo M, Watanabe S, Kakuda W, Yamada N, Mochio K. Functional magnetic stimu-
lation using a parabolic coil for dysphagia after stroke. Neuromodulation. 2014;17(7):637–41.

 49. Momosaki R, Abo M, Watanabe S, Kakuda W, Yamada N. Functional magnetic stimulation 
over suprahyoid muscle can induce plastic change in swallowing motor cortex. Arch Phys Med 
Rehabil. 2014;95 10(e91–e92):0003–9993.

 50. Shigematsu T, Fujishima I, Ohno K. Transcranial direct current stimulation improves swallow-
ing function in stroke patients. Neurorehabil Neural Repair. 2013;27(4):363–9.

 51. Hummel F, Celnik P, Giraux P, Floel A, Wu WH, Gerloff C, et al. Effects of non-invasive corti-
cal stimulation on skilled motor function in chronic stroke. Brain. 2005;128(pt3):490–9.

 52. Hummel FC, Cohen LG. Non-invasive brain stimulation: a new strategy to improve neurore-
habilitation after stroke? Lancet Neurol. 2006;5:708–12.

 53. Stefan K, Kunesch E, Cohen LG, Benecke R, Classen J. Induction of plasticity in the human 
motor cortex by paired associative stimulation. Brain. 2000;123:572–84.

 54. Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC. Theta burst stimulation of the 
human motor cortex. Neuron. 2005;45:201–6.

 55. Verin E, Leroi AM.  Poststroke dysphagia rehabilitation by repetitive transcranial magnetic 
stimulation: a non-controlled pilot study. Dysphagia. 2009;24(2):204–10.

 56. Khedr EM, Abo-Elfetoh N. Therapeutic role of rTMS on recovery of dysphagia in patients 
with lateral medullary syndrome and brainstem infarction. J  Neurol Neurosurg Psychiatry. 
2010;81(5):495–9.

 57. Kim L, Chun MH, Kim BR, Lee SJ. Effect of repetitive transcranial magnetic stimulation on 
patients with brain injury and dysphagia. Ann Rehabil Med. 2011;35:765–71.

 58. Cheng IK, Chan KM, Wong CS, Cheung RT.  Preliminary evidence of the effects of high- 
frequency repetitive transcranial magnetic stimulation (rTMS) on swallowing functions in 
post-stroke individuals with chronic dysphagia. Int J Lang Commun Disord. 2015;50(3):389–
96. doi:10.1111/1460-6984.12144.

 59. Momosaki R, Abo M, Kakuda W. Bilateral repetitive transcranial magnetic stimulation com-
bined with intensive swallowing rehabilitation for chronic stroke dysphagia: a case series 
study. Case Rep Neurol. 2014;6(1):60–7.

 60. Jefferson S, Mistry S, Michou E, Singh S, Rothwell JC, Hamdy S. Reversal of a virtual lesion 
in human pharyngeal motor cortex by high frequency contralesional brain stimulation. 
Gastroenterology. 2009;137:841–9.

6 Electrical Stimulation for the Treatment of Dysphagia

http://dx.doi.org/10.1111/1460-6984.12144


156

 61. Lefaucheur JP, Obadia NA, Antal A, Ayache SS, Baeken C, Benninger D, et al. Evidence based 
guidelines on the therapeutic use of repetitive transcranial magnetic stimulation. Clin 
Neurophysiol. 2014;125(11):2150–206.

 62. Kumar S, Wagner CW, Frayne C, Zhu L, Selim M, Feng W, et al. Noninvasive brain stimula-
tion may improve stroke-related dysphagia: a pilot study. Stroke. 2011;42:1035–40.

 63. Doeltgen S, Huckabee ML. Swallowing rehabilitation: from the research laboratory to routine 
clinical application. Arch Phys Med Rehabil. 2012;93:207–13.

 64. Restivo DA, Casabona A, Marchese-Ragona R. Transcranial direct current stimulation (TDCS) 
for dysphagia associated to multiple sclerosis. Clin Neurophysiol. 2014;125:1–205.

 65. Yang EJ, Baek SR, Shin J, Lim JY, Jang HJ, Kim YK, Paik NJ. Effects of transcranial direct 
current stimulation (tDCS) on post-stroke dysphagia. Restor Neurol Neurosci. 
2012;30(4):303–11.

 66. Michou E, Mistry S, Jefferson S, Singh S, Rothwell J, Hamdy S. Targeting unlesioned pharyn-
geal motor cortex improves swallowing in healthy individuals and after dysphagic stroke. 
Gastroenterology. 2012;142:29–38.

 67. Crary MA, Carnaby-Mann GD, Groher M. Initial psychometric assessment of a functional oral 
intake scale for dysphagia in stroke patients. Arch Phys Med Rehabil. 2005;86(8):1516–20.

 68. Poorjavad M, Moghadam ST, Ansari NN, Daemi M. Surface electrical stimulation for treating 
swallowing disorders after stroke: a review of the stimulation intensity levels and the electrode 
placements. Stroke Res Treat. 2014;24:918057. HTTP://DXDOI.ORG/10.1155/2014/918057.

 69. Permsirivanich W, Tipchatyotin S, Wongchai M, Leelanmit V, Setthawacharawanich S, 
Sathirapanya P, et al. Comparing the effects of rehabilitation swallowing therapy vs. neuro-
muscular electrical stimulation therapy among stroke patients with persistent pharyngeal dys-
phagia: a randomized controlled study. J Med Assoc Thia. 2009;92(2):259–65.

 70. Bulow M, Speyer R, Baijens L, Woisard V, Ekberg O. Neuromuscular electrical stimulation 
(NMES) in stroke patients with oral and pharyngeal dysfunction. Dysphagia. 2008;23:302–9.

 71. Langdon C, Backer D. Dysphagia in stroke: a new solution. Stroke Res Treat. 2010:570403. 
doi:10.4061/2010/570403.

 72. National Institute for Health and Care Excellence. Transcutaneous neuromuscular electrical 
stimulation for oropharyngeal dysphagia. NICE interventional procedure guidance (IPG490). 
2014. ISBN 978-1-4731-0529-4.

S. Pownall et al.

http://dxdoi.org/10.1155/2014/918057
http://dx.doi.org/10.4061/2010/570403


157© Springer International Publishing AG 2017 
A. Majid (ed.), Electroceuticals, DOI 10.1007/978-3-319-28612-9_7

Chapter 7
Vagal Nerve Stimulation for the Treatment 
of Heart Failure

Emma J. Radcliffe and Andrew W. Trafford

Abstract Despite the availability of several different therapies, heart failure 
remains a leading cause of death worldwide, with high mortality and morbidity 
rates. One prognostically important feature of heart failure, that remains unaltered 
by conventional therapy, is vagal withdrawal. Vagal nerve stimulation (VNS) allows 
the direct manipulation of vagal tone, via implantable pulse generators. Deemed 
both safe and tolerable for human use, pre-clinical and clinical data indicate promis-
ing improvements of left ventricular function with chronic VNS therapy. Despite 
several proposed mechanisms, little is understood about how the cardioprotective 
effect is mediated, leaving several unanswered questions for ongoing research and 
clinical trials.

Keywords Heart failure • Systolic dysfunction • Vagus • Nerve • Vagal nerve stim-
ulation • Left ventricle • Ejection fraction • Heart rate • Heart rate variability • 
Inflammation

 Introduction

Heart failure represents a significant global health problem, affecting almost 23 mil-
lion people worldwide [1]. In the United Kingdom alone it is estimated that around 
550,000 people are living with heart failure [2]. The prevalence of heart failure 
increases considerably with age, and in particular there is a much higher disease 
prevalence in those over 75 [2]. Given our aging population, and that more effective 
treatments for acute cardiovascular events are now in place, heart failure represents 
a final common pathway for the growing number of patients surviving initial car-
diac insults [3].
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�Defining�Heart�Failure

Heart failure is a term used in general to refer to some form of ventricular dysfunc-
tion. On the whole it describes a number of overlapping cardiac conditions and is 
often associated with terms such as acute, transient, chronic, diastolic and systolic. 
A more pertinent definition of heart failure has been proposed by the European 
Society of Cardiology (ESC) [4]; they term heart failure as a syndrome with which 
patients present with both the clinical signs and symptoms consistent with heart 
failure (see Table 7.1), and evidence of structural or functional abnormalities at rest.

For the purpose of this chapter the term heart failure will be used to describe 
chronic heart failure with reduced left ventricular ejection fraction as this accounts 
for around 80% of heart failure hospitalisations [4].

�Heart�Failure�Pathology

Heart failure is characterised not only by left ventricular dysfunction but also by 
chronic neurohumoral activation [5]. Sympathetic drive is increased in a bid to 
improve cardiac output, leading to a spill over of cardiac catecholamines and 
 resultant increase in circulating catecholamine levels [6]. Reduced cardiac output 
and the associated reduction in systemic blood pressure also lead to activation of the 
renin- angiotensin- aldosterone system, leading to abnormally high angiotensin II 
levels [7]. Initially this acts as a compensatory mechanism by both enhancing car-
diac output and maintaining perfusion pressure. However, chronic catecholamine 
exposure ultimately leads to deleterious remodelling of the cardiac ß-adrenergic 
axis; ß-receptors levels are down regulated [8] and desensitised due to downstream 
uncoupling [9], rendering the heart non-responsive to any increased metabolic 
demands. This is also paralleled by a reduction of parasympathetic control over the 

Table 7.1 Defining heart failure; heart failure patients will present with evidence from all three 
categories [2]

Category Example

Clinical symptoms Breathlessness at rest or during exercise
Fatigue
Tiredness
Ankle swelling

Clinical signs Tachycardia
Tachypnoea
Pulmonary rales
Pleural effusion
Raised jugular venous pressure

Objective evidence of structural or functional 
abnormality at rest

Cardiomegaly
Third heart sound
Cardiac murmurs
Echocardiogram abnormality
Raised natriuretic peptide concentration
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heart [10], resulting predominantly from loss of transduction at the level of the car-
diac parasympathetic ganglion [11]. In combination, enhance sympathetic drive and 
vagal withdrawal result in notable autonomic imbalance in heart failure. In end- 
stage heart failure the loss of sympathetic responsiveness and parasympathetic tone 
can be so severe that comparisons have been drawn between end-stage failing hearts 
and the de-innervated hearts of a transplant patient [12]. Further neurohumoral acti-
vation subsequently increases the demand on the non-responsive heart, increasing 
cardiac stress and thereby driving the progressive deterioration of cardiac function 
[13].This degeneration affects the muscular, conduction and connective tissues of 
the heart, resulting in extensive remodelling of the left ventricle (Fig. 7.1).

This vicious cycle of progressive decline in ejection fraction is ultimately fatal. 
Typically, there is only a 50% survival rate 4 years from the time of diagnosis, with 
40% of patients being re-hospitalised within the first year [14]. Although this is a 
poor prognosis, the time course of the disease does allow for chronic health care 
interventions to be instigated, with the aim of preventing further cardiac deteriora-
tion or preferably improving cardiac function in cardiac function.

Fig. 7.1 Heart failure is characterised by a drastic left ventricular remodelling; left ventricular 
dilation, wall thinning and reduced contractility in both the septum (open arrows) and free wall 
(closed arrows) can be observed using echocardiography

7 Vagal Nerve Stimulation for the Treatment of Heart Failure
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�Treating�Heart�Failure

 Current Guidelines

The currently recommended treatment for heart failure with reduced left  ventricular 
ejection fraction can be split into three major categories: (1) treatments targeting the 
underlying cause of heart failure, (2) pharmacological and (3) non-pharmacological 
heart failure therapies. Many cardiac conditions such as coronary artery disease, 
valvular disease, various cardiomyopathies and atrial fibrillation can all lead to the 
development of chronic heart failure. Consequently, the first line of heart failure 
treatment is to target these underlying conditions. Given the wide variety of these 
disorders it is beyond the scope of this chapter to discuss their specific treatment 
guidelines. However, it is important to recognise the impact that optimal manage-
ment of these conditions could have on the development and progression of heart 
failure, and also in the context of VNS because these treatments can entail modula-
tion of the autonomic nervous system (e.g. ß-blockers, see below). The guidelines 
for the treatment of developed chronic heart failure are outline in Fig. 7.2.

Pharmacological Treatments

The primary aim of pharmacological heart failure therapies is to target and counter-
act the excessive neurohumoral activation. Modulation of the renin-angiotensin-
aldersterone system is achieved using angiotensin converting enzyme (ACE) 
inhibitors, angiotensin receptor blockers (ARB’s) and mineralocorticoid receptor 
(MR) antagonists, whilst hyperactivity of the sympathetic nervous system is tackled 
at the level of the heart using β-blocker therapy. Recent reports suggest that around 
75% of patients admitted for coronary heart disease, the major cause of heart fail-
ure, are subsequently prescribed β-blockers and ACE inhibitors [15], a figure which 
appear to be on the increase [2]. Other pharmacological treatments include, diuret-
ics to relieve congestion and ivabradine and digoxin to reduce heart rate and myo-
cardial oxygen consumption. Despite the profound ability of such pharmacological 
agents to affect the target organ, the prognosis for heart failure patients remains 
poor; this raises the question – is there a need for a less organ- specific, more sys-
temic level treatments to be brought to clinic?

Non-pharmacological Treatments

Non-pharmacological therapies, such as cardiac resynchronisation therapy (CRT) 
and implantable cardioverter-defibrillators (ICD’s) are also available for qualifying 
patients. These treatments can be used to improve cardiac pump efficiency and pro-
tect against cardiac arrhythmias, which otherwise cause high rate of sudden cardiac 
death amongst the heart failure population.
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The availability of these treatments is likely the explanation for improvements in 
heart failure prognosis reported since there incorporation into clinical practice [16, 
17]. However, not all patients qualify for CRT and despite their availability, mortal-
ity rates still remain high.

Diuretics & ACE inhibitors (or ARB)

+b-blockers

Still NYHA class II-IV?

+ Mineralocorticoid receptor
antagonist

Still NYHA class II-IV?

LVEF ≤35%?

HR ≥70 bpm?

+ Ivabradine

Still NYHA class II-IV & LVEF ≤35%?

QRS duration ≥120 ms? 

Still NYHA class II-IV?
Maintain management &

monitoring

Eng stage?

Consider LVAD and/or transplant Consider digoxin and/or H-ISDN

Consider CRT-P or-D Consider ICD

Y

Y

Y

Y

N

N

N

N

N

N

Y

Y

Y
N

Y

N

Fig. 7.2 The current European guidelines for the treatment of chronic systolic heart failure 
(Adapted from [2]). ACE angiotensin converting enzyme, ARB angiotensin receptor blocker, 
NYHA New York Heart Association, LVEF left ventricular ejection fraction, HR heart rate, CRT- P 
cardiac resynchronisation therapy pacemaker, CRT–D cardiac resynchronisation therapy defibril-
lator, ICD implantable cardioverter-defibrillator, LVAD left ventricular assist device, H-ISDN 
hydralazine and isosorbide dinitrate (With permission © Jobn Wiley and Sons. [4])
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 Is there a Role for Vagal Nerve Stimulation?

Over recent years attention has turned to targeting the parasympathetic nervous sys-
tem. This hypothesis stemmed from the observation of parasympathetic withdrawal 
in heart failure [18], and that this shares a significant correlation with the progres-
sive loss of left ventricular function [19].Furthermore, this prognostically important 
characteristic of the disease remains unaltered by current heart failure therapies 
[20].Vagal nerve stimulation (VNS) provides a means of directly addressing para-
sympathetic tone, thus representing a new, emerging and promising step in the treat-
ment of heart failure.

It is the purpose of this chapter to firstly introduce the concept of VNS, what it 
is, and how it is implemented specifically to treat cardiac disease. Subsequently, 
pre-clinical and clinical data for the use of VNS will be discussed, as will the pro-
posed mechanisms of the treatment. Finally, the future of VNS in clinical practice 
and heart failure treatment will be considered.

 Vagal Nerve Stimulation

The first reported case of VNS can be traced back as far as 1883; when the neurolo-
gist James L. Corning described a form of manual external VNS for seizure sup-
pression [21]. VNS is still in use, and is probably best known for its applications in 
the treatment of epilepsy [22]. However, inevitable scientific advances mean that 
VNS now has applications in the treatment of several other conditions including 
depression [23], obesity [24] and heart failure. Technological advances have also 
lead to the development of much more sophisticated and specific stimulation 
protocols.

�What�Is�Vagal�Nerve�Stimulation?

VNS now describes the direct application of small electrical pulses to stimulate the 
vagus nerve. This is achieved using small, implantable, pacemaker-like devices and 
specially designed leads that allow direct contact between the electrodes and the 
nerve. In contrast to its use in epilepsy patients, VNS for the treatment of cardiac 
disease is predominantly performed on the right side. Right sided stimulation was 
initially used as the right nerve has a more potent effect on heart rate than the left 
[25]. In studies comparing right and left-sided stimulation, measures of cardiac 
function, such as improvements in left ventricular end systolic volume, left ven-
tricular end systolic diameter and aerobic exercise capacity, seem to favour right- 
sided VNS, although the differences are minor [26]. Stimulation leads are implanted 
at the level of the cervical vagus, 2–3 cm below the carotid artery bifurcation, with 
the cathode directed towards the heart (Fig. 7.3).
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�Stimulation�Parameters

Modern day devices allow the manipulation of several stimulation parameters; cur-
rent amplitude, pulse width, stimulation frequency, and the duty cycle can all be 
altered so that VNS treatment can be personalised for each case. Table 7.2 indicates 
the variation in stimulation parameters that have been used to date in the treatment 
of heart failure.

Current amplitude can be manipulated in order to selectively recruit the specific 
fibre groups of the nerve. Erlanger and Gasser were the first to distinguish three 
categories of nerve fibre; A fibres with a diameter of 5–20 μm, B fibres with a diam-
eter of <3 μm and C fibres with a diameter of 0.4–2μm [27]. They found the thresh-
old for action potential initiation to be inversely proportional to the square of the 
fibre diameter. Hence, with increasing current amplitudes fibres are recruited 
sequentially, in the order of A, B and C [27]. Specifically within the vagus,  activation 
thresholds are 0.02–0.2 mA for A fibres, 0.04–0.6 mA for B fibres and greater than 
2.0 mA for C fibres [28]. Both experimental and clinical stimulation amplitudes 
vary somewhat, with those used in animal studies typically sufficient to decrease 
heart rate by around 5–17% [29, 30]. VNS used in clinical practice is initiated at low 

Fig. 7.3 A schematic of the placement of a VNS lead and generator for the treatment of heart 
failure. VNS leads are implanted around the right cervical vagus. Tie downs are used to relieve any 
strain on the lead and the pulse generator is sealed in a subcutaneous pocket. VNS vagal nerve 
stimulation

7 Vagal Nerve Stimulation for the Treatment of Heart Failure
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amplitudes before the current output is increased incrementally. This up titration 
period is usually dictated or limited by patient comfort and/or the presence of unde-
sirable side effects such as cough and hoarseness. Typically slightly smaller heart 
rate reductions are achieved in clinical practice [31]; something that in isolation 
may have little relevance to VNS induced improvements in cardiac function (see 
below for more detail), but may instead be indicative of the level of VNS dosing.

Although to date there is no real evidence for which combination of stimulation 
parameters are most effective in the treatment of heart failure, some factors have 
been identified as potentially harmful. For example, stimulation frequencies of 50 Hz 
and above can cause irreversible neuronal damage [32]. Consequently, only stimula-
tion frequencies of 20–30 Hz have been approved for use by the United States Food 
and Drug Administration. Similarly, stimulation amplitudes of 4 mA should not be 
exceeded as above this point stimulation may become harmful. The risk of neuronal 
damage can also be reduced by using an intermittent or on/off stimulation protocol 
that is known as a duty cycle. ‘Off’ periods of as little as 5 s have been shown to 
reduce neuronal damage by as much as 75% [32], and in general reducing the stimu-
lation percentage of the duty cycle reduces risk of neuronal damage.

 Evidence for the Use of Vagal Nerve Stimulation to Treat 
Heart Failure

Given that VNS is still a somewhat emergent therapy for the treatment of heart failure, 
much of what is known is derived from pre-clinical or animal studies. The following 
section will review the experimental evidence supporting the use of VNS in heart 
failure, which has collectively led to its implementation in human clinical trials.

�Animal�Studies�of�Vagal�Nerve�Stimulation

One of the first, pivotal studies of VNS for the treatment of heart failure was per-
formed by Li et al. (2004). VNS (Table 7.2) was used in a rat, myocardial infarction 
(MI) model of heart failure. Six weeks of treatment reduced mortality rates from 
50% in sham treated controls to 14% at a 20 week follow up [29]. Of particular note 
in this study is that the cardioprotective effects of VNS were shown to extend beyond 
the termination of the treatment period. Improvements in survival were accompanied 
by improvements in left ventricular function; the increased end- diastolic left ven-
tricular pressure observed in heart failure (23.5 ± 4.2 mmHg) was reduced with VNS 
(17.1  ±  5.9  mmHg), and heart failure induced reductions in dp/dtmax 
(1987 ± 192 mmHg/s) were also reversed with treatment (4152 ± 237 mmHg/s) [29].

VNS induced improvements in left ventricular function have since been reported 
in several other models of heart failure, including larger animals. For example, VNS 
has been shown to improve left ventricular ejection fraction by around 10% when 
compared to untreated controls (40.1 ± 0.9 and 31.7 ± 1.1% respectively) in a canine 
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model of coronary microembolisation induced ischemic heart failure [33]. Zhang 
et al. (2009) also showed that VNS treatment reduces both end-systolic and end- 
diastolic pressures and increases left ventricular ejection fraction in a tachypaced 
canine model of heart failure [30]. More recently, it has also been shown that low- 
level VNS, insufficient to bring about acute heart rate reductions, can also improve 
left ventricular function. Low-level VNS significantly reduces end-systolic volume 
and increases left ventricular ejection fraction in dogs with failing hearts [34]. 
Together these studies indicate that the cardioprotective effects of VNS may extend 
beyond its acute effect on heart rate and haemodynamic function (see below for 
more detail). However, regardless of the underlying mechanism, this experimental 
data indicates the efficacy of VNS in larger animal models of heart failure; together 
these findings support VNS can be used to attenuate or in some instances even 
reverse deleterious left ventricular dysfunction. Larger animals share more closely 
matched anatomical [35] and electrophysiological [36] characteristics with the 
human heart, therefore this data collectively provides a vital platform from which 
theory can be translated into clinical practice. As a consequence, the first human 
trials for the use of VNS for the treatment of heart failure began in 2008 [31].

�Clinical�Evidence�for�the�Use�of�Vagal�Nerve�Stimulation�
to�Treat�Heart�Failure

Animal models of heart failure have provided strong experimental evidence of the 
potential of VNS therapy in chronic heart failure [29, 30, 33]. Given the established 
practice for the use of VNS in other patient groups, such as those with epilepsy [37] 
and depression [38], human clinical trials for VNS in the treatment of heart failure 
were quickly established and importantly for the first time were able to assess the 
effects of VNS alongside otherwise optimally managed treatment regimes.

The first ‘in human’ VNS trail for the treatment of heart failure was carried out 
in a small group of eight patients, with the aim of ascertaining whether VNS was 
feasible, safe and effective [31]. Patients received chronic stimulation (Table 7.2) 
and were followed up at 1, 3 and 6 months. Reported side effects of the treatment 
included cough, pain at the site of stimulation, mandibular pain and voice altera-
tions, although no side effects were deemed severe and all resolved over the course 
of the trial. Clinical outcomes of the treatment looked promising; left ventricular 
end-systolic volume was reduced from 208 ± 71 mls at baseline to 190 ± 83 mls 
following 6 months treatment. This was accompanied by a reduction in New York 
Heart Association (NYHA) classification, and increases in both quality of life scores 
and exercise capacity [31]. Given the success of the study it was extended to include 
a 12-month follow up, in a larger cohort of 32 patients [39]. Beneficial outcomes 
were maintained over the longer treatment period, and were even extended to 
include a significant improvement in left ventricular ejection fraction, from 
21.1 ± 7.5% at baseline to 34.1 ± 12.5 at 12 month follow up [39]. This work was 
the first to indicate the potential for translation of experimental findings into the 
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clinical setting. Consequently, following this initial success, larger scale trials were 
established to determine if such promising findings could be reproduced in the 
wider heart failure population. Subsequently, 3 multi-centre trials were set up: the 
Increase Of Vagal TonE in Heart Failure (INOVATE-HF) [40], the Autonomic 
Neural regulation Therapy to Enhance Myocardial function in Heart Failure 
(ANTHEM-HF) [41] and the NEuroCardiac TherApy foR Heart Failure study 
(NECTAR-HF) [42], all of which are ongoing.

The NECTAR-HF trial was similarly designed to assess the effects of VNS on 
ventricular function, ventricular dimensions, exercise capacity and quality of life 
[42], this time in a cohort of 96 patients [43]. Inclusion criteria included a left 
ventricular ejection fraction of ≤35%, left ventricular end-diastolic diameter of 
≥55 mm, and NYHA classification of II or III. Patients were randomised 2:1 into 
either the active treatment or control group, all of which partook in the 30-day 
titration period. Subsequently, interim results were released when patients 
reached the 6-month time point. In this instance, no favourable changes in left 
ventricular dimensions or function were reported. Changes in left ventricular 
end-diastolic and -systolic diameter, and left ventricular ejection fraction were 
similar to those of patients in the control group. No significant changes were 
found in either exercise capacity, measured as peak VO2, or brain natriuretic pep-
tide (BNP) levels. However, this study did demonstrate that VNS could improve 
both patient quality of life and NYHA classification, in the larger cohort. Given 
the lack of measurable functional improvements, this could be attributed to a 
placebo effect, particularly because improvements were only made in self-
reported measures and blinding throughout the trial was deemed compromised by 
the presence/ lack of stimulation related side effects [43]. The 18-month follow 
up results are still anticipated.

The primary objective of the INOVATE-HF study is to evaluate the safety and 
efficacy of VNS in heart failure patients by assessing the ‘time to first event’, defined 
as any unplanned hospitalisation for heart failure and all-cause mortality. They aim 
to enlist up to 650 patients displaying <40% left ventricular ejection fraction, 
NYHA Class III symptoms and with a QRS duration of <120 ms. Patients will be 
randomised 3:2 into an active VNS or standard optimal care treatment group. The 
study enrolled its first patient in April 2011, and the first outcome reports are antici-
pated during 2015 [40].

The ANTHEM-HF study instead aims to probe some of the key unanswered 
questions relating to the methodology such as whether left and right sided stimula-
tion have similar effects on left ventricular remodelling, whether the same out-
comes can be achieved with lower level stimulation, reducing the risk to benefit 
ratio, and whether the effects of VNS are additive to conventional β-blocker ther-
apy and independent of the heart rate effect? [41] 60 subjects were enrolled between 
July 2012 and July 2013, all with left ventricular ejection fraction ≤ 40%, 
 left ventricular end- diastolic volume between 50-80  mm, NYHA classification 
II-III and receiving optimal pharmacological care. All patients received VNS treat-
ment but were randomised on a 1:1 ratio into active VNS treatment via either the 
left or right cervical vagus nerve. Patients then underwent a 10-week titration 
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period and were subsequently followed up at 6 months [26]. In keeping with earlier 
clinical observations [18, 31] left ventricular function was enhanced following 
treatment; left ventricular ejection fraction was increased by 4.5% when left and 
right-sided stimulation data was grouped. NYHA classification was improved in 
77% of patients, with none showing worsening, which may be otherwise expected 
due to the progressive nature of the condition. The only significant difference 
observed between patients receiving right and left sided stimulation was an attenu-
ated improvement in exercise capacity, as measured by 6-min walk test, in the left-
sided group. Other efficacy measures, including left ventricular ejection fraction, 
end-systolic and -diastolic volumes, all appeared to favour right-sided stimulation. 
However, differences were not great enough to draw definitive conclusions [26].

Overall, clinical trials of VNS have repeatedly shown the treatment to positively 
impact upon left ventricular function and quality of life in patients receiving other-
wise optimal care, the only exception being the NECTAR trail. The failing of this 
study to improve structural or functional outcome measures of left ventricular func-
tion was unexpected, and contradictory. In this study up-titration of stimulation 
amplitude was not as great as in other trials (see Table 7.2). Consequently, the lack 
of improvement in outcome measures was attributed in part to a general lack of 
understanding of optimal stimulation parameters and dosing [43]. This highlights a 
key limiting factor to advances in cardiac VNS therapy- little is truly understood 
about the parameters contributing to and mechanisms mediating the cardioprotec-
tive effect.

 Proposed Mechanisms of VNS

�VNS�and�Vagal�Tone

The primary rationale behind the use of VNS in the treatment of chronic heart fail-
ure is to directly target autonomic imbalance by upregulating parasympathetic 
drive. Direct measures of vagal tone are possible, but highly invasive, with the risk 
often outweighing the reward. Consequently, the use of direct measures is restricted 
to experimental studies, where alternatives will not suffice. Several less invasive 
indirect measures of vagal tone do exist, including measures of baroreflex sensitiv-
ity [44] and heart rate variability (HRV) [45].

�Heart�Rate�Variability

 Time Domain Heart Rate Variability

HRV describes the study of the variation in time interval between cardiac beats. 
Commonly reported simplistic measures include the standard deviation of consecu-
tive RR intervals (SDNN), the standard deviation from the average RR interval 
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(SDANN) and the mean number of times consecutive RR intervals exceeds 50 mil-
liseconds (pNN50). These are termed ‘time-domain’ measures as they are solely 
concerned with the time between beats. SDNN is reduced in chronic heart failure 
patients [46] and time domain HRV has been routinely shown to have a significant 
prognostic importance in those with cardiac disease; reduced SDNN is a significant 
predictor of cardiac events, even once other risk factors such as age, smoking status 
and left ventricular hypertrophy are accounted for [47]. More specifically, SDNN 
was found to be the most powerful predictor of risk of death due to heart failure 
progression, when compared to several measures of left ventricular remodelling 
[48]. Many studies of VNS in the treatment of heart failure have therefore assessed 
HRV as an outcome measure. Increases in SNDD [30], pNN50 [39] and SDANN 
[43] have all been reported with VNS treatment. Although time-domain HRV has a 
strong prognostic value, and was previously thought to be a measure predominantly 
influenced by vagal activity, sympathetic action and heart rate [49] can also have a 
profound effect on all HRV parameters. Consequently, all HRV data should be inter-
preted carefully with consideration for these factors. Vagal activity can be assessed 
in more isolation by using frequency domain parameters of HRV.

 Frequency Domain Heart Rate Variability

Frequency domain aspects of HRV can be assessed by transforming RR interval 
data into frequency power spectra, most commonly by using a fast Fourier transfor-
mation (FFT). Frequency data can then be split into frequency categories, repre-
senting different autonomic influences on the heart. Sympathetic activity is 
mediated by noradrenaline, activating G-protein coupled receptors and the subse-
quent initiation of an intracellular second messenger signalling cascade. However, 
parasympathetic, acetylecholine mediated activation occurs via muscarinic recep-
tors and its effect is facilitated by proteins predominantly situated in the cell mem-
brane [50]. In combination with the quicker reuptake of acetylecholine than 
noradrenaline [51], this results in changes in parasympathetic activation influenc-
ing heart rate more rapidly than sympathetic activity. Consequently, low frequency 
(LF, 0.04–0.15  Hz) HRV changes are often attributed to sympathetic activity, 
whereas high frequency (HF, 0.15–1.0 Hz) changes are attributed to vagal activity 
[45]. As would be expected with the autonomic imbalance observed in heart fail-
ure, during the compensatory state there is an increase in LF HRV and a reduction 
in HF HRV [12], representative of chronic sympathetic activation and vagal with-
drawal. The limited data for the effects of VNS on frequency domain HRV suggests 
that it is capable of both reducing LF HRV and increasing HF HRV to produce a 
more favourable LF:HF ratio [30]. However, in light of the knowledge that VNS 
affects heart rate, appropriate corrections for heart rate changes do need to be 
incorporated into these studies before true conclusions on changes in vagal tone 
can be drawn.

Preferential changes in both time- and frequency-domain HRV parameters, along 
with chronic heart rate changes [26, 29, 31, 34, 39], and enhanced baroreflex sensi-
tivity [30] all suggest that VNS treatment can chronically alter parasympathetic 
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tone, thereby restoring a more favourable autonomic balance. Although clearly ben-
eficial in a prognostic sense, it is the mechanistic implications of this, which remain 
less well understood.

Enhanced parasympathetic tone could act on the heart in a variety of way; ben-
efits could be attributed to cross-talk between the parasympathetic and sympathetic 
systems, causing reductions in the adrenergic hyperactivity. However, the therapeu-
tic effect of VNS is still seen in patients receiving optimal β-blocker therapy [26, 39, 
43, 52]. Indeed, it is not yet clear whether the effects are mediated through stimula-
tion of efferent fibres having a direct cardiac effect or through vagal afferents and 
the central cardiac control centres. This section will therefore go on to discuss some 
of the potential mechanisms that have been proposed, as outlined in Fig. 7.4.

�VNS,�Heart�Rate�and�Haemodynamics

One very simplistic explanation for the therapeutic effects of VNS in heart failure is 
that the stimulation may induce a chronic heart rate reduction, similar to those seen 
with existing therapies such as β-blockers and ivabradine [53]. In this instance rate 
reduction is allows time for more efficient ventricular filling and consequently larger 
stroke volumes. Indeed both animal [29] and human [26, 31] studies have shown 
chronic heart rate reductions with VNS, even when acute heart rate reductions are 
only modest [39] or non-existent [34]. However, beneficial outcomes have still been 
reported in the absence of chronic heart rate changes [30, 43]. One study in particular, 
using a tachypaced model of heart failure, completely eliminated the effects of VNS 
upon heart rate. Improvements of left ventricular function were still observed under 
these conditions [30]. Hence, it appears likely that the effects of VNS upon heart rate 
are not crucial to mediating its therapeutic effect. However, it has been suggested that 
the presence of a heart rate reduction may magnify the therapeutic effect of VNS 
[34]. This could explain the lack of reversal of left ventricular dysfunction reported 
in the NECTAR-HF trial where no chronic heart rate changes were observed [43]. It 
has also been suggested that heart rate changes may simply represent a preferential 
shift in autonomic balance towards parasympathetic dominance [31]. Regardless, it 
is clear that further understanding of the contribution of heart rate in VNS is vital, and 
consequently this is a major ongoing aim of current clinical trials [41].

�VNS�and�Inflammation

An additional factor with may contribute to the therapeutic effects of VNS in heart 
failure are its anti-inflammatory capabilities. Heart failure is associated with both 
chronic cardiac and systemic inflammation. Consequently, the supression of this 
inflammatory response could contribute to the therapeutic outcomes observed with 
VNS treatment.
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Patients with chronic heart failure display with elevated levels of circulating 
inflammatory markers such as tumour necrosis factor (TNF) α, interleukin (IL) -1β 
and IL-6 [54–57]. Increased levels of inflammatory cytokines have been reported in 
the myocardium itself [58] and are thought to be produced in response to the 
increased left ventricular end diastolic wall stress in the failing heart [59]. Overspill 
of the heightened myocardial cytokine levels into the coronary circulation may 
 contribute to the elevated circulating levels [60]. Several other organs and cell types 
have also been implicated in contributing, including the liver, lungs, leukocytes and 
endothelial cells [59]. Importantly, levels of circulating cytokines have been shown 
to share a significant correlation with NYHA classification and left ventricular dys-
function [56, 57, 60], raising the possibility that, rather than merely reflecting a 
more severely diseased state, they may play an active role in the pathophysiology of 
progressive cardiac dysfunction [59].

Several studies have examined the effects of VNS on circulating cytokine levels 
in chronic heart failure. Experimentally, VNS reduces both myocardial and plasma 
IL-6 and TNFα levels in multiple models of heart failure at a 3 month follow up 
[61]. The first in-man trial of VNS for the treatment of heart failure demonstrated 
that chronic stimulation was also capable of reducing plasma IL-6 levels in humans. 
However, the positive findings observed at 3 months were not maintained at the full 
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Fig. 7.4 The proposed mechanisms underlying the cardioprotective effects of VNS are extensive 
and highly interlinked. VNS vagal nerve stimulation, LV left ventricular
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6-month follow up. This was attributed to the deterioration of a subset of patients 
at the latter time point [31]. Subsequently, others have shown that VNS is can cause 
sustained longe- term alterations in inflammatory marker expression. Hamann 
et al. (2013) showed that reductions in both IL-6 and TRNα reported at 3 months 
of treatment could be maintained and even slightly enhanced at a later 6 month 
follow up [34].

Strong evidence exists for the pathway of vagal involvement in inflammation 
suppression in macrophages [62], whereby acetylcholine released from the nerve 
binds nicotinic receptors, inhibiting TNF release; an effect mediated by the nico-
tinic receptor α7 subunit [63]. It therefore appears likely that activation of this path-
way may be responsible for some of the downregulation in circulating cytokines 
observed in VNS treated heart failure. However, given that myocardial TNFα and 
IL-6 levels are also reduced with VNS, it seems plausible that other yet unidentified 
pathways may also contribute.

In many instances the cardioprotective effects of VNS have been attributed to 
its anti-inflammatory actions. However it is important to consider that anti-TNF 
treatments for chronic heart failure have also been subject to large-scale multi-
centre trails with limited positive and even negative outcomes [64, 65]. 
Consequently, although reduction in IL-6 and TNFα levels may represent a prog-
nostic improvement in heart failure patients, their role in mediating the cardiopro-
tective effect remains questionable. More recently attentions have turned to the 
more promising role of VNS in macrophage control following acute ischemic 
injury [66].

�VNS�and�Electrophysiological�Remodelling

As the severity of left ventricular dysfunction increases in chronic heart failure 
patients so too does the occurrence of ventricular arrhythmias [67]. Normal car-
diac rhythm is dependent on the electrical coupling of myocytes to allow syn-
chronous contraction. In heart failure there are a number of mechanisms that can 
disrupt this and so contribute to the onset of arrhythmias; these include structural 
cardiac remodelling, such as scar formation and cellular remodelling, ion channel 
 remodelling and alterations in calcium homeostasis. In the following sections we 
will consider how some of these may be beneficially altered by VNS and thus give 
rise to a potential antiarrhythmic effect of VNS. It is also worth considering that 
by reducing inflammation, VNS may also be limiting the formation of pro-
arrhythmic substrates within the heart and thus VNS may be acting at multiple 
levels as a  cardioprotective, anti-inflammatory, antiarrhythmic and inotropic 
factor.

Electrical coupling of cardiomyocytes is achieved by connexins, small channels 
in the plasma membrane, which allow a physical continuation of cytoplasm 
between adjoining cells [68]. Heart failure is associated with a degree of gap junc-
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tion remodelling; distribution is shifted from the intercalated disks to the lateral 
borders of the cell [69], and there is a reduction in both connexin-43 mRNA and 
protein levels [70, 71]. Heterogeneous reductions in connexin-43, to a similar 
extent reported in the failing human heart [71], are sufficient to increase arrhyth-
mia susceptibility in failing canine hearts [72]. Increased arrhythmogenesis is 
attributed to the degree of action potential dispersion and transmural conduction 
slowing, which can allow for conduction block and re-entrant circuits to form [72]. 
Such alterations in electrophysiological function may affect heart failure progres-
sion on two fronts: (1) dsynchronous contraction in the absence of arrhythmia may 
reduce pumping efficiency and further reduce left ventricular ejection fraction and 
(2) arrhythmias often result in sudden cardiac death [73], severely impacting on 
mortality rates.

Consequently, some studies of VNS for the treatment of heart failure have also 
examined the effects of VNS on gap junction remodelling. Three months VNS ther-
apy has been shown to increase connexin-43 mRNA levels, and increase protein 
expression by roughly 25% in heart failure dogs, when compared to untreated con-
trols. mRNA and protein expression for connexins -40 and -45 were also reduced in 
heart failure, and improved with VNS treatment [74]. No cases of sudden death 
were reported in either the control or treated groups, however VNS treatment was 
associated with an approximately 10% improvement in left ventricular ejection 
fraction in the same model [33]. There is limited clinical data for the effects of VNS 
on reducing sudden cardiac death in heart failure. Trials thus far have reported lower 
overall death rates in VNS treated (1/63) compared to control (2/32) patients. 
However, these were not attributed to sudden cardiac death and no differences were 
found between ICD shock rate and anti-tachy pacing in the two groups [43]. Given 
that VNS therapy has been demonstrated to have a desirable effect on gap junction 
remodelling in heart failure, it is possible that larger cohort studies, such as the 
ongoing INOVATE-HF trail [40], may be required to detect any significant changes 
in sudden cardiac death rates.

�VNS�and�Nitric�Oxide�Production

An alternative mechanism through which VNS may regulate cardiac function in 
heart failure is through changes in nitric oxide (NO) signalling.

NO is synthesised in the heart and the vasculature, by the enzyme nitric oxide 
synthase (NOS), in the following reaction:

 l arginine NADPH citrulline nitric oxide- + « +  

Three isoforms of NOS have been identified: neuronal NOS (nNOS, NOS-1 or 
NOS-I), inducible NOS (iNOS, NOS-2 or NOS-II), and endothelial NOS (eNOS, 
NOS-3 or NOS-III).
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 Inducible Nitric Oxide Synthase

iNOS is expressed predominantly in inflammatory cell types but also in cardiomyo-
cytes and produces NO in response to inflammatory stimuli [75]. As would be 
expected with the level of systemic inflammation observed in heart failure, iNOS 
expression is upregulated in both experimental and human heart failure [61, 76]. 
Transgenic overexpression of iNOS, specifically within the myocardium, can cause 
significant left ventricular dilation, the associated congestive heart failure pheno-
type and sudden cardiac death in mice [77]. Chronic VNS treatment has previously 
been shown to normalise the heart failure induced upregulation of iNOS in canine 
hearts [61], although such findings are yet to be corroborated in the human 
condition.

 Constitutive Nitric Oxide Synthase

eNOS expression is reduced and nNOS expression increased in failing hearts [61, 
78], both of which are reversed with chronic VNS treatment [61]. Acute VNS has 
also been shown to cause NO production, in a frequency dependant manner, via 
nNOS in the ventricular myocardium [79]. There is therefore direct evidence for the 
role of VNS in modulating cardiac NO activity. In cardiomyocytes themselves 
eNOS is situated on the sarcolemmal membrane [80, 81], where it interacts with the 
L-type calcium channel via the β-adrenergic signalling cascade [80, 82]. nNOS is 
also present in cardiomyocytes; it is situated on the sarcoplasmic reticulum where it 
is closely associated with both the Ryanodine receptor and sarcoplasmic reticulum 
calcium ATPase (SERCA) [83]. Given the crucial role of calcium in regulating cel-
lular contraction [84], the association of eNOS and nNOS with calcium handling 
proteins, is suggestive of a role for NO regulating cardiac contraction. Indeed, NO 
has been shown to have both positively and negatively inotropic effects on isolated 
cardiomyocytes [see [85] for review]. The differential effects of NO are likely due 
to its divergent signalling pathways [86] and highly compartmentalised effects [75]. 
However, independently of its effects, the link between VNS, NO and calcium han-
dling may provide a mechanistic link contributing to the cardioprotective effects of 
this treatment.

 Is There a Future for VNS?

Vagal nerve stimulation clearly provides a means to alter parasympathetic influence 
on the diseased heart, as evidenced through increased HRV and baroreflex sensitiv-
ity in those receiving treatment. Importantly the means to do so has until now been 
lacking from all other available heart failure therapies. The significance of targeting 
this aspect of the disease is highlighted not only it the prognostic value of vagal 
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withdrawal, but for the first time in the body of evidence demonstrating the improve-
ments in left ventricular function that are possible with VNS treatment. In light of 
this, VNS represents a promising new complementary approach to heart failure 
treatment.

However, for the development of optimal VNS patient therapy to continue, sev-
eral key questions remain to be answered; specifically questions surrounding aspects 
of the level nervous activation required to mediate the cardioprotective effects, and 
how stimulation parameters can be monitored to target this.

Looking to the future, technological advances in VNS delivery may create more 
questions than answers in this area. Transcutaneous VNS devices have recently 
been brought to the market. This bypasses the need for invasive implantation. 
However patients take responsibility for delivering the treatment themselves. The 
benefits of VNS in heart failure have been linked with chronic opposed to acute 
bouts of stimulation; consequently the use of such devices may not be appropriate 
in this setting. Furthermore factors such as patients training and compliance are 
more likely to influence the overall effectiveness of any treatment regimens when 
the stimulation is required more frequently.

Finally, only with a more in depth understanding of the mechanisms underpin-
ning the structural and functional changes seen with treatment will it be possible to 
identify optimum stimulation programs. Extended follow up results of ongoing 
large scale trials are necessary before VNS for the treatment of heart failure can be 
recommended outside of the experimental setting.
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Chapter 8
VNS Therapy for the Treatment of Epilepsy

Clinton W. Wright, Lu Bu, April Jones, and Natasha Calder Green

Abstract Vagus nerve stimulation (VNS Therapy) for the treatment of drug resis-
tant epilepsy was CE marked in 1994 and approved in the US in 1997. This chapter 
will review the history of the treatment, mechanisms of action, and the technology 
involved, including programming. Efficacy, selection of candidates, initiation of 
therapy, and maintenance therapy will also be covered. Finally, complications and 
adverse events, strengths and limitations, and other vagus nerve stimulation devices 
will be discussed.

Keywords Therapy of epilepsy • Pharmacoresistant epilepsy • Drug resistant 
 epilepsy • Refractory epilepsy • VNS • Vagus nerve stimulation • Vagal nerve 
stimulation

 VNS Therapy for the Treatment of Epilepsy

Around 70 million people worldwide have epilepsy, and annually, there are between 
34 and 76 new cases diagnosed per 100,000 people in the general population [1].

Epilepsy responds to treatment about 70% of the time. Although antiepileptic 
drugs (AEDs) are the primary form of treatment, outcomes reveal only mixed 
 success rates, even with the new AEDs, some of which have unique mechanisms of 
action [2, 3]. Approximately one third of patients have seizures that are unresponsive 
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to pharmacologic therapy [4–6]. In addition, safety and tolerability issues associated 
with both the acute and chronic side effects and toxicity complications further 
diminish the effectiveness of AEDs [7–13]. Nonadherence to AEDs, which is highly 
prevalent in the epilepsy population, also diminishes treatment effectiveness and 
further increases mortality as well as significantly increases health care utilization 
[14]. Other treatment options are available for select subgroups of patients, includ-
ing the ketogenic diet, which provides benefit to some children [15, 16], and epi-
lepsy surgery, which may manage or lessen poorly controlled seizures. However, 
children and adults with uncontrolled seizures continue to carry a burden of higher 
mortality rates, higher rates of accidents and injuries, greater incidence of cognitive 
and psychiatric impairment, poor self-esteem, higher levels of anxiety and depres-
sion, and social stigmatization or isolation compared with the general population 
[17–19]. The shortcomings of AEDs, dietary therapy, and epilepsy surgery in 
improving overall outcome highlight the need for other treatments, one of which is 
vagus nerve stimulation therapy (VNS Therapy).

 History of the Treatment

In 1883, Corning [20] proposed that vagus nerve stimulation could control seizures 
via a decrease in heart rate and cerebral blood flow. Bailey and Bremer [21] found 
that repetitive electrical stimulation of the central end of the vagus nerve of the cat 
leads to increased amplitude and frequency of the spontaneous potentials of the 
orbital surface of the frontal lobes of the cerebral cortex. Schweitzer and Wright [22] 
reported inhibition of motor activity by activation of visceral vagal afferents, later 
confirmed by Paintal [23]. Dell and Olsen [24] reported that vagus stimulation 
affected slow wave activity in awake cats.

In the mid-1980s, Jacob Zabara, a biophysicist at Temple University, again sug-
gested that electrical stimulation of the vagus nerve might prevent seizures. Zabara 
[25] stimulated the cervical vagus nerve in a strychnine dog model of status epi-
lepsy (N = 20). He reported that vagus stimulation would interrupt the strychnine- 
induced seizure. In 1987 Cyberonics, Inc. (Houston, TX) was founded to develop 
VNS therapy, which would be delivered by a patented method using a generator 
device modeled after a cardiac pacemaker.

 Pre-clinical Mechanisms of Actions

The vagus nerve comprises approximately 80% afferent fibers. These fibers enter 
the nucleus tractus solitaries and branch bi-laterally into both sides of the brain. 
For the most part, both the right and left vagus seem to have very similar projec-
tions into neural networks. Both project equally into the right and left sides of the 
brain.
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The mechanisms by which VNS reduces seizure activity in humans were not 
known at the time VNS therapy was approved by the FDA. However, considerable 
progress in mechanistic VNS research has been made over the last 15  years. 
Electrical stimulation of the peripheral vagus nerve requires polysynaptic transmis-
sion to mediate the anti-seizure effect. The anatomical distribution of vagal projec-
tions underlies the therapeutic actions of VNS therapy. Vagal visceral afferents have 
a diffuse CNS projection, with activation of these pathways broadly affecting neu-
ronal excitability [26–28]. Another review [27] examined the vagus nerve projec-
tions and CNS connections, as well as the current animal and human imaging 
studies, which indicate that VNS exerts both acute and long-term antiepileptic 
effects.

The first studies of the anticonvulsant effects of VNS were conducted in 1937 [28]. 
Subsequent experiments in cats showed that vagal stimulation produced EEG desyn-
chronization [29] or synchronization, depending on the parameters used [30, 31]. 
Stimulation of the slow-conducting fibers most effectively resulted in EEG desyn-
chronization. Hypersynchronized cortical and thalamocortical neuronal interactions 
characterize seizures; therefore, it was postulated that desynchronizing these activities 
would lead to anticonvulsant effects of VNS.

Initial work in cats and later studies of strychnine-induced seizures in the dog, 
maximal electroshock and pentylenetetrazol-induced seizures in the rat, and the 
alumina-gel monkey model [25, 29, 32–35] showed that cervical vagal stimulation 
decreased interictal epileptiform discharges (IEDs) and shortened or aborted sei-
zures; the antiepileptic effects outlasted the stimulus [25, 32, 35, 36] and depended 
on its frequency and cumulative duration [32–34, 36]. These effects are now known 
to be mediated by activation of myelinated A and B fibers [37–39]. Most central 
projections of the vagus nerve terminate in the nucleus of the solitary tract, with 
extensions to brain stem nuclei, thalamus, amygdala, and hypothalamus. Increased 
release of α-aminobutyric acid (GABA) and glycine by brain stem and subcortical 
nuclei was proposed as the antiepileptic mechanism of VNS therapy [33, 34]. Brain 
stem nuclei are known to influence seizure susceptibility [40–44]; based on animal 
studies, the nucleus of the tractus solitarius is likely the key brain stem structure 
involved in transmitting and modulating VNS antiseizure effects.

Also unknown are the processes that mediate the sustained anticonvulsant effect 
of VNS therapy, but this effect, which outlasts the stimulation, suggests long-term 
changes in neural activity. Expression of fos immunoreactivity was induced by VNS 
in regions of the rat brain important in epileptogenesis [45]; fos immunolabeling in 
the locus ceruleus suggested VNS modulation of norepinephrine release. Increased 
norepinephrine release by the locus ceruleus is antiepileptogenic. In rats with 
chronic or acute locus ceruleus lesions, VNS-induced seizure suppression was 
attenuated, supporting a noradrenergic mechanism [40]. This first evidence of a 
structure mediating the anticonvulsant action of VNS may have pharmacologic 
implications for clinical practice. Drugs that activate the locus ceruleus or potentiate 
norepinephrine effects may enhance the efficacy of VNS. Pending the results of 
further animal testing, it is likely that the antiepileptic action of VNS is mediated 
through neuronal networks that project from brain stem to forebrain structures. 
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Vagal projections to noradrenergic and serotonergic neuromodulatory systems of 
the brain may also explain the positive effects of VNS in improving mood 
disorders.

In summary, animal studies have established three distinct temporal patterns for 
the anticonvulsant effects of VNS: (i) acute abortive effects, in which an ongoing 
seizure is attenuated by VNS; (ii) acute prophylactic effects, in which seizure- 
inducing agents are less effective in provoking seizures when applied at the end of 
VNS; and (iii) chronic progressive prophylactic effects, in which total seizure counts 
are reduced more following chronic VNS stimulation. In addition, animal studies 
have shown that VNS can antagonize the development of epilepsy in the kindling 
model of epileptogenesis [46]. Based on these studies, the mechanism of action of 
VNS therapy appears to be largely distinct from that of AED therapies [27].

 Clinical Mechanisms of Actions

Initial scalp recording performed in a small number of adults did not demonstrate a 
significant effect of VNS on EEG total power, median frequency, power in any of 
the conventional frequency bands [47], interictal epileptiform activity, or the wak-
ing or sleep background rhythms [47–50]. At seizure onset, however, VNS termi-
nated both the clinical and the EEG seizure activity [49]. Studies that are more 
recent have suggested that some patients may have a change in interictal epilepti-
form discharges with VNS.  In a study of 15 adults with refractory partial-onset 
seizure disorders and with VNS treatment for ≥ 6 months, all showed a significant 
reduction in interictal epileptiform discharges during stimulation and the interstim-
ulation period immediately following stimulation, compared with baseline, with the 
reduction in interical epileptiform discharges greater among patients whose seizures 
decreased by more than 50% on VNS. Additionally, the patients who had a signifi-
cant decrease in interical epileptiform discharges experienced the positive effect of 
magnetic activation, resulting in extra stimulation, abolishing seizures [51]. Another 
case study of a single adult patient undergoing presurgical evaluation with intrahip-
pocampal depth electrodes showed alteration of interictal epileptiform discharges 
by VNS (increased spikes at 5 Hz, decreased at 30 Hz) [52]. Chronic VNS in another 
study was reported to reduce interictal epileptiform discharges [53]. However, this 
population was quite different from that in the earlier adult series. Included were 
patients with generalized and partial-onset seizures, greater frequency of interictal 
epileptiform discharges, and younger age. During 12 months of VNS therapy, both 
generalized and focal spikes were diminished; however, this did not correlate well 
with seizure reduction. Pattern-reversal visual-evoked potentials, brain stem 
auditory- evoked potentials, and cognitive (P300) potentials were all unaffected by 
VNS [54].

Release of anticonvulsant neurotransmitters at the projection sites of vagus nerve 
afferent fibers was hypothesized as a mechanism of action [54, 55]. Cerebrospinal 
fluid samples assayed for amino acid and neurotransmitter metabolites in 16 patients 
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before and after 3 months of VNS therapy showed a treatment-induced increase in 
GABA (an inhibitory amino acid), a decrease in aspartate (an excitatory amino 
acid), and an increase in ethanolamine (a membrane lipid precursor) [55].

Positron emission tomography (PET) H2
15O cerebral blood flow (CBF) imaging 

identifies the neuroanatomical structures recruited by VNS in humans. A pilot study 
of three adults showed activation of the right thalamus, right posterotemporal cor-
tex, left putamen, and left inferior cerebellum [56]. Localization to the thalamus 
may explain the therapeutic benefit of VNS and is consistent with the role of that 
structure as a generator and modulator of cerebral activity. Moreover, anatomic and 
physiologic evidence from both animal and human data further support the role of 
the thalamus in epilepsy [57], with stimulation of either the anterior thalamic 
nucleus or centromedian thalamic nucleus in animals being associated with anticon-
vulsant effects [58]. In a study of high and low stimulation [59], PET demonstrated 
CBF alterations at sites that receive vagal afferents and projections, including dorsal 
medulla, right postcentral gyrus, thalamus, cerebellum bilaterally, and limbic struc-
tures (bilateral hippocampus and amygdala). The high-stimulation group had more 
activation and deactivation sites, although the anatomical patterns during VNS were 
similar in both groups. Finally, acute CBF alterations were correlated with long- 
term therapeutic response, in an attempt to exclude those regions that show changes 
in VNS-induced synaptic activity but may not participate in VNS-related anticon-
vulsant actions [60]. Decreased seizure frequency was associated with increased 
CBF only in the right and left thalami. Studies of chronic VNS therapy have shown 
the same anatomical distribution of CBF [56, 61]. Demonstration of these acute 
regional alterations does not clarify the mechanism of action of long term, intermit-
tent VNS, which may involve neurotransmitters or neurochemicals at those sites 
that outlast the stimulation.

Functional magnetic resonance imaging (fMRI) evaluating the time course of 
regional CBF alterations during VNS therapy can be performed safely in patients 
implanted with a vagal nerve stimulator [62]. Preliminary fMRI studies have agreed 
with the PET studies, with the most robust activation observed in the thalami and 
insular cortices, with some activation also seen in ipsilateral basal ganglia, anterior 
parietal cortex, and other cortical areas [62, 63].

Maximal stimulation of the myelinated A and B fibers of the vagus nerve to 
achieve a therapeutic effect is the key component of treatment of seizures. To help 
understand how to achieve maximal stimulation of the A and B fibers, a digital 
model of the vagus nerve was constructed to explore the effects of combinations of 
output current and pulse width. The combination of these two parameter settings 
defines the amount of charge delivered to the nerve fibers and reflects the probabil-
ity of achieving effective activation of the vagus nerve. The computer model showed 
that for optimal stimulation, output current settings may range between 0.75 and 
1.75 mA with pulse width settings of 250 or 500 μs. Such settings will likely pro-
vide sufficient vagal activation in adults and in children over 12 years of age, with 
minimal side effects. These settings may not apply to children under the age of 
12 years. Other studies have shown children 10 years and younger require higher 
output currents to achieve activation of the vagus nerve, which may be due to the 
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level of nerve maturation during development. There are other factors not consid-
ered in this model that may also influence the effectiveness of VNS therapy: signal 
frequency, duty cycle, virtual anodes, virtual cathodes, conduction blocking, and 
fibrotic tissue of varying thickness. The contribution of signal frequency and duty 
cycle are not fully understood [64].

 Technology and Programming

The VNS Therapy System consists of implantable and external components. The 
implantable components include the VNS pulse generator and bipolar lead (Fig. 8.1), 
which work together to deliver mild electrical pulses to the vagus nerve. The pulse 
generator is typically implanted in the left chest, in a subcutaneous pocket below the 
clavicle. The lead electrodes are wrapped around the left vagus nerve in the neck, 
near the carotid artery, and subcutaneously connected to the pulse generator.

The external components of the VNS Therapy System include the programming 
system (Fig. 8.2a) and the VNS Therapy magnet (Fig. 8.2b). The programming 
system consists of programming software on a compatible computer and a 
 programming wand. It allows healthcare professionals to adjust dosing (i.e., the tim-
ing and amount of the VNS Therapy), perform device diagnostics, and review pro-
gramming history. The VNS Therapy magnet allows the patient to activate additional 
stimulation or to temporarily stop stimulation at any time.

Vagus nerve

VNS therapy lead

VNS therapy lead
VNS therapy pulse generator 

(all models)

Fig. 8.1 Implantable components of VNS therapy
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The pulse generator operates in two modes of stimulation, normal mode and 
magnet mode. The normal mode stimulation is delivered automatically according to 
a pre-programmed schedule. The magnet mode, if enabled, is only delivered when 
the patient briefly passes the magnet over the pulse generator. This mode allows the 
patient to activate additional stimulation as needed, typically right before or during 
a seizure, to help abort the seizure or reduce its intensity.

There are eight VNS Therapy parameters that can be adjusted with the external 
programming system. They include five stimulation parameters in Normal Mode 
and three stimulation parameters in Magnet Mode. Table 8.1 lists the different 
VNS Therapy parameters and available settings within each parameter. Each stim-
ulation period is preceded by 2 s of ramp-up time and followed by 2 s of ramp-
down time.

Four models of the VNS therapy generators are currently available: the Pulse 
Model 102/Pulse Duo Model 102R, the Demipulse Model 103/Demipulse Duo 
Model 104, the AspireHC Model 105, and the AspireSR Model 106.

PulseDuo and Demipulse Duo are dual-pin while all other generators are 
single- pin. Demipulse, AspireHC and AspireSR are second-generation devices 

a b

Fig. 8.2 (a) VNS programming system. (b) VNS therapy magnet

Table 8.1 VNS therapy programmable parameters

Stimulation 
mode Parameter name Available parameter settings

Normal Output current 0–3.5 mA in 0.25 mA steps
Signal frequency 1, 2, 5, 10, 15, 20, 25, 30 Hz
Pulse width 130, 250, 500, 750, 1000 μs
On time 7, 14, 21, 30, 60 s
Off time 0.2, 0.3, 0.5, 0.8, 1.1, 1.8, 3 min, and 5–180 min  

(5–60 in 5-min steps; 60–180 in 30-min steps)
Magnet Magnet output 

current
0–3.5 mA in 0.25 mA steps
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compared to Pulse generators and offer improved diagnostics and faster 
 communication with the programming system. Due to its smaller size, Demipulse 
generators may have shorter battery life at higher duty cycles than the Pulse gen-
erators (Fig. 8.3).

The Perennia Model 303 and PerenniaFLEX Model 304 leads are widely avail-
able. In some markets, the older Model 302 lead is also available. All current lead 
models are single pin and come in two sizes to accommodate to various sizes of the 
vagus nerve: 2.0 or 3.0 mm (inner diameters of the helical coil). Dual-pin leads are 
no longer manufactured. Therefore, the dual-pin generators (Model 102R and 
Model 104) are only used for replacement procedures in patients with the previous 
dual-pin lead models. The Demipulse, AspireHC, AspireSR generators and Perennia 
model leads are not yet available in all countries.

Safety and effectiveness was established for left vagal nerve stimulation in the 
VNS Therapy pivotal clinical trials. There have been limited studies conducted for 
right vagal nerve stimulation. Primate studies by Lockard [65] did not note any 
effects on heart rate or gastric function via stimulation of the right vagus nerve. 
Several other reports regarding right-sided vagal nerve stimulation also have not 
mentioned cardiac effects [66–71]. In a pilot study of right vagus nerve stimulation 
for congestive heart failure, a positive clinical result was noted [71]. Although right- 
sided VNS may be safe, it should be used cautiously as its safety has not been 
established in clinical studies.

Fig. 8.3 PulseDuo and Demipulse Duo are dual-pin while all other generators are single-pin. 
Demipulse, AspireHC and AspireSR are second-generation devices compared to Pulse generators 
and offer improved diagnostics and faster communication with the programming system. Due to 
its smaller size, Demipulse generators may have shorter battery life at higher duty cycles than the 
Pulse generators
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 Efficacy

Five trials were conducted to support the approval of VNS Therapy (E-01–E-05). 
Morris et al. [72] reported on the long-term results from these pilot and pivotal tri-
als. A total of 440 patients were included in the analysis. Patients were followed 
until approval so not all patient data were available at all time points. The responder 
rate (≥ 50% reduction in seizures improved over time (Fig. 8.4). Continuation rates 
were 96.7% (426/444) at year 1, 84.7% (254/300) at year 2, and 72.1% (124/172) at 
year 3. These studies led to approval of VNS therapy by the U.S. Food and Drug 
Administration (FDA) in July 1997 for the adjunctive treatment of refractory partial- 
onset seizures among patients 12 years of age or older. VNS therapy is also approved 
for the treatment of epilepsy without age or seizure type restrictions (in most coun-
tries in more than 70 countries around the world, including member nations of the 
European Union, Japan, Canada, Australia, and China. As of May 2015, more than 
80,000 patients have received VNS Therapy worldwide.

In addition to the clinical trial data, post-approval outcome studies show that 
VNS therapy is an effective treatment with increasing or sustained response rates 
over time. Response rates from the literature for studies reporting on at least 100 
patients with a minimum of 12 months to more than 5 years of follow-up range from 
50% to 64% (Fig. 8.5) [73–77].

The Elliott et al. study was a retrospective review of a prospectively created data-
base of 436 consecutive patients, both adults and children, at a single center. In 
addition to the 64% response rate, it showed a significant reduction in mean seizure 
frequency (mean reduction of 55.8%; P < 0.0001) at a mean follow-up of 4.94 years 
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Fig. 8.4 Results from open-label, long-term efficacy and safety trial (E-01- E-05 Extension)
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[77]. A subset of this group that had at least 10 years of follow-up (n = 65) showed 
continued improvement over time, with a mean reduction in seizure frequency of 
75% at 10 years (LOCF, 76%) [78]. At each recorded interval at 6 months and at 
years 1, 2, 4, 6, 8, and 10, seizure frequency was significantly reduced from baseline 
(P < 0.001; Fig. 8.6) [78]. The overall responder rate at last follow-up was 91%, 
with 10 patients seizure free for at least 2 years before their last follow-up visit.

VNS therapy patients with a history of intracranial epilepsy surgery (IES) were 
compared to those without, and was reported in an additional article [78]. Of the 
436 total patients, 376 has data for at least 1 year of therapy. The mean duration of 
VNS Therapy was 5.1 years. The difference in mean percentage seizure reduction 

57%
51%

59%
64%

Labar Vonck De Herdt Elliott

70%

60%

50%

40%

30%

20%

10%

0%

%
 o

f p
at

ie
nt

s 
w

ith
≥5

0 
se

iz
ur

e 
fr

eq
ue

nc
y 

re
du

ct
io

n

(n = 269)
Mean follow up:

12 months

(n = 118)
Mean follow up:

33 months

(n = 138)
Mean follow up:

44 months

(n = 400)
Mean follow up:

59 months

Fig. 8.5 Response rates in post-approval outcome studies with VNS therapy
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Fig. 8.6 Mean seizure reduction of 65 patients treated with VNS therapy >10 years
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between the groups was not significant (59.1% for patients with prior IES and 
56.5% for patients without prior IES; P=0.42).

Elliott et al. [79] looked at a subset of 141 children 18 years of age and younger with 
treatment-resistant epilepsy and at least 1 year of follow up from his data set, seizure 
frequency significantly improved with VNS therapy (mean reduction 58.9%, p < 0.0001). 
The mean age at initiation of VNS therapy was 11.1 years (range, 1–18); 86 (61%) were 
under age 12 years when they received VNS therapy. The mean duration of VNS ther-
apy was 5.2 years (range, 25 days to 11.4 years). The overall responder rate for this 
population was 65%, with 41% experiencing 75% or greater reduction in seizure fre-
quency. Comparisons between those older than 12 years of age with those younger than 
12 years of age showed no differences in efficacy or safety between the groups.

 Selection of Candidates

VNS Therapy is indicated as an adjunctive treatment for patients 12 years of age or 
older with refractory partial-onset seizures in the US [80] and as an adjunctive treat-
ment for patients with partial- or generalized-onset seizures without an age limita-
tion in the EU. There are no known predictors of response to VNS Therapy (e.g. 
age, sex, seizure type, etiology, frequency of seizures, type or number of co- 
administered antiepileptic drugs, etc.) as the indications for use were derived from 
clinical experience rather than an understanding of the underlying mechanism of 
action. Favorable outcomes have been in reported in many studies, although com-
plete seizure freedom is rarely achieved [81]. One recent study indicated that VNS 
therapy should be considered in patients with posttraumatic epilepsy, which is often 
resistant to AED therapy and not resectable [82].

Although optimal use parameters for VNS Therapy continue to be defined, can-
didates should meet the following criteria: (i) medically refractory seizures, (ii) 
adequate trials of at least two antiepileptic drugs, (iii) exclusion of non-epileptic 
events, and (iv) ineligibility for epilepsy surgery. Recent open studies suggest that 
VNS therapy may be used among patients considered for corpus callosotomy, pro-
ducing lower rates of morbidity [60–63, 82–91]. Earlier use (within 2 years of sei-
zure onset or after failure of two or three AEDs) of VNS Therapy may also produce 
a higher response rate, as well as reduce the negative side effects associated with 
long-term epilepsy and AED therapy, which hinder development [78, 92–94]. 
Patients with a history of nonadherence to their AED regimens, particularly those on 
polypharmacy, may also be good candidates for VNS therapy because of the assured 
compliance and lack of further drug–drug interactions with VNS therapy [95, 96].

Patients who have had a prior bilateral or left cervical vagotomy are contraindi-
cated for VNS. As mentioned earlier, safety and efficacy have not been established 
for stimulation of the right vagus nerve. Patients with existing pulmonary or cardiac 
disease should be evaluated carefully before implantation, as chronic obstructive 
pulmonary disease may increase the risk for dyspnea, and patients with cardiac con-
duction disorders were not studied in the controlled trials. A cardiologist’s  evaluation 
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should precede implantation, with post-procedural Holter monitoring performed if 
clinically indicated. Patients with a history of obstructive sleep apnea should be 
treated with care, as an increase in apneic events during stimulation is possible [97, 
98]. Lowering stimulation frequency (i.e., pulse width and signal frequency to 
250 μsec and 20 Hz, respectively) may prevent exacerbation of this condition [97]. 
However, most studies showing a decrease in airflow during sleep with VNS therapy 
reported this condition to be clinically insignificant [98]. Moreover, beneficial 
effects on sleep and increases in slow wave sleep also have been reported with VNS 
therapy, which may play a role in the antiepileptic mechanisms of VNS [99, 100].

For the AspireSR pulse generator, other patient selection criteria apply in addi-
tion to considerations mentioned above. Patients who experience seizures that are 
associated with cardiac rhythm increases known as ictal tachycardia may benefit 
from using the AutoStim feature of the AspireSR generator. For screening purposes, 
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Fig. 8.7 AspireSR generator may properly detect heartbeats. In this procedure, surface ECG 
 electrodes are placed on to the subject
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this is defined as an increase in heart rate during a seizure, specifically from a base-
line heart rate to a rate that is greater than 100 bpm and is at least a 55% increase or 
35 bpm increase from baseline. The screening of ictal tachycardia should be per-
formed with objective data, such as hospital vital sign recordings, telemetry data, 
ECG rhythm strip recordings, Holter recordings, and/or video EEG/ECG 
recordings.

In addition to screening for ictal tachycardia, a screening process for implant posi-
tion must also be performed for the AspireSR generator. This procedure utilizes sur-
face ECG measurements from seven body positions to identify a suitable implant 
position, so that once implanted, the AspireSR generator may properly detect heart 
beats. In this procedure, surface ECG electrodes are placed on to the subject as per 
Fig. 8.7 below. The measurements are then taken according to the positions in Fig. 8.8. 
For a desired implant location for the AspireSR generator, the peak-to-peak R-wave 
amplitude must be greater or equal to 0.4 mV in all body positions.

 Initiation and Maintenance of Therapy

Hospitalization for implantation of the device is preceded by evaluations by a 
neurologist and by a surgeon with experience in the carotid sheath. With the 
patient typically under general anesthesia (although local or regional anesthesia 
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Fig. 8.8 The measurements are then taken according to the positions
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has been used successfully as well) [101], the lead electrodes are placed on the 
left cervical vagus nerve and the generator is placed in a subcutaneous pocket in 
the left upper chest. The lead body is routed subcutaneously from the neck to the 
chest. [102, 103] (see VNS Therapy surgical implant video). Intraoperative elec-
trical impedance testing ensures integrity of the system. The anesthesiologist 
should be notified immediately before this test as there have been rare cases of 
bradycardia, asystole, or both during the intraoperative test [80, 104, 105]. 
Stimulation following intraoperative bradycardia has been shown to be safe, with 
no reports of change in cardiac rhythm upon initiation of postoperative VNS, 
even under ECG monitoring [106]. Correct placement of the lead electrodes 
around the vagus nerve is critical. If there is concern about the lead placement, 
two methods have been utilized to help confirm correct placement of the elec-
trodes intraoperatively [107], depending on the type of anesthesia used for the 
procedure. For patients receiving general anesthesia, the larynx and vocal cords 
can be monitored by fiberoptic endoscopy for contraction of the left lateral larynx 
wall and vocal cord tightening. For patients being implanted under local and 
regional anesthesia, stimulation intensities can be increased until a voice altera-
tion is noticed. Neither procedure is harmful to the patient nor greatly extends the 
length of the surgery.

Prophylactic antibiotics may be administered both in the operating room and 
postoperatively. The patient can be discharged after the procedure, which usually 
lasts for 1–2 h, or can be observed overnight. Discharge education should include 
care of the incisions and use of the magnet. In clinical studies, the generator’s output 
current was kept at 0 mA for the first 2 weeks; however, programmed stimulation is 
now being initiated at 0.25 mA in many operating rooms [108]. Dosages of antiepi-
leptic drugs are generally kept stable for the first 3–6 months of stimulation unless 
an early response is noted [109].

A few weeks after implantation, the patient is examined to confirm wound 
healing and proper generator operation either to begin or to continue program-
ming. Output current is increased in 0.25-mA increments until stimulation is com-
fortable (Table 8.1). The subsequent stimulation schedule is determined by patient 
response. Standard parameter settings range from a frequency of 20–30 Hz at a 
pulse width of 250–500 μsec for 30 s “on” time and 5 min “off” time [53]. The 
magnet stimulation is typically set slightly higher to an output current at 0.25 mA 
greater than the  normal mode output current (physician training slides). For an 
adult, to generate an action potential in the nerve (a therapeutic effect), research 
shows that optimal output current settings may range from 0.75 mA to 1.75 mA 
and pulse width from 250 to 500 μsec [64]. At each visit, the generator’s battery 
is assessed for end of service, and proper operation of the system is checked 
through diagnostic testing. The battery’s life expectancy of 3–8 years depends on 
the programmed stimulation parameters. If VNS therapy is to be continued after 
battery depletion, the generator can be replaced at the appropriate time in less 
than 1 h. If diagnostics shows the system is not operating properly, surgery to 
troubleshoot and/or replace the lead and potentially generator is necessary to con-
tinue VNS Therapy.
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VNS may be continued indefinitely and without damage to the vagus nerve as 
long as the stimulation is less than 50 Hz and the on time remains less than the off 
time [80, 110, 111]. Two safety features that protect patients from continuous stimu-
lation or uncomfortable side effects are the magnet and the watchdog timer. The 
magnet can act as an “off” switch when held or taped over the generator. The watch-
dog timer is an internal monitor that limits the number of pulses to be delivered 
without an “off” time to prevent excess stimulation.

 Complications and Adverse Effects

Surgical complications and difficulties are rare. Incisional infections are unusual 
and generally respond to antibiotic therapy. Fluid accumulation at the generator site 
with or without infection occurs in 1–2% of implantations and resolves with aspira-
tion and antibiotics; the rare cases of refractory infection require removal of the 
generator. However, one case of deep wound infection associated with implantation 
of the generator was reported to be managed successfully with open wound treat-
ment without removal of the device, an alternative option if removal of the device 
appears hazardous [112]. Unilateral vocal cord paralysis, which accompanies 
approximately 1% of implants, may be caused by excess manipulation of the vagus 
nerve, and subsequent damage to the vagal artery and its reinforcing arterioles 
[113]; in most cases, it remits completely over several weeks.

Common side effects, which occur primarily when the stimulator is actually 
delivering a pulse, are dose dependent and usually mild or absent when VNS param-
eters are appropriately programmed [114–116]; many patients become accustomed 
to them with time. Most patients experience hoarseness or a change in vocal quality 
and tingling over the left cervical region on delivery of the electrical pulse. Subjective 
dyspnea or a sensation of muscle tightening in the neck may occur, without changes 
on pulmonary function testing [115]. Cough or throat pain during stimulus delivery 
sometimes necessitates a reduction in current or pulse width [117].

Despite the widespread visceral efferent projections of the vagus nerve, systemic 
effects are rare. Pulmonary function does not change significantly in patients with-
out concomitant lung disease [115, 118], but may deteriorate in the face of intense 
stimulation and obstructive lung disease [118]. Inhalation of ipratropium bromide or 
lowering of the stimulus frequency or current is recommended. No substantial 
effects on cardiac function were reported during clinical studies [80, 114–116, 119]. 
An analysis of total mortality and sudden death in epileptic patients (to August 1996) 
revealed the expected rate in individuals with severe, intractable epilepsy [120, 121]. 
The clinical studies demonstrated no clinically relevant effects on the gastrointesti-
nal system, serum chemistries, AED concentrations, vital signs, or weight.

Rare reported side effects associated with VNS therapy include diarrhea [122], 
sternocleidomastoid muscle spasm [123], phrenic nerve stimulation [124], tonsillar 
pain [125], emergent psychiatric disorders [126, 127], and prominent drooling and 
vomiting [128]. Of seven patients treated with VNS therapy who developed a major 
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psychiatric disorder [126], all had a history of a dysphoric disorder and most had 
daily seizures before treatment with VNS. The severe dysphoric or psychotic condi-
tions emerged once seizure frequency was reduced by 75% or more, but remitted or 
improved satisfactorily with psychotropic medication, with two patients also requir-
ing a decrease or interruption of VNS therapy. Children with a history of dysphagia 
may experience swallowing difficulties during VNS therapy [128–130]; adjusting 
the device settings or using a magnet to turn off the stimulator during mealtime may 
help. The majority of side effects, including many of the rare incidents reported, are 
amenable to stimulus modifications, which could include changes in output current 
and/or pulse width.

 Strengths and Limitations

Many patients maintained on VNS therapy can decrease their total AED burden, 
which consequently can improve patient alertness and lessen the cognitive or sys-
temic side effects typically associated with multiple therapies. Therefore, use of 
AED monotherapy with VNS therapy may produce a better risk to benefit ratio than 
that with multiple AEDs. VNS therapy may alleviate seizures with no risk of toxic 
organ reactions, drug interactions or failures, allergies, rashes, and other systemic 
adverse effects or cognitive side effects, even in cases where AEDs cannot be sub-
stantially decreased or withdrawn [131, 132]. In some patients, memory, alertness, 
mood, and communication have been shown to improve [48, 133–137]. 
Improvements in QoL independent of treatment effect on seizure frequency, as well 
as increased daytime vigilance, have also been reported [138–140]. In addition, 
VNS therapy may be an ideal treatment for the partially compliant as it does not 
require active patient participation [95, 96]. Teratogenesis is not expected with VNS 
therapy. Although no controlled studies of VNS therapy in pregnancy have been 
conducted, a study in rabbits showed no harm to fertility or to the fetus [141]. Cases 
also have been reported in the literature of patients who became pregnant while 
treated with VNS therapy and gave birth to healthy babies [142, 143]. Finally, VNS 
therapy can both prevent and abort seizures. The ability to activate on-demand stim-
ulation with the magnet empowers the patient and provides a sense of control over 
epilepsy.

On the other hand, VNS is an empiric therapy, with no way to predict response 
except by trial. The initial cost (often between $15,000 and $25,000) can be prohibi-
tive without coverage by a third-party payer. Over the life of the system, however, 
this cost approximates that of many of the new AEDs [144]. Moreover, although 
weeks to months may elapse before seizure frequency decreases, cost-effectiveness 
studies indicate that VNS therapy provides a substantial cost-savings benefit to hos-
pitals over the long-term course of treatment [145, 146]. These cost benefits are 
sustained over time and are sufficient to cover or exceed the cost of the device. 
Further savings can be seen in significant reductions in health care utilization and 
time spent on epilepsy-related matters with VNS therapy over time. A Kaiser study, 
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which looked at health care utilization of 138 patients with refractory epilepsy com-
paring 1 year of baseline data followed by 4 years of quarterly follow-up data with 
VNS therapy, showed significant reductions in the numbers of emergency depart-
ment visits (decreased by 99%), hospitalizations (70% decrease), and hospital 
lengths of stay (67% decrease) beginning with the first quarter after implantation 
with VNS Therapy (P  <  0.05 for all post-implantation quarters) [147]. A 91% 
decrease was also seen in outpatient visits post-VNS therapy, and significant 
decreases were seen for average number of days on which patients could not work 
because of health-related concerns (P = 0.002) and average time spent caring for 
health problems (P < 0.001). These metrics reflect the positive changes in the QoL 
of both patients and their caregivers, as well as health care utilization savings as a 
result of VNS therapy. In a US study evaluating the long-term medical and eco-
nomic benefits of VNS therapy using Medicaid data from five states (n = 1655), 
VNS therapy was associated with lower average healthcare costs and epilepsy- 
related clinical events [95]. Hospitalizations, emergency room visits, and outpatient 
visits all were significantly reduced during the post-VNS period compared with the 
pre-VNS period (P < 0.0001). Serious events such as grand mal status, fractures, 
and traumatic head injuries also were reduced in the post-VNS period. Despite the 
initial expense of VNS therapy, the reductions in healthcare utilization and epilepsy 
events resulted in a net cost savings for VNS therapy after 1.5 years of treatment.

According to the manufacturer of the device, a transmit-and-receive head coil 
MRI should be used for head and extremity scans rather than a full-body MRI, with 
the generator programmed to 0 mA for the procedure and returned to the original 
settings thereafter [80]. MRI scans following these procedures are safe in 1.5 T and 
3 T scanners [80]. However, successful head coil MRIs have been performed among 
patients both with and without the device turned off [148]. If the device was acci-
dentally left on during the MRI, the device should be interrogated post-procedure to 
ensure that the magnetic field did not deactivate the device or change the pre-MRI 
settings. If a full-body scan is required using RF coil, surgical removal of the VNS 
therapy system is required. Although not recommended by the manufacturer, suc-
cessful body coil MRIs with the use of an ice pack over the area of the device leads 
have been reported among three patients [149]. Diathermy, which could heat the 
system above safe levels and thereby cause either temporary or permanent tissue or 
nerve damage, should be avoided in patients receiving VNS therapy.

 Other VNS Devices

Stefan et al. described the use of the Cerbomed NEMOS device in a pilot study 
among ten patients [150]. Electrical stimulation was applied transcutaneously three 
times per day to the auricular branch of the vagus nerve (ABVN) of the left ear for 
9 months. Seven of the 10 patients were able to complete the study. Of the 7 patients, 
5 experienced an overall seizure reduction after treatment with t-VNS, although a 
50% response rate was not reached [150].
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Electrocore Medical manufactures the gammaCore battery-powered device that 
is held against the neck and provides a single 180 s burst of vagus nerve stimulation. 
A number of presentations and publications of pilot studies have reported encourag-
ing results for migraine, cluster headaches, asthma, and bronchial COPD. Electrocore 
Medical has a CE Mark for epilepsy, but no epilepsy studies have been reported as 
of February 2014.

 Conclusions

VNS Therapy has demonstrated to be an effective non-pharmacologic treatment for 
drug resistant epilepsy. This has sparked interest in the role of neurostimulation in 
treating epilepsy. As the mechanisms are further explored beyond its effect on the 
norepinephrine and serotonin system, treatment of other chronic illnesses are being 
considered and tested. Its place in therapy should be considered earlier in the course 
of the disease in those patients for whom surgery is not an option and that are drug 
resistant. Several other opportunities still exist to optimize the therapy and therefore 
improve patient outcomes. These include optimizing the dose based on seizure type, 
syndromes, age groups and concomitant medications; developing an algorithm for 
dose titration and ideal parameter settings; characterizing the impact of VNS 
Therapy on factors other than seizure count; and providing a closed-loop responsive 
device to name a few. Meeting these opportunities will expand the role of VNS 
Therapy in drug resistant epilepsy.
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Chapter 9
VNS for the Treatment of Inflammatory 
Disorders of the Gastrointestinal Tract

Bruno Bonaz, Valérie Sinniger, Sonia Pellissier, and Didier Clarençon

Abstract The brain and the gut communicate bi-directionally through the 
 autonomic nervous system of which the vagus nerve is a major component. The 
vagus nerve has a well-documented anti-inflammatory activity through its afferents 
and the hypothalamic-pituitary-adrenal axis. More recently, an anti-inflammatory 
role of vagal efferents has also been discovered through the cholinergic 
 anti- inflammatory pathway. Vagus nerve stimulation, used in the treatment of drug 
resistant epilepsy and depression, could be an effective tool to treat inflammatory 
disorders of the gastro-intestinal tract, such as inflammatory bowel disease, irritable 
bowel syndrome, as well as postoperative ileus which are characterized by an 
 autonomic imbalance with a low vagal tone.

Keywords Autonomic nervous system • Brain-gut axis • Cholinergic anti- 
inflammatory pathway • Gastro-intestinal tract • Iinflammation • Inflammatory bowel 
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Abbreviations

α7nAChR Alpha7 nicotinic Ach receptors
Ach Acetylcholine
ANS Autonomic nervous system
CAP Cholinergic anti-inflammatory pathway
CD Crohn’s disease
CRF Corticotrophin-releasing factor
DMNV Dorsal motor nucleus of the vagus
FDA Food and drug administration
HPA axis Hypothalamic pituitary adrenal axis
HRV Heart rate variability
IBD Inflammatory bowel disease
IBS Irritable bowel syndrome
IL Interleukin
LC Locus coeruleus
LPS Lipopolysaccharides
NTS Nucleus tractus solitarius
PB Parabrachial nucleus
POI Postoperative ileus
PVH Paraventricular nucleus of the hypothalamus
TNF Tumor necrosis factor
UC Ulcerative colitis
VN Vagus nerve
VNS Vagus nerve stimulation

 Introduction

There is bidirectional communication, between the brain and the gut through the 
autonomic nervous system (ANS). Dysfunction of this axis may underlie the patho-
genesis of disorders of the gastrointestinal tract such as irritable bowel syndrome 
(IBS) and inflammatory bowel diseases (IBD) [1, 2]. An imbalance of the ANS is 
observed in IBS and IBD [3].

The vagus nerve (VN) is a key element of the ANS and is emerging as a thera-
peutic target in IBS and IBD based on its role in inflammation through its afferent 
and efferent pathways [4]. VN stimulation (VNS) is used in the treatment of drug 
refractory epilepsy and depression and could be a therapeutic tool in the manage-
ment of inflammatory disorders of the digestive tract [4].
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 Rationale for Using Vagus Nerve Stimulation 
for the Treatment of Gastrointestinal Disorders  
Neuro- anatomical Basis

The VN, historically cited as the pneumogastric nerve, is the tenth cranial nerve. It 
is the longest nerve in the body and innervates a number of organs including most 
of the GI tract. The VN are paired but they are normally referred to in the singular. 
The VN is the principal component of the parasympathetic nervous system, and 
with the sympathetic nervous system is a part of the ANS. The vagi enter the abdo-
men as two trunks coursing over the esophagus (dorsal and ventral) and then divid-
ing into four or five distinct primary branches at the subdiaphragmatic esophageal 
level. The gastric branches control stomach acid secretion; the hepatic branch has 
been shown to influence the motility of the gall bladder and biliary tract, and the 
celiac branches mediate the motility of the distal intestine and colon [5]. The VN is 
a mixed nerve composed mainly of unmyelinated fibers, with 80% afferent fibers 
that convey visceral, somatic and taste sensations and 20% efferent fibers, which are 
involved in the control of gastro-intestinal motility and secretion.

Vagal efferents, are preganglionic neurons and originate in the dorsal motor 
nucleus of the vagus (DMNV) located in the dorsal part of the brainstem, in the 
medulla, below the nucleus tractus solitarius (NTS) which receives vagal afferents. 
Vagal efferents innervate the digestive tract from the esophagus to the splenic flex-
ure while the rest of the digestive tract, i.e. the left colon and rectum, is innervated 
by the sacral parasympathetic nucleus, the other part of the parasympathetic ner-
vous system, which originates in the sacral (S2-S4) spinal cord. Within the DMNV, 
the preganglionic neurons are organized into longitudinal columns, corresponding 
to a different abdominal branch. Indeed, there is a viscerotopic organization of vagal 
efferents in the DMNV.  Neurons that reach the stomach are concentrated in the 
medial part of the DMNV while those innervating the colon except the rectum are 
located in the lateral part [6]. In the rat, the VN innervates all the digestive tract with 
the exception of the rectum [6] while in human it provides the innervation of the GI 
tract until the splenic flexure [7]. Some anatomists believe that the VN innervates all 
the digestive tract in human [8].

In the digestive tract, preganglionic neurons originating suppress in from the 
DMNV connect to the second neurons (i.e. post-ganglionic neurons). The latters are 
a part of the enteric nervous system sometimes referred to as the little brain of the 
gut or the “gut brain” and provides autonomous functioning of the digestive tract.

The neuromediator of the VN is acetylcholine (Ach) which is released both at the 
end of the VN where it acts on nicotinic receptors, and at the end of the post- 
ganglionic neuron in the enteric nervous system, where it acts on nicotinic or mus-
carinic receptors. Vagal efferents do not directly reach the intestinal lamina propria 
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[9]. Indeed, they form cholinergic synapses onto enteric neurons that innervate the 
lamina propria. Enteric neurons respond to locally released inflammatory stimuli 
[10]. Anatomical and physiological evidence clearly suggests that these neurons 
contribute to the regulation of gut immunity, independently of the VN although 
under its influence [11].

Vagal afferents originate from all layers of the digestive tract, i.e. from the 
mucosa to the muscle layers. The sensory afferent cell bodies reside in the nodose 
ganglia and relay information to the NTS, according to a rostro-caudal viscerotopy, 
and to the area postrema which is located in the medulla, above and in close proxim-
ity to the DMNV to form the dorsal vagal complex. The NTS is divided into various 
subnuclei, partly correlated with the areas of projection of peripheral afferent end-
ings. Altschuller et al. have described a viscerotopic representation of the digestive 
tract in the NTS in rats [12]. Indeed, esophageal and stomach afferents terminate in 
the subnucleus centralis and subnucleus gelatinosus respectively while colonic 
afferents terminate in the medial and commissural part of the NTS [6, 12]. The vagal 
afferent system is well positioned to detect immune-related events in the periphery 
and generate appropriate autonomic, endocrine, and behavioral responses via cen-
tral reflex pathways. The NTS sends viscero-sensory information to the DMNV, 
which is positioned downstream to vagal afferents. Indeed, there are integrated 
vago-vagal reflexes where vagal afferents ending in the NTS are connected with 
dendrites of vagal motoneurons located in the DMNV thus influencing the function-
ing of vagal efferents [13].

Vagal sensory inputs arriving in the NTS are transmitted to widespread areas of 
the central nervous system [14–16]. From the NTS, there is an ascending system 
through the brainstem, distributing fibers to both diencephalic and telencephalic 
structures. Most project to the parabrachial (PB) region but also to the locus coeru-
leus (LC), the periventricular nucleus of the thalamus, the central nucleus of the 
amygdala, the dorsomedial and paraventricular nucleus of the hypothalamus (PVH), 
the medial preoptic area and the arcuate nucleus of the hypothalamus, ventrolateral 
medulla (A1 noradrenergic nucleus). These projections suggest that there is an inte-
gration of visceral information with an autonomic, behavioral, and endocrine 
response. NTS neurons may directly modulate the activity of LC neurons and may 
serve to integrate autonomic responses in the brain by influencing the widespread 
noradrenergic projections of the LC [17]. Neurons of the rostral ventrolateral 
medulla oblongata provide one of two major sources of afferent inputs to the LC 
[18], which in turn has projections to widespread areas of the cortex that are associ-
ated with stress-related behaviors and affective disorders [19]. The PVH projects to 
the bed nucleus of the stria terminalis, the dorsomedial and arcuate hypothalamic 
nuclei, the medial preoptic area, the periventricular nucleus of the thalamus, the PB 
region, and the nucleus tegmenti dorsalis lateralis [20]. The PB nucleus in turn proj-
ects to the central nucleus of the amygdala, the bed nucleus of the stria terminalis 
and the PVH [21]. The PVH projects directly to the NTS [20, 22], thereby establish-
ing a feedback loop between the NTS and the forebrain. Thus visceral information 
vehiculated by the VN is integrated in the central autonomic network which is 
 composed by a central network roughly divided into executive structures, mainly 
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hypothalamic, coordinating structures, mainly included in the limbic system, and 
high level control structures, mainly the frontal cortex. This central autonomic net-
work is able to modify the ANS, i.e. the VN, sacral parasympathetic nucleus and 
sympathetic nucleus, and the endocrine response i.e. the hypothalamic pituitary 
adrenal (HPA) axis. The VN could mediate the sixth sense [22], based on the 
hypothesis that sensory inputs originating from the internal environment, such as 
gut feelings, act to alter –heighten or dull – the perception of the outside world and 
influence the elicited behavioural response.

 Anti-inflammatory Properties of the Vagus Nerve

The VN has a dual anti-inflammatory role both through its afferents and efferents. 
The peripheral release of pro-inflammatory cytokines such as interleukin (IL)-1, 
Il-6 and tumor necrosis factor α (TNF), following administration of lipopolysac-
charides (LPS), is able to activate vagal afferents through the linkage of cytokine to 
glomus cells of most paraganglia of the VN [23], which express IL-1 receptors. This 
effect is disrupted by subdiaphragmatic vagotomy [24]. Toll-like receptor 4, the 
principal endotoxin receptor of LPS, is expressed by neurons in the nodose ganglia 
[25], thus LPS can activate the afferent VN at the level of nodose ganglion. Then 
neurons activated in the NTS, particularly in the A2 noradrenergic group, send pro-
jections to the hypothalamus, to corticotrophin-releasing factor (CRF)-containing 
neurons of the parvo-cellular part of the PVH. The release of CRF by these neurons 
will then activate the release of adrenocorticotropin hormone by the pituitary thus 
stimulating the release of glucocorticoids by the adrenal glands i.e. the HPA axis. 
This anti-inflammatory pathway has been described by Hans Selye as a key compo-
nent of the brain-gut stress response [26].

More recently, in 2000, a parasympathetic anti-inflammatory pathway involving 
vagal efferents has been described by KJ Tracey and colleagues [27]. These authors 
showed that VNS, in vagotomized animals, on the distal end of the left cervical VN 
trunk, was able to prevent a septic shock induced in rats by LPS. Additional studies 
showed that vagal efferents are involved in a cholinergic anti-inflammatory pathway 
(CAP) through which the brain modulates systemic inflammatory responses to 
endotoxin (Fig. 9.1) [28]. These authors showed that Ach, the principle neuromedia-
tor of the VN, significantly decreased the release of pro-inflammatory cytokines 
such TNFα, IL-1beta, IL-6 and IL-18, but not the anti-inflammatory cytokine IL-10, 
in LPS-stimulated human macrophage cultures. Thus ACh released by efferent VN 
inhibits macrophage activation. VNS of the left cervical VN performed on the distal 
end of vagotomized rats in vivo during lethal endotoxaemia inhibited TNF synthesis 
in liver, attenuated peak serum TNF amounts, and prevented the development of 
shock. This group also demonstrated that the CAP was mediated through the link of 
Ach with alpha7 nicotinic Ach receptors (α7nAChR) of macrophages since this 
effect was not observed in α7 knock-out animals [29]. De Jonge et al. [30] have 
shown that the CAP acts through α7 subunit-mediated Jak2-STAT3 activation. 
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These authors also showed that, stimulation of the VN improved surgery-induced 
inflammation and postoperative ileus (POI) in a mouse model of intestinal manipu-
lation by activating STAT3 in intestinal macrophages. Alpha-7nAChRs also mediate 
potent anti-inflammatory effects in macrophages by inducing the synthesis of 
miRNA-124, which inhibits the synthesis and release of TNF and IL-6 [31].

Another pathway through which the CAP could act is through the spleen, which 
is known to be a source of TNFα. Huston et al. [32] showed that VNS fails to inhibit 
TNF production in splenectomized animals during lethal endotoxemia. Selective 
lesioning of the common celiac nerve abolished TNF suppression by VNS, suggest-
ing that the CAP is functionally hard wired to the spleen via this branch of the 
VN. Huston et al. [33] have also shown that administration of nicotine significantly 
reduced levels of CD11b, a β2-integrin involved in cell adhesion and leukocyte 
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chemotaxis, on the surface of neutrophils in a dose-dependent manner and that this 
function requires the spleen. Moreover, they showed that VNS attenuated neutrophil 
surface CD11b levels required an intact and innervated spleen. The effects of the 
CAP on the spleen are thought to involve an interaction of the VN, which synapses 
with sympathetic neurons at the celiac/superior mesenteric ganglia [34] with the 
splenic sympathetic nerve through a vago-sympathetic activating pathway. Ach 
released at the distal end of the VN activates the splenic nerve through an interaction 
with α7nAChR activating the release of norepinephrine by the splenic nerve, which 
could then either:

 (i) inhibit the release of TNF by spleen macrophages through an interaction with 
β2adrenergic receptors

or
 (ii) activate the release of Ach by spleen lymphocytes through a link to β2adrenergic 

receptor. (Here ACh-synthesizing T lymphocytes provide an essential 
 non- neural link of ACh which then inhibits the release of TNF by spleen 
 macrophages through an effect on α7nAChR) [35].

Downs et al. [36] have recently shown that α7 nAChR mRNA and protein are 
highly expressed in the celiac/superior mesenteric ganglia. This provides a site for 
the action of ACh or nicotinic agonists to induce norepinephrine release in the 
spleen. Alpha-7nAChRs are also present prejunctionally on noradrenergic nerve 
fibers within the spleen, and these receptors may enhance the release of norepi-
nephrine through a positive feedback mechanism with lymphocyte-derived ACh. 
The involvement of the spleen has also been described by Ghia and colleagues who 
showed that central cholinergic activation induced by the acetylcholinesterase 
inhibitor galantamine or a muscarinic acetylcholine receptor agonist improved coli-
tis in mice and that the CAP was abolished in mice with vagotomy, splenic neurec-
tomy, or splenectomy [37]. Xue et al. [38] also showed that VNS fails to protect 
against septic shock in rats subjected to splenectomy or common celiac branch 
vagotomy, indicating that the spleen may be a vital target of the CAP. In addition, 
we have shown that VNS is able to modify splenocyte activation [39]. However, the 
anatomical relationships between the peripheral cholinergic system and immune 
cells located in these lymphoid tissues remain unclear due to inherent technical dif-
ficulties with currently available neuroanatomical methods. Indeed, Martelli et al. 
[40] have shown that VNS does not drive action potentials in the splenic nerve and 
for these authors the anti-inflammatory effect of VNS in the intestine is independent 
of the spleen and T cells. They showed that the efferent arm of the inflammatory 
reflex is in the splanchnic sympathetic nerves, not the vagi as previously 
proposed.

Gautron et al. [41], using a new neural tract tracing methodology have recently 
identified cholinergic neuronal and non-neuronal cells in a position to modulate 
gastrointestinal and splenic immunity in the mouse. They found only a sparse inner-
vation in the spleen mostly consisting of neuronal fibers of spinal origin around 
arterioles and in lymphocyte-containing areas of the white pulp while the spleen 
itself contained a novel population of cholinergic B-cells, fewer T-cells. The 
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 cholinergic fibers found in the spleen were found to come from cholinergic postgan-
glionic sympathetic neurons located in the para- and/or prevertebral chains.

ACh can be released by epithelial and immune cells, in addition to nerve endings 
[42]. The ultimate role of immune-derived ACh appears to be the suppression of 
proinflammatory cytokines released from macrophages. This evidence suggests that 
the gut-associated lymphoid tissue may play an underestimated role in the immuno-
dulatory actions of peripheral acetylcholine and VNS.
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In summary, it remains difficult to explain how this assembly of cholinergic struc-
tures is recruited by the electric stimulation of the efferent VN, primarily because 
vagal efferents do not project to the spleen and do not contact spleen- projecting 
sympathetic neurons [43, 44]. One possibility, as proposed by Martelli et al. [45], is 
a non-neuronal link between the VN and the spleen. In that case, the essential 
α7-containing nicotinic receptor is placed not on the cell bodies but on the peripheral 
terminals of the splenic sympathetic nerves. When stimulated by ACh from incom-
ing T-cells, they release noradrenaline, which then acts on β-adrenergic receptors on 
splenic macrophages to suppress their production of TNFα (Fig. 9.2). No action 
potentials are required for this activity. If, on the other hand, action potentials are 
generated in the splenic nerve by direct stimulation, the anti-inflammatory action 
bypasses the need for α7-containing nicotinic receptors [46]. Cailotto et al. [47] have 
recently shown that the VN does not directly interact with resident macrophages in 
the gut or spleen. Instead, the VN preferentially interacts with nNOS, VIP and ChAT 
enteric neurons located within the gut muscularis with nerve endings in close prox-
imity of the resident macrophages.

 Vagus Nerve Stimulation

The use of VNS for suppression of seizures was first performed by JL Corning, in the 
early 1880s [48], using an electrocompressor for transcutaneous VNS of the VN 
cervical trunk based on the idea that seizures may be due to alterations in cerebral 
blood flow. It was not until 1938 that Bailey and Bremer [49] reported that VNS in 
the cat elicited synchronized activity in the orbital cortex. The first device implanted 
into a human for treatment of drug-resistant epilepsy was reported in 1988 [50]. VNS 
has been approved by the US Food and Drug Administration (FDA) for treatment of 
refractory epilepsy since 1997 while the approval in Europe was in 1994. Over 
100,000 VNS devices have been implanted in more than 75,000 patients worldwide 
as of August 2014 [Cyberonics Inc. 2013 Annual Report. http://ir.cyberonics.com/
annuals.cfm (accessed 03/05/2014)]. VNS was also approved in 2005 by the FDA 
for the adjunctive, long-term treatment of chronic or recurrent depression in patients 
who are experiencing an episode of major depression and have not had an adequate 
response to four or more antidepressant treatments [VNS Therapy System Physician’s 
Manual. Houston, TX: Cyberonics Inc., 2013. http://dynamic.cyberonics.com/man-
uals/ (accessed 01/05/2015)]. The use of VNS in depression was based on improve-
ments in well-being, mood, alertness, memory and thinking skills, independent of 
seizure activity, These outcomes were observed in patients who received implantable 
VNS for refractory epilepsy followed by a 1-year open-label extension on 205 
patients of a negative sham-controlled study performed during 10 weeks [51, 52].

The massive central projections of the VN are likely to be responsible for the 
antiepileptic and antidepressive properties of afferent vagal stimulation in humans 
although the neuronal mechanisms by which such stimulation exerts therapeutic 
effects are not well understood. There are several possible loci for influence through 
a polysynaptic pathway from the NTS such as the neocortex and hippocampus, the 
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thalamus, the LC. The excitability of epileptogenic tissue may decrease due to neu-
roplastic changes in relevant structures [53]. The anti-epileptic effect of VNS is not 
attributed to vagal C-fibers, as their destruction does not alter subsequent VNS- 
induced seizure suppression in rats. This suggests that seizure suppression results 
from activation of vagal A- and B-fibers [54].

Five different parameters (i.e. intensity, frequency, pulse width, on-time, and off- 
time) of stimulation are used for VNS in epilepsy/depression. For example: inten-
sity 0.5–3.5  mA, frequency 20–30  Hz, pulse width 500 micros, and stimulation 
on-time of 30–90  s followed by off-time of 5  min. A large range of frequency 
(2–300  Hz) of VNS produced electroencephalographic desynchronization of the 
“encéphale isolé” cat that was abolished by a tight ligature of the proximal end of 
the vagal trunk [55], thus suggesting that vagal afferent fibers are involved in such 
effect. High frequency VNS is over 50% more effective than low frequency VNS 
[56]. However, frequencies of 50 Hz and above caused major irreversible damage to 
the VN [57]. VNS at antiepileptic parameters induces c-fos expression in rats in 
brain nuclei involved in the genesis and regulation of seizures such as the amygdala, 
cingulate cortex, locus coeruleus, and hypothalamus [58]. By comparison, brain 
imaging studies in humans have shown modifications in regions targeted by VN 
afferents such as the thalamus, cerebellum, orbitofrontal cortex, limbic system, 
hypothalamus, and medulla [59]. A 50% seizure reduction is observed in patients 
after 2 and 3 years of VNS [60].

VNS is successful in 20% of treatment-resistant depression patients [61]. VNS 
for 9 months or 12 months (for those that initially received sham treatment) pro-

Fig. 9.3 The Vagus nerve 
stimulation device with the 
pulse generator, placed in a 
subcutaneous pocket in the 
left chest wall, and a spiral 
electrode wrapped around 
the left vagus nerve in the 
neck (With permission © 
Cyberonics, Inc)
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duced an increase in the efficacy of VNS over time with response and remission 
rates of 27.2% and 15.8% respectively [52]. Studies looking at the 2-year outcome 
of VNS reported response rates of 53% and remission rates of 39% [62].

VNS is classically applied through a spiral electrode wrapped around the left 
cervical VN in the neck [63]. The connected cable is tunneled subcutaneously to 
and connected with a pulse generator located in the left chest wall (Fig. 9.3). The 
implantation (~1 h duration) is performed under general anesthesia generally by 
neurosurgeons because of the familiarity with epilepsy. Because the right VN inner-
vates the sinoatrial node (involved in the pace-maker function of the heart) while the 
left VN innervates the atrioventricular node (regulating the force of contraction of 
the heart muscle with less influence over heart rate) [64], VNS is performed on the 
left VN with no major cardiac adverse events. The VNS device is manufactured by 
Cyberonics (Houston, TX, USA) and includes a pair of helical electrodes (2 or 
3 mm diameter), a battery-powered generator, a tunneling tool, software and pro-
gramming tools, and supplies for the patient (http://us.cyberonics.com/en/). The 
price of the generator pulse (model 102) plus the electrode (model 302) is ~9000 
euros. The battery for the stimulator lasts approximately 5–10 years, depending on 
the settings used. Implantable VNS is safe and well tolerated as withdrawals are rare 
[56], with minor adverse events which are classically voice alteration, cough, dys-
pnea, paresthesia, nausea, headache and pain that decline with continued treatment 
and easy to control by reducing the stimulation intensity [65].

The concept of the CAP is based on the activation of vagal efferents (see above). 
In those studies, VNS was used at low frequency (1–5-10 Hz) stimulation. Indeed, 
in the referent work of Borovikova et al. [27], VNS was performed in rats with cer-
vical vagotomy and applied at low frequency of stimulation of the distal end (thus 
stimulating vagal efferents) of the VN using the following parameters: 5 V, 2 ms, 
1 Hz. Bernik et al. [66] performed VNS to either the left or right VN, in anesthetized 
rats with intact vagi, with constant voltage of either 1 V (2 ms, 5 Hz) or 5 V (2 ms, 
5 Hz) for 10 min intervals before and after LPS injection, for a total of 20 continu-
ous minutes. They showed that intact VNS protected against endotoxin-induced 
hypotension and endotoxin-induced shock; this effect was prevented by surgical or 
chemical vagotomy. de Jonge et al. [30] performed VNS in a mouse model of POI 
following intestinal manipulation by stimulating the distal part of the ligated left VN 
trunk or of the distal part of the VN after vagotomy thus activating vagal efferents. 
Voltage stimuli (5 Hz for 2 ms at 1 or 5 V) were applied for 5 min before and for 
15 min after intestinal manipulation; VNS improved surgery-induced inflammation 
and POI through α7 subunit-mediated Jak2-STAT3 activation. Costantini al. [67] 
performed VNS of the intact right VN at 1 Hz (2 mA) in anesthetized male BALB/c 
mice and showed an increased activation of enteric glia cells resulting in attenuation 
of burn-induced intestinal barrier injury. The protective effect of VNS was prevented 
by abdominal vagotomy at the gastroesophageal junction, thus confirming that VN 
efferent signaling modulates gut barrier integrity following injury. VNS performed 
at 10 Hz recommended to activate vagal efferents did not induce deleterious side 
effects [59, 68] and no significant difference was found in withdrawal rates between 
high and low stimulation groups in an updated version of a Cochrane review [56]. If 
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theoretically, low frequency (5–10  Hz) VNS activates vagal efferents, we have 
shown that low frequency VNS performed in anesthetized animals with intact vagi 
also activates vagal afferents [69].

 Disorders of the Digestive Tract That May Benefit from VNS

Based on the anti-inflammatory properties of the VN, disorders of the GI tract like 
IBD, (Crohn’s disease, CD and ulcerative colitis, UC), IBS, as well as POI may be 
amenable to treatment using VNS.

�Inflammatory�Bowel�Diseases

IBDs are organic diseases classically divided in CD and UC involving the digestive 
tract, particularly the colon and small-bowel (CD) starting early in life (between 15 
and 30 years), and involve alternating periods of flares and remissions of variable 
duration. Symptoms are characterized by abdominal pain, diarrhea, fever, weight 
loss, and  extra-intestinal manifestations. IBD affects an estimated 1.5 million 
Americans and 2.2 million people in Europe. The rising incidence of IBD in Western 
countries supports the hypothesis that “Westernization” of our lifestyle has led to 
the increased incidence and prevalence of IBD. The highest annual incidence of UC 
is 24.3 per 100,000  person-years in Europe and 19.2 per 100,000 person-years in 
North America. The highest annual incidence of CD is 12.7 per 100,000 person- 
years in Europe and 20.2 per 100,000 person-years in North America. The highest 
reported prevalence values for IBD were in Europe (UC, 505 per 100,000 persons; 
CD, 322 per 100,000 persons) and North America (UC, 249 per 100,000 persons; 
CD, 319 per 100,000 persons) [70].

The pathophysiology of IBD is multifactorial involving immunologic, genetic, 
infectious and environmental factors [71]. Stress, through brain-gut interactions, 
as well as environmental factors, based on experimental and clinical data [2] have 
been proposed as contributors. An imbalance of the ANS is observed in IBD - 
sympathetic dysfunction in CD [72] and a vagal dysfunction in UC [73]. We have 
recently shown that this dysautonomia may be dependent on psychological 
adjustment. Indeed, the equilibrium of the ANS is differentially adapted accord-
ing to the disease. This equilibrium is conjugated with positive affective and cog-
nitive adjustment in IBD [3]. Currently, there is no l treatment that will cure 
IBD. Current treatments suppress disease activity and there is generally a relapse 
of the disease after discontinuation of the treatment. TNF is a key cytokine which 
is involved in IBD and anti-TNF therapies are presently the gold standard in the 
treatment of IBD [74]. However, anti-TNF therapies are not devoid of adverse 
events [75] and patients are often hesitant to take such treatment. In addition, 
20% to 40% of IBD patients are not compliant with their treatment [76]. Thus, a 

B. Bonaz et al.



217

treatment targeting TNF using an intrinsic anti-TNF pathway, with few side 
effects, devoid of problem of compliance, and cheaper than biologicals (i.e. anti-
TNF) would be of great value. In this context, VNS, as a non-drug therapy could 
serve as an alternative to classical biological therapy. We have shown recently 
that there is a specific homeostatic link between vagal tone and TNF-alpha in CD 
patients since a low vagal tone was  associated with a high plasma TNF levels 
[77]. In addition, since stress is classically known to stimulate the sympathetic 
nervous system, which has a pro-inflammatory effect, and to inhibit the VN [78], 
and thus the CAP, VNS may help to restore equilibrium of the sympatho-vagal 
balance.

�Irritable�Bowel�Syndrome

IBS is the most common functional digestive disorder, with a prevalence rate in the 
general population of 10–15% in industrialized countries [79]. IBS is characterized 
by abdominal pain, bloating and altered bowel habits without any organic cause with 
a higher prevalence of symptoms in women [1]. IBS accounts for up to 12% of visits 
to primary care doctors and 28% of visits to gastroenterologists [80]. IBS is associ-
ated with a significant impairment in quality of life, a high rate of absence from work 
and a significant increase in health care costs. Extra-intestinal manifestations are fre-
quently associated with digestive symptoms such as headache, arthralgia, urinary 
problems, insomnia, and fatigue. Fibromyalgia is often observed in IBS [81]. 
Psychiatric comorbidity, mainly major depression, anxiety, and somatoform disor-
ders are observed in 20 to 50% of IBS patients [82]. Numerous data argue for a role 
of stress in the pathophysiology of IBS [1]. A history of emotional, sexual, or physi-
cal abuse is found in 30%–50% of IBS patients [83]. A majority of patients with IBS 
have a visceral hypersensitivity as represented by lower pain thresholds to intestinal 
distension compared to healthy controls [84]. Among the peripheral mechanisms of 
this visceral hypersensitivity, low-grade inflammation in the GI tract could favor 
modifications of neuronal plasticity [85, 86] and mast cells could also be involved in 
the sensitization of visceral afferent terminals [87]. A post-infectious IBS has been 
observed in 4–30% following bacterial gastroenteritis [88]; perceived stress, anxiety, 
somatisation and negative illness beliefs at the time of infection in favor of a cogni-
tive-behavioral model of IBS were predictors of post-infectious IBS [89]. Immune 
activation with an increased number of T lymphocytes and mast cells associated with 
mucosa as well as an increased level of pro-inflammatory cytokines (IL-10 and IL-12, 
suggesting Th1 polarization) has been described [90] so that some authors have com-
pared IBS to an IBD “a minima”. Modifications in central sensory processing are 
described in IBS [91], which is similar to a central sensitization syndrome [92].

Globally, IBS can be described by a biopsychosocial model with the concept that 
it is due to a brain-gut axis dysfunction consistent with an up-regulation in neural 
processing between the gut and the brain. There is a hypervigilance state that 
explains the visceral hypersensitivity observed in IBS patients. A dysautonomia, 
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with a high sympathetic and a low parasympathetic tone, whatever the positive or 
negative affective adjustment has been described [3]. Because of the complexity of 
the pathophysiology of IBS, its medical treatment is limited, primarily to target 
symptoms. Non-medical treatments, like cognitive behavioral therapy or hypnosis, 
known to improve vagal tone [93, 94], are of interest [95].

In this context, based on its peripheral anti-inflammatory effect but also through 
its effect on the central nervous system, as an anti-depressive treatment, VNS would 
be of interest in the treatment of IBS. In addition, VNS has been shown to modify 
central pain processing. Indeed, VNS increases the pain threshold in visceral pain 
models in rats [96] and modulates visceral pain-related affective memory [97]. 
Modification of pain by VNS has been reported in epileptic patients and VNS might 
affect peripheral nociceptor function in humans [98]. We are starting a clinical trial 
to evaluate the effect of VNS in IBS (ClinicalTrials.gov Identifier: NCT02420158).

�Post-operative�Ileus

POI can develop after abdominal surgery irrespective of the site of surgery and is 
characterized by a delay in gastric emptying and a prolongation of intestinal transit. 
In most cases, the functions of the stomach and small intestine recover within 
24–48 h while the colon can take up to 72 h. POI can lead to longer hospitalization 
times and higher healthcare costs. Recent research has led to a better understanding 
of the pathophysiology of POI. Sympathoadrenergic as well as vagal nonadrenergic- 
noncholinergic inhibitory efferent pathways are involved in the mechanisms medi-
ating POI while capsaicin-sensitive afferent neurons have been implicated in the 
afferent limb of the reflex [99]. Brain transmitters and pathways that may be part of 
supra-spinal reflex circuitry have also been described such as c-fos expression of 
specific hypothalamic and pontine-medullary neurons [100]. CRF in the PVH plays 
a role in the central mechanism of stress-induced delay in gastric emptying and this 
effect is reduced by central injection of the CRF antagonist a-helical CRF-(9–41)  
[101]. This effect is mediated through CRF1 receptors since CRF1-deficient mice 
do not develop POI [102].

More recently, a role for the CAP has also been demonstrated in POI. Indeed, 
gentle manipulation of the small bowel during abdominal surgery induces inflam-
mation of the muscularis propria [103, 104]. VNS reduced the inflammatory 
response to mechanical manipulation of the intestine during surgery, thereby pre-
venting surgery-induced delayed gastric emptying [30]; systemic administration of 
selective nACh agonists has the same effect [105]. This anti-inflammatory effect is 
mediated by a reduction in macrophage activation and cytokine production through 
the CAP. Semapimod, a tetravalent guanyl hydrazone, also known as CNI-1493, 
prevents macrophage activation via inhibition of mitogen-activated protein kinase 
signaling [106]. This effect is mediated through central activation of the CAP [107] 
as observed with galantamine, a drug used in the treatment of Alzheimer disease 
that crosses the blood-brain barrier and activates the CAP [37]. Gum chewing 
reduces POI by stimulating vagal activity [108]. Peptides are involved in gastric 
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emptying; ghrelin has a prokinetic effect thus stimulating gastric emptying [109] 
and abdominal surgery inhibits circulating ghrelin level in rats [110]. Somatostatin 
and its somatostatin receptor 2 (sst2) are highly expressed in the stomach and sst2 
is involved in abdominal surgery-induced POI since sst2 antagonists prevent 
surgery- induced reduction of circulating ghrelin in rats [110]. Through its anti- 
inflammatory role, VNS is a potential treatment to reduce POI and a clinical trial is 
running to evaluate the anti-inflammatory effect of peroperative VNS to shorten POI 
in human (ClinicalTrials.gov Identifier: NCT01572155).

 Science, Technique and Data That Underpins the Use of VNS 
for the Treatment of Inflammatory Disorders 
of the Gastrointestinal Tract

Based on the inflammatory reflex described by Tracey and colleagues, most of the 
studies using VNS to activate the CAP were performed in vagotomized,  anesthetized 
animals with VNS performed at the distal end of the cut VN or in animals with 
stimulation of the distal part of the ligated VN trunk, thus stimulating selectively 
vagal efferent fibers without any effect on afferents. When performed in intact vagi, 
VNS was generally performed in anesthetized animals but anesthesia can change 
the threshold for activation of different types of fibers in the vagal bundle [111]. In 
addition, isoflurane commonly used in studies where long-term anesthesia is neces-
sary because of different positive aspects has anti-inflammatory properties which 
can be sources of interferences in studies concerning inflammation [39, 112]. 
Lidocaine is also reported to reduce inflammatory markers, including cytokines and 
chemokines [113]. Most of these studies were also performed under acute but not 
chronic VNS.  One might expect that VNS chronically performed in awakened 
 animals would be of interest to extrapolate experimental data on inflammation to 
clinical data. As observed for VNS in epilepsy or depression, such a translational 
therapeutic approach is necessary to address inflammatory digestive disorders as 
well as extra-digestive disorders in human.

For this purpose, we have developed a chronic low frequency VNS of the left 
cervical VN in non-anesthetized freely moving rats with colitis, which shares 
 features of Crohn’s disease, for 3 h per day for five consecutive days, with stimula-
tion parameters (1 mA, 5 Hz, pulse width of 500 ls; 10 s ON, 90 s OFF; continuous 
cycle) adapted from previous studies [58, 66]. We have used a global multivariate 
index of colitis (including body weight, myeloperoxidase quantification, telemetric 
data, and areas of lesions, cytokine and cytokine-related mRNAs) for a better char-
acterization of colonic inflammation. We have shown that VNS has an anti- 
inflammatory effect as demonstrated by an improvement of this multivariate index 
of colitis [114]. Neurons of the DMNV that project to the digestive tract exhibit 
slow (1–2 Hz) spontaneous pacemaker-like activity in vitro as well as in vivo [115, 
116] the rate of which can be modulated by synaptic inputs. Consequently, stimula-
tion at a frequency of 5 Hz, generally used in experimental VNS of vagal efferents, 
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is in the range of normal nerve traffic in the VN. In contrast, the majority of NTS 
neurons do not possess pacemaker activity; their inputs onto DMV neurons must be 
driven and are modulated by synaptic activity, either from the afferent VN, from 
other areas of the central nervous system, or via circulating hormones [117]. 
Lomarev et al. [68] showed a frequency/dose-effect of VNS on acute blood flow 
changes looking at fMRI modifications in the brain of depressed patients under low 
(5 HZ) or high (20 Hz) VNS; 5 Hz stimulation was associated with reduced brain 
activation by comparison to 20 Hz. In the same way, Osharina et al. [118] performed 
VNS of the central cut left VN and showed a gradual increase in c-fos expression in 
the brain of animals with VNS from 1 to 10 Hz; 1 Hz VNS only discretely affected 
the level of c-fos expression in the NTS, compared to sham-operation, while in 
contrast, c-fos expression was markedly above sham-operation levels in the NTS 
following 10 Hz stimulation. We have recently shown that low-frequency (5 Hz) 
VNS, known to activate vagal efferents, with anti-inflammatory properties in a 
model of colitis in rats [114] is also able to activate the central nervous system. 
Indeed, we have shown for the first time, using fMRI, that a 1-h VNS in anesthetized 
rodents induced highly significant VNS-related deactivations in the NTS and con-
nected structures [69] such as the PB, the LC and the hippocampus as well as the 
prefrontal cortex and retrosplenial cortex, regions that express c-fos after continu-
ous 30  Hz VNS [58]. Most of the deactivated structures observed in this study 
belong to the central ANS [119]. When VNS was performed on the distal end cut of 
the VN (i.e. disrupted vagal afferents), no brain activation was observed while brain 
activations remained unchanged when stimulation was performed on the proximal 
end of the VN (i.e. disrupted vagal afferents). Thus, even low-frequency stimulation 
at 5 Hz, that theoretically activate vagal efferents, also activate vagal afferents to the 
brain thus suggesting that the anti-inflammatory effect of low frequency VNS of the 
intact VN involve both a peripheral (i.e. the CAP) and central effect (through the 
vago-vagal inflammatory reflex and/or a stimulation of the HPA axis and/or a modi-
fication of the central ANS). This was corroborated by an electroencephalographic 
study that we have performed in a CD patient with chronic low frequency (10 Hz) 
VNS.  Electroencephalographic (EEG) and electrocardiographic recordings were 
performed 1 week before, at week 6 and months 6, 9 and 12 post VNS implantation. 
VNS induced significant (P < 0.05) changes in resting EEG in all frequency bands 
with shared spatial pattern. In particular, activations were observed over the medio-
frontal electrodes for both low and high frequency bands with the most important 
activation for the theta band. An additional activation was found in the occipital 
electrodes for the gamma band. We observed significant correlations between EEG 
and the high frequency component of heart rate variability (HRV) for delta, theta, 
beta, and gamma frequency bands. We can hypothesize that the increase in medio-
frontal theta could reflect an activation of the anterior cingulate cortex, part of the 
central autonomic network that modulates the parasympathetic nervous system. The 
changes in theta and gamma bands observed in this study provide evidence that 
forebrain areas could be involved in the mediation of VNS effect on HRV. In paral-
lel, the hypotonicity of vagal tone observed in this patient before VNS was regularly 
corrected during the 1-year of VNS and the patient was in deep (clinical and endo-
scopical) remission [120]. We are presently performing a pilot study of VNS in 
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patients with CD (clinical trial.gov identifier NCT01569503) where VNS is posi-
tioned as an alternative treatment to classical anti-TNF. We have presently implanted 
7 patients with moderate to severe CD, with a neurostimulator (model 102) and an 
electrode (model 302) from Cyberonics, using the following stimulation parame-
ters: intensity 0.5–1.5 mA, frequency 10 Hz, pulse width 500 micros, and stimula-
tion on-time of 30 s followed by off-time of 5 min. The first patient was implanted 
in April 2012 and the last patient in December 2014. After a 6-month follow-up, 5/7 
have responded to VNS with clinical, biological and endoscopic improvement/heal-
ing. One patient switched to surgery (ileo-cecal resection) and another to a 
combotherapy with azathioprine and infliximab. Among the five patients in remis-
sion at 6 months still under VNS only one of them is under immunosuppressant 
(azathioprine) [121]. These preliminary data are of interest and justify a controlled 
study on more patients.

 Advances in Technology and Future Directions

Non-invasive VNS (nVNS) that eliminates the need for surgical implantation, thus 
improving the safety and tolerability of VNS, is of interest. However, these devices 
rely on patient adherence for treatment.

The VN includes a sensory “auricular” branch that innervates the external ear. 
The cymba conchae of the external ear is innervated exclusively by this branch 
[122]. A direct projection of the auricular branch of the VN to the NTS has been 
shown in cats [123] and rats [124]. Transcutaneous auricular VNS (ta-VNS) pro-
duces cognitive and behavioral effects that are also produced by VNS [125]. A very 
recent fMRI study, performed in healthy adults, has shown that non-invasive electri-
cal stimulation (continuous 0.25 ms pulses at 25 Hz, mean intensity 0.43 mA) of the 
auricular branch of the VN via the left cymba conchae significantly affects the cen-
tral projections of the VN, compared to earlobe (control) stimulation [126]. This 
non-invasive electrical stimulation of the “somatic” (i.e., external ear) afferent 
branch of the VN activates both “visceral” and “somatic” vagal projections in the 
brain, thus providing a point of reference for understanding the mechanisms under-
lying the anti-convulsive, antidepressive, and antinociceptive effects of ta-VNS and 
VNS. There is a close connection between auricular concha, NTS, DMNV, and VN, 
which constructs the pathway of the auricular-vagal reflex, thus a connection 
between the auricular concha and vagal efferents. Consequently, such an anti- 
inflammatory reflex could be activated through ta-VNS. Experimental data support 
this hypothesis since ta-VNS has been shown to suppress LPS-induced inflamma-
tory responses via α7nAChR-mediated CAP in rats [127]. In this study the authors 
used VNS or ta-VNS. Similar to the effect of VNS, ta-VNS suppressed the serum 
proinflammatory cytokines levels, such as TNF-α, IL-1β, and IL-6 as well as 
NF-kappa B p65 expressions of lung tissues. ta-VNS could not suppress LPS- 
induced TNF-α and NF-κB after vagotomy or with α7nAChR antagonist injection.

We detail below the non-invasive devices that are able to activate the inflamma-
tory reflex although they are not presently used for this indication but for epilepsy, 
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depression, and headache. However, one can extrapolate these devices to their use 
in inflammatory digestive disorders such as IBD, IBS and POI as well as others.

NEMOS (Cerbomed, Erlangen, Germany) is an external device that provides ta- 
VNS by using a dedicated intra-auricular electrode (like an earphone), which stimu-
lates the auricular branch of the VN [128]. The device has received the European 
clearance (CE mark) in 2010 for epilepsy and is available in Germany, Austria, 
Switzerland, and Italy. The patient controls VNS stimulation intensity according to 
his individual sensitivity, which can vary from day to day or even over the period of 
the therapy. For optimal stimulation, they should choose the intensity so they feel a 
prickling or tingling sensation but not painful or uncomfortable, within a defined 
range and self-treatment sessions lasting 1–4 h, three to four times daily and as 
necessary (e.g. before a seizure) [128]. The treatment is carried out autonomously 
by the patients. The recommended daily stimulation dose is 4  h and should be 
reached daily. An overall reduction of seizure frequency was observed in five out of 
seven patients after 9 months of ta-VNS [128]. Aihua et al. [129] showed that after 
12 months of ta-VNS, the monthly seizure frequency was significantly lower in the 
treatment group than in the control group. Rong et al. [130] also observed that after 
8 weeks’ treatment, the percentages of average seizure frequency in ta-VNS and 
tn-VNS were significantly reduced by 42.6% and 11.5% respectively. ta-VNS is 
able to increase HRV and reduce sympathetic nerve outflow in healthy controls 
[131], ta-VNS can therefore influence human physiology and provide a simple and 
inexpensive alternative to invasive VNS.

GammaCore (electroCore LLC, Basking Ridge, NJ, USA) is a non-invasive 
VNS that uses proprietary electrical signals to treat primary headache. It consists of 
a portable stimulator with a battery, signal-generating and -amplifying electronics 
and a digital control user interface that controls signal amplitude. Two stainless steel 
round discs function as skin contact surfaces that deliver a proprietary, low-voltage 
electrical signal to the cervical VN. The device delivers a programmable number of 
stimulation cycles, each lasting 120 s. In an open-label observational cohort study, 
fifteen patients with cluster headache reported an overall improvement with 4 
reporting no change, providing a mean overall estimated improvement of 48%. 
About 47% of attacks were aborted within an average of 11 ± 1 min after stimula-
tion. Ten patients reduced their acute use of high-flow oxygen by 55% with 9 reduc-
ing triptan use by 48%. Prophylactic use of the device resulted in a substantial 
reduction in estimated mean attack frequency from 4.5/24 to 2.6/24 h (p < 0.0005) 
posttreatment [132]. In another study performed in 73 patients with chronic 
migraine, mean visual analog scale pain scores were significantly reduced at 2 h 
from baseline; nine of 19 patients were pain free, six had reduced pain and four 
remained unchanged. Adverse events included two reports of brief paresthesia, 
which resolved within a few minutes [133]. GammaCore is now evaluated in four 
multicenter, randomized, controlled trials in the EU and North America in primary 
headache disorders. No significant serious device-related adverse events have been 
reported. Such a device could be applied, by comparaison to NEMOS, to inflamma-
tory digestive disorders.
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VNS coupled to the detection of HRV modification such as the neurostimulator 
could be activated when a low vagal tone is observed would be of interest, particu-
larly in patients with vagal dysautonomia i.e. vagal hypotonia as observed in IBD 
and IBS [3]. CardioFit (BioControl Medical Ltd., Yehud, Israel) is an implantable 
VNS device being investigated in heart failure acting by preferential activation of 
vagal efferent fibers [134]. The stimulation is designed to correct the autonomic 
imbalance (sustained sympathetic overdrive and parasympathetic withdrawal) that 
is maladaptive in heart failure. The CardioFit system consists of a stimulator, a sen-
sor lead and a stimulation lead, which are implanted under the skin of the chest. The 
sensor lead is extended from the stimulator to the right ventricle of the heart, and the 
stimulation lead is extended from the stimulator to the VN on the right side of the 
neck. Once activated, the stimulator’s electrical pulses are transferred via the stimu-
lation lead to the VN. At the same time, the sensor lead monitors changes in heart 
activity and turns stimulation on or off accordingly. Like a pacemaker, the CardioFit 
System can be programmed on and off via external communication with the device. 
However, Cardiofit is an implantable device for heart failure that is not applicable, 
in its present form, to inflammatory digestive disorders and one can hope that such 
a device or better an external device as described for ta-VNS coupled to the moni-
toring of HRV would be of interest to stimulate vagal efferents when necessary i.e. 
in case of low vagal tone.

 Conclusion

The use of VNS in the treatment of GI inflammatory disorders, with a special inter-
est to IBD and IBS, is relevant because it is a safe technique that uses an intrinsic 
physiological antiinflammatory pathway and is able to restore an equilibrated 
sympatho- vagal balance. The development of non-invasive VNS, such as ta-VNS is 
of interest. VNS could be extrapolated to other inflammatory disorders such as rheu-
matoid arthritis.
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Chapter 10
Electroacoustics

Simon D. Carr and Jaydip Ray

Abstract Electroacoustics is a rapidly growing field formed by the confluence of 
implantation otology, audiology, electronics and robotics. The currently available 
devices can rehabilitate numerous parts of the auditory pathway, ranging from bone 
anchored hearing solutions, middle ear implants, cochlear implants through to brain-
stem implants. The development of the cochlear implant has been deemed one of the 
miraculous inventions of the twentieth Century, restoring the gift of hearing and enabling 
patients to communicate. This chapter is an overview of the current electroacoustic 
implantation devices available and discusses the future direction of the technology.

Keywords Hearing aids • Cochlear implants • Bone conduction • Ossicular pros-
thesis, osseointegration

 Background

�Physiology�of�Hearing

Hearing involves transfer of sound across several interfaces, transforming sound 
energy to mechanical energy, to hydraulic energy and finally into electrical energy.

Sound is received by the pinna, which is shaped to amplify sound and to enable 
sound localisation. The incoming sound wave is then propagated as a series of 
 compressions and rarefactions, which travel down the external auditory canal (EAC) 
to the tympanic membrane, causing it to vibrate. This vibration, in turn causes the 
ossicles, situated in the middle ear space to vibrate. This mechanical transfer mech-
anism propagates the sound energy across the three ossicles to the footplate of the 
ossicle stapes which sits in the oval window of the cochlea, the hearing organ. The 
ratio of the size of the tympanic membrane to the relatively smaller footplate of 
stapes acts to further amplify the sound. The footplate moves within the oval win-
dow causing a ‘travelling wave’ along the basilar membrane of the cochlea. It is the 

S.D. Carr, MD, FRCS (ORL-HNS) • J. Ray, MS, PhD FRCS (ORL-HNS) (*) 
Department of ENT, Royal Hallamshire Hospital, Glossop Road, Sheffield S10 2JF, UK
e-mail: simoncarr15@gmail.com; jaydip.ray@sth.nhs.uk

mailto:simoncarr15@gmail.com
mailto:jaydip.ray@sth.nhs.uk


232

distortion of the basilar membrane in relation to the tectorial membrane of the 
Organ of Corti, which, in turn, distorts hair cells, causing them to depolarise, caus-
ing an impulse to pass along the cochlear nerve to the auditory cortex. Although the 
human ear is capable of detecting between 20 and 20,000 Hz, the speech sensitive 
frequencies are between 500 and 4000 Hz.

�Hearing�Loss

There are three main types of hearing loss: conductive, sensorineural and mixed.
Conductive hearing loss occurs as a result of a problem with the sound energy 

being transferred from the pinna to the footplate of the stapes i.e. the conduction of 
sound to the cochlea. This can be due to pathology of any part of the hearing path-
way from the pinna to the cochlea.

Sensorineural hearing loss occurs as a result of pathology affecting the cochlea 
or cochlear nerve e.g. labyrinthitis ossificans due to meningitis.

Pure tone audiometry is performed to ascertain the hearing threshold, which is 
graded on a biological scale, according to how that individual can hear compared to 
a population of normal hearing adults.

Hearing loss is graded as follows:

Mild – 20–40 dBHL
Moderate – 40–60 dBHL
Severe – 60–90 dBHL
Profound – >90 dBHL

�Hearing�Rehabilitation

The field of hearing rehabilitation and implants has recently expanded significantly 
with many devices available on the market. Given the proliferation of electrically 
active implantable devices, the field of electroacousticals is predicted to grow 
exponentially.

 Bone Conduction Hearing Devices

In 1965, Branemark et al. [1] began using osseointegrated titanium implants to fit 
dental prostheses, a process which results in a direct structural and functional connec-
tion between ordered, living bone and the surface of a load-bearing implant. This 
discovery led to the development of the first bone-anchored hearing aid (BAHA) by 
Tjellstrom et al. [2] in Gothenburg, Sweden in 1977. The first patients were implanted 
in 1982. These devices can be active or passive, and percutaneous or transcutaneous.
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�Clinical�and�Audiological�Indications�for�Bone�Conduction�
Implants

Bone conduction hearing devices are indicated for patients with conductive hearing 
losses who are unable to wear acoustic hearing aids such as a chronically discharg-
ing ear or congenital malformation of the pinna and EAC and single-sided deafness 
(SSD).

�Audiological�Criteria

 Conductive and Mixed Hearing Loss

In order for a bone conduction device to successfully rehabilitate hearing, the bone 
conduction thresholds, which represent the hearing function of the cochlea, must be 
above a certain level for the sound to be heard by the patient. In patients with a 
conductive or mixed hearing loss, the average pure tone bone conduction threshold 
(0.5, 1, 2 and 3 kHz) of the indicated ear must be better than or equal to 45 dB 
HL. Individuals with an average air-bone gap greater than 30 dB are likely to benefit 
from a bone conduction device compared to an acoustic aid [3]. The hearing loss 
should preferably be stable and their word recognition scores should allow adequate 
sound discrimination.

 Single-Sided Deafness

In order for the bone conduction hearing aid to work in this situation, it relies upon 
the fact that there is hardly any attenuation of the sound when it is transmitted 
through the skull to the opposite cochlea. It thereby reduces the head shadow effect 
i.e. the attenuation of sound when it is detected by the better hearing ear, but origi-
nates from the side of the poorer hearing ear. This can help the patient to localise 
sound and enables improved speech intelligibility in noise [4]. In SSD, the average 
bone-conduction threshold (0.5, 1, 2 and 3  kHz) of the better ear should be 
20 dBHL.

�Current�Devices

The fixation for the bone conduction device can be either percutaneous i.e. skin pene-
trating or transcutaneous, which relies on a magnetic connection either side of the 
scalp.
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 Percutaneous

Examples of percutaneous device are BAHA® Connect or Dermalock (Fig. 10.1a, b) 
or the Oticon® Ponto Plus.

The percutaneous device consists of a titanium fixture, which is placed approxi-
mately 50  mm from the tragus along the temporal line. An abutment, which is 
designed to penetrate the skin, is then fitted onto the fixture. The titanium fixture 
undergoes osseointegration, a process by which bone grows into the fixture prevent-
ing any progressive relative movement between the fixture and the skull. After a 
period of 2 to 6 weeks, the sound processor is loaded onto the abutment. In children, 
the fitting of the abutment is delayed due to the skull being thinner and the risk of 
fixture loss being greater if it is fitted too early.

The BAHA Dermalock abutment was introduced in 2012. It is coated with 
hydroxyapatite, which enables soft tissue integration to the hydroxyapatite surface 
and is said to be associated with fewer skin-related complications.

Both Cochlear and Oticon have introduced a more powerful sound processor 
with enough gain to aid those with thresholds up to 55 dB. Their devices can also 
increase the output in the mid- and high-frequencies range (6–9 k bandwidth) to 
reproduce louder sounds [5].

As the abutment penetrates the skin, it requires daily maintenance by the patient 
or carer and can be associated with soft tissue complications ranging from mild 
erythema and granulation to florid infection necessitating removal of the abutment. 
According to the literature, the rate of adverse skin reactions ranges from 9% to 
16% [6, 7]. The other main complication associated with this device is fixture loss, 

a b

Fig. 10.1 (a) BAHA working principle (Cochlear); (b) BAHA 5 components (Cochlear)
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which ranges from 2.5% to 3.8% [6] in an adult patient group. This significantly 
increases in children to 15.2% according to Dun et al. [8] due to thinner skull bone 
and the greater risk of trauma dislodging the abutment. Oticon introduced a wider 
implant for increased surface contact with bone.

�Transcutaneous

The transcutaneous device overcomes the skin problems associated with the percu-
taneous device as the underlying skin is left intact.

The first transcutaneous bone conduction device, the Xomed-Audiant, was 
developed in 1986 by Hough et al. [9]. This consisted of a permanent magnet, cov-
ered by a thinned skin flap, which was driven by an external coil positioned on the 
skin above the implanted magnet and secured by a coupling magnet. The major 
disadvantage was the significantly reduced gain and maximum output compared to 
the percutaneous device [10], a consequence of the distance between the implanted 
magnet and the external driving coil [11]. Examples of transcutaneous devices are 
the BAHA Attract and the Sophono Alpha 1.

 BAHA® Attract

This new transcutaneous, osseointegrated bone conduction device uses magnet 
retention to connect the sound processor to the implant. The internal implant mag-
net is retained by a single fixture and the sound processor snaps onto the external 
magnet placed on the skin. In addition to an intact skin flap, another advantage of 
this system is single-point transmission i.e. through the single implant, which 
enables increased sound transmission efficiency when compared to fixation with 
multiple screws [12].

Cochlear™ state that the average aided threshold over 0.5, 1, 2 and 4 kHz is 
8.8 dB lower than with the percutaneous bone conduction aid with the greatest 
 difference observed in the higher frequencies [12]. This is slightly better than the 
results obtained with the Sophono Alpha 1. With the use of a skull simulator, Hol 
et  al. [13] demonstrated that the percutaneous bone conduction aid was 10  dB 
louder than the Sophono. The stated difference was equal to the benefit of percu-
taneous coupling compared with transcutaneous coupling as reported by 
Hakansson et al. [10].

In their study of 16 adult patients, comparing the BAHA Attract with a percuta-
neous bone conduction aid, Kurz et al. [14] demonstrated that there was a signifi-
cant difference in the aided soundfield thresholds between the two devices with the 
percutaneous outperforming the transcutaneous device by approximately 10 dB at 
frequencies higher than 2 kHz and at 250 Hz. In aided speech understanding, they 
demonstrated no significant difference in speech in quiet and in noise between the 
BAHA Attract and the percutaneous device. They state that the additional attenua-

10 Electroacoustics



236

tion of the BAHA Attract increases from approximately 5 dB at 1 kHz to 20–25 dB 
at 6 to 8 kHz when compared to the percutaneous device. Therefore, many of the 
speech frequencies remained unaffected.

 Sophono Alpha 1

The Sophono Alpha 1 was introduced in 2006 in Europe and 2011 in USA. It com-
prises of a behind-the-ear external audio processor containing a bone conduction 
vibrator. The internal component consisted of two magnets attached to the skull 
with titanium screws to allow for osseointegration. However, there were several 
issues related to low gain. In their study of 23 patients implanted with the Sophono 
Alpha 1 for conductive hearing loss due to congenital canal atresia, Siegert et al. 
[15] demonstrated mean speech recognition scores of 77% in free-field speech test-
ing at 65 dBHL. In two further studies of children implanted with the Sophono for 
bilateral canal atresia, Siegert et al. [16, 17] demonstrated sound-field speech recog-
nition scores of 86% and 72%.

The reduced level of gain achieved by the Sophono significantly limits patient 
selection. In their comparative study of amplification options in patients with a 
mixed hearing loss, Zwartenkot et al. [18] demonstrated that the Sophono had the 
least gain when compared to the BAHA Divino, Cordelle and Vibrant Soundbridge. 
They stated that if an aided threshold of 35 dBHL was considered as acceptable, the 
Sophono could be used with bone conduction thresholds of 20 dBHL or better. In 
agreement with this, Sylvester et al. [19] in their study of patients with conductive 
or mixed hearing loss, demonstrated an average gain of 6.2 ± 5.3 dBHL for patients 
with bilateral mixed hearing loss and 21.9 ± 10.4 dBHL for those with bilateral 
conductive hearing loss. They concluded that the Sophono device could only be 
used in patients with normal or sub-normal cochlear function with bone conduction 
thresholds of 20 dBHL or better.

Expanding Indications

Both Cochlear and Oticon have developed a range of wireless products compatible 
with sound processors, allowing the user to speak on the phone or listen to a speaker 
or watch television with the devices streaming directly to the processor.

Bonebridge

The Med El Bonebridge (Fig. 10.2) is an active semi-implantable transcutaneous 
bone conduction device introduced in 2012. It consists of an external part, the audio 
processor and an internal part, the bone conduction implant (BCI), which consists 
of a receiver coil, a demodulator and a transducer. Sound information from the 
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audio processor is sent transcutaneously to the BCI, causing vibration of the trans-
ducer, the bone conduction floating mass transducer. Bone conduction thresholds 
must be no worse than 45 dB in the poorer hearing ear or at least 20 dB in the con-
tralateral ear in SSD.

In their study of 24 patients, Riss et al. [20] demonstrated an overall functional 
hearing gain was 28.8 dB and a significant increase in monosyllabic word scores, 
concluding that the Bonebridge provided satisfactory improvements in functional 
gain and speech perception.

 Surgery

Surgery for the percutaneous device has undergone several evolutionary steps.
The technique was initially described using a dermatome to create a skin flap 

followed by reduction of the subcutaneous soft tissue with hair follicle removal. 
There have been many variations of the procedure with many surgeons now per-
forming a linear incision without soft tissue reduction and using a longer abutment 
which are associated with lower complication rates [21].

The transcutaneous device is positioned in the same manner as the percutaneous 
device. An inferiorly-based C-shaped incision is fashioned with the position of the 
implant at its centre and the implant magnet is anchored to the skull. All patients 
were loaded with a sound processor 6 to 8 weeks post-operatively

Demodulator

Coil

Magnet

BC-FMTFig. 10.2 MedEl 
Bonebridge device
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 Middle Ear Implants

Middle ear implants are surgically implanted electronic devices, which are placed in 
the middle ear cleft and directly stimulate the ossicular chain or cochlea [22] leav-
ing the EAC unobstructed. The basic components consist of a microphone, sound 
processor, battery, receptor and a vibration transducer, which is attached to the 
ossicular chain. The transducer can be either piezoelectric or electromagnetic and is 
capable of producing vibrational energy, which vibrates the ossicular chain, enabling 
the transfer of sound through the middle ear conduction mechanism [23]. Middle 
ear implants are indicated for patients who have failed to respond to other conserva-
tive therapies, including an optimally fitted hearing aid. They are of no benefit to the 
patient with profound hearing loss.

�History

Fully implantable Middle Ear Implants have been the holy grail of hearing rehabili-
tation by amplification of sound for many years. Efforts can be traced back to the 
initial attempts by Wilska in 1935 [24] with iron particles placed directly on the 
tympanic membrane and activated by a magnetic field. Subsequent attempts in 1959 
by Rutschmann in 1959 [25] and Fredrickson et al. in 1973 [26] were helped by 
advances in technology [26–30]. In 1995, Fredrickson et al. developed the Otologics 
MET, which was powered electromagnetically [29] and attached to the incus by a 
connecting rod. The transducer placed in the mastoid cavity was connected electri-
cally to a receiving coil placed subcutaneously [31]. In 2005, a fully implantable 
version of the Otologics MET (now Cochlear CARINA™) was released.

A new device currently being developed by the Fraunhofer Institute for 
Manufacturing Engineering and Automation IPA in Stuttgart employs an 
 electro- acoustic transducer with a piezoelectric micro-actuator, directly transmit-
ting acoustic signals to the inner ear via the round window with a potential output 
of up to 120 dB [32].

�Types�of�Implantable�Middle�Ear�Devices

Implantable hearing devices can be either partially or totally implantable, the micro-
phone and the power supply being incorporated into the fully implantable devices. 
The implanted microphone has the potential drawback of amplifying unwanted 
internal body sounds, therefore, many of the devices are partially implantable [32].

There are two types of transducer used by middle ear implants:

 – Electromagnetic (Otologics, Vibrant Soundbridge)
 – Piezoelectric (Envoy)
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Electromagnetic devices consist of a magnet (made of rare earth metal either 
samarium cobalt or neodymium iron boron) and an energising coil. The magnet is 
attached to the ossicular chain, tympanic membrane or the round window of the 
cochlea. The external microphone of the device sends the signal through an inductive 
coil that creates a magnetic field. The implanted receiving coil detects the signal and 
connects to a transducer attached to an ossicle or the round window membrane and 
vibrates in synchrony with the magnetic field, transducing sound to the cochlea [32].

The piezoelectric devices pioneered by Yanagihara and Suzuki use a piezoelec-
tric crystal, which can function as a microphone, generating electric charge in 
response to incoming sound energy which bend the crystal and act as a driver when 
attached to the ossicles, moving them in response to electric charge from the 
 microphone [33].

 Vibrant Soundbridge®

The Vibrant Soundbridge® (Fig. 10.3) is a middle ear hearing implant that was first 
implanted in 1996 for moderate to severe sensorineural hearing loss. Since 2007 it 
has been approved for conductive and mixed hearing loss and in 2009 was approved 
by EU authorities for implantation in children.

It consists of an implanted part, the vibrating ossicular prosthesis (VORP) and an 
external part, the audio processor (AP). This is worn behind the ear, attached by 
magnetic retention. The VORP consists of a receiver coil, a conductor link and the 
floating mass transducer (FMT) [34].

Fig. 10.3 MedEl Vibrant 
Soundbridge
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�Audiological�Indications�and�Patient�Selection

The Vibrant Soundbridge® or other middle ear implant is suitable mainly for two 
groups of patients. Firstly, patients with a stable, non-progressive sensorineural 
hearing loss with normal middle ear anatomy and function and no retrocochlear 
pathology [35].

Secondly, patients with a conductive or mixed hearing loss with stable bone con-
duction thresholds and healthy middle ear space [35].

The Vibrant Soundbridge® is indicated for all patients with a mild to severe hear-
ing impairment with bone conduction thresholds of at least 45 dB HL in the low 
frequencies and 65 dB HL in the high frequencies.

�Surgery

There are two main methods of implantation: incus coupling involves attachment of 
the FMT to the long process of the incus and round window vibroplasty, which 
involves placement of the FMT directly onto the round window.

The first patient with sensorineural hearing loss was implanted in 1996 by Ugo 
Fisch [36] using an incus coupling method. A partial mastoidectomy and posterior 
tympanotomy are performed, through which the FMT is passed into the middle ear 
space and attached to the incus using a titanium clip. In 2006, Colletti et al. [37, 38] 
proposed that the FMT could be placed in the round window to improve outcomes 
in patients with severe-profound conductive or mixed hearing loss. The round win-
dow vibroplasty technique is based upon the idea of sonoinversion as described by 
Garcia Ibanez [39] who stated that the cochlea can still hear sound if the sound is 
presented at the round window causing a reversal of the travelling wave.

 Vibroplasty in Various Conditions

Published studies have demonstrated a mean functional gain of approximately 
30 dB from vibroplasty in sensorineural loss [36, 40].

In atresia of the EAC, the middle ear can be approached directly through the 
atretic plate or via a cortical mastoidectomy and atticotomy. If there is associated 
malformation of the ossicles, the FMT can be attached to the stapes, oval window 
or the round window membrane. A more radical option, in patients with difficult 
anatomy, is via a fenestration [41].

In patients that have undergone canal wall down mastoidectomy with an open 
cavity, a staged obliteration of the mastoid cavity and placement of the FMT onto 
the round window or stapes or a subfacial approach can be used [42].

Complications are similar to those in cochlear implantation e.g. extrusions, par-
tial or total flap necrosis and migration of the FMT.
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 The Envoy Esteem® Hearing Implant

This is a fully implantable hearing device developed by the Envoy Medical 
Corporation. The Esteem® consists of two separate piezoelectric transducers placed 
at different locations along the ossicular chain with one transducer coupled to the 
incus which communicates through a processor implanted under the postauricular 
scalp with a driver implanted coupled to the stapes. The design enables the user to 
have complete freedom compared to external hearing aids by allowing use while 
swimming, bathing and sleeping [43].

Indications

The Esteem® was approved for patients with stable moderate to severe hearing loss 
and speech discrimination scores greater than 60% along with normal Eustachian 
tube function and normal middle ear and tympanic membrane function and anatomy 
and radiographic evidence of an adequately sized mastoid to house the implant [44].

Surgery

A postauricular incision followed by a mastoidectomy with wide exposure of the 
body of the incus in the antrum and an enlarged posterior tympanotomy to expose 
the incudostapedial joint allow the transducers to be introduced into the middle ear 
space.

Complications

Due to the enlarged posterior tympanotomy for wide access to the facial recess, 
there is a risk of damage to the chorda tympani of between 30% [45] and 60% [46], 
temporary facial weakness can occur in up to 8% [45] and permanent in as many as 
1% [46]. Kraus et al. quoted vertigo as high as 8% [46].

 Ototronix MAXUM System

The Ototronix Maxum System (Ototronix LLC, Texas, USA) is a semi-implantable 
electromagnetic device that transfers energy from an external ear canal mould to an 
internally implanted magnet. A neodymium iron boron magnet mounted on the 
incudostapedial joint by collar prosthesis was powerful but small and lightweight 
[47]. The Maxum system is unique in that it has a combined digital sound processor 
and electromagnetic coil worn in the ear canal, known as the integrated processor 
and coil (IPC). The microphone, processor and transducer of the Maxum system are 
all housed within a single external ear canal mould. The charged coil produces an 
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electromagnetic field, the magnet of which is synchronous to the original sound 
input, which is then transmitted to the stapes and cochlea. Feedback is overcome by 
not having an amplifying speaker. The implant magnet is composed of neodymium 
iron boron, housed in a titanium cylinder and attached to an open wireform ring. 
The open end of the attachment coil, which is composed of Nitinol, is placed around 
the ISJ and closes around the joint when exposed to heat [48].

Indications

The device is indicated in adult patients with moderate to moderately severe senso-
rineural hearing loss with normal middle ear anatomy and no previous middle ear 
surgery or active otitis media, retrocochlear lesions or central auditory system 
pathology. The canal must be 20 mm long, 4 mm wide at the canal aperture and 
3 mm at the second bend of the canal to the tympanic membrane to accommodate 
the device [48]. It is recommended that patients should not undergo MRI, however, 
one study demonstrated that there were no problems at up to 0.3T [49].

Surgery

The electromagnetic coil of the MAXUM in the ear canal mold and the magnet 
should be aligned in parallel to maximise the magnet’s vibratory capabilities and 
resulting functional gain of the device. Non-magnetic instruments are used to han-
dle soft tissue.

Outcomes

Hough et al. [50] demonstrated that the SOUNDTEC system (now replaced by the 
MAXUM) device provided an average functional gain of 7.9 dB compared to conven-
tional hearing aids while Roland et al. reported a mean 9.9 dB functional gain [51].

 Cochlear Implantation

�History

The history of cochlear implantation is one of the most interesting in electrically 
implanted devices to replace the function of a sense organ. In 1957, Andre Djourno, 
a professor of medical physics and C. Eyries, an otologist made a serendipitous 
discovery. Their original aim was to directly stimulate the facial nerve of a patient 
with bilateral facial palsy following cholesteatoma surgery by inserting a copper 
wire directly into the cochlea. Although unsuccessful in their original aim, they did 
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manage to stimulate the cochlear nerve electrically using an alternating current, 
enabling the patient to perceive the rhythm of language [52]. In 1961, William 
House developed a single electrode implant. In conjunction with Doyle, he implanted 
three patients with a single gold electrode. This device stimulated the whole set of 
cochlear nerve fibres simultaneously. Although it was a major breakthrough, it only 
allowed patients to appreciate the timbre of speech.

In 1966, Blair Simmons [53], based at Stanford University developed a six- 
electrode system using a percutaneous plug, which he implanted in the trunk of the 
cochlear nerve. He demonstrated that stimulation of different groups of the cochlear 
nerve fibres generated sensations of different frequencies depending on the origin of 
the stimulated fibres on the cochlear.

In 1969, William House implanted the first hardwire five-electrode system into 
three patients. This was followed in 1973 by Michelson, based at UCSF who 
implanted an experimental multichannel implant [54]. These efforts would later 
lead to the formation of Advanced Bionics. In 1975 Claude Henri Chouard and P 
MacLeold demonstrated that electrical stimulation of 8 to 12 electrodes, isolated 
from one another and placed in different parts of the scala tympani enabled the 
recipients to appreciate different frequencies [55]. Following on from their initial 
success with patients with complete unilateral deafness, they proceeded to perform 
implantation in those with bilateral deafness.

In 1975, in Vienna, Kurt Burian launched the first Austrian implant, which even-
tually led to the formation of Med-El [56]. Ingeborg and Erwin Hochmair pursued 
Burian’s work on single-channel intra- and extra-cochlear stimulation and then on 
multichannel stimulation. In 1977, the first microelectric multi-channel cochlear 
implant was implanted by Burian. The implant had eight channels, eight indepen-
dent current sources and a flexible electrode, which Burian inserted through the 
round window. Later that year they implanted a multichannel system with sufficient 
flexibility to study the responses to various manipulations of the sound signal [57].

Simultaneously in 1978, in Melbourne, Graham Clark and colleagues developed 
a multi-channel prototype with an array of 20 electrodes, work that would eventu-
ally lead to the founding of Cochlear.

In 1984, the US Food and Drug Administration (FDA) approved the House/3M 
single-channel implant for adults. In the period 1987–2000, the FDA approved a 
multiple-channel implant for adults, multiple-channel cochlear implants for chil-
dren 2 years and older, which was reduced to 18 months and older in 1998 and 
multiple channel for infants 1 year of age in 2000.

The main CI systems in current widespread use:

 1. Cochlear system produced by Cochlear Ltd., Sydney Australia
 2. Med-El system produced by Med-El of Innsbruck, Austria
 3. Clarion system produced by Advanced Bionics of California, USA
 4. Nuerelec system now produced by Oticon, Sweden.

CIs are licensed for patients with severe to profound hearing loss. There are 
approximately 800,000 people in the UK alone classified as severe to profoundly deaf. 
The British Cochlear Implant Group recently released figures demonstrating a steady 
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increase in the number of CIs fitted with 1361 patients implanted between 2011 and 
2012. According to the Food and Drug Administration (FDA), up until December 
2012, approximately 324,000 people world-wide had received CIs. In 2008, a NICE 
appraisal document estimated the cost-effectiveness of single-sided CIs in post-lin-
gually deaf adults at £14,200 per incremental QALY gained. For pre- lingually deaf 
children implanted at 1 year of age, this figure decreased to £13,400 [58].

�Electrode�Array

Once the auditory signal is processed, it is transduced by electrical pulses, which are 
fired from electrodes located along the array in close proximity to ganglion cells, 
which transmit the electrical impulses to the auditory cortex. The electrodes are 
composed of platinum-irridium alloy, which is both conductive and resistant to cor-
rosion with each array containing between 4 and 22 electrodes. The electrodes are 
separated by poly(dimethylsiloxane) (PDMS) insulation, which is flexible enough 
to enable the array to be either straight or curved.

The organisation of the electrodes in the array is in accordance with the tonotopic 
arrangement of the cochlea i.e. each area of the cochlea detects a different frequency 
with high frequency sound being detected at the basal turn progressing to low fre-
quency sounds at the apex.

The functionality of the CI depends on several array-related factors. The shape of 
the array may be straight or contoured. The advantage of a contoured electrode (the 
first prototype introduced by Cochlear in 1989) is that it enables closer apposition 
with a greater proportion of the nerves positioned on the inner aspect of the cochlea. 
The disadvantage of the straight electrode is that it has a tendency to be pushed 
along the outer aspect of the cochlea, which reduced the contact between the array 
and the nerves they are aiming to stimulate. It has also been associated with a greater 
risk of damage to the cochlea, either at spiral ligament, osseous spiral lamina, basi-
lar membrane and Reissner’s membrane [59].

The depth of insertion and number of electrodes influence the functionality of 
the CI.

As the implant is advanced along the cochlea, more neurons are activated, which 
leads to an increase in the range of frequencies that can be stimulated. It is well 
recognised that multichannel implants are superior to single-channel due to the 
place coding of frequency. However, the optimum number of channels has not yet 
been determined. Throughout the development of the CI, numerous arrangements 
have been trialled with 4  in the Ineraid [60], to 7 or 8 with the Clarion S and 
Chorimac 8 to 12 with the Chorimac 12 and Combi-40 [61] to 22 with the Nucleus 
22 and 24 systems [62]. Blamey et  al. [63] demonstrated a correlation between 
increasing number of electrodes and speech perception whilst Holmes et al. [64] 
found that open-set word recognition and continuous discourse tracking results for 
the Nucleus F0/F1/F2 speech processor improved for the use of up to 15 electrodes. 
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The density of auditory neurons can vary throughout the cochlea, especially in the 
presence of pathology; the greater number of electrodes in the Nucleus conveys an 
advantage in that there are more electrodes available in areas of the cochlea where 
stimulation is more effective (Fig. 10.4).

To distinguish the most complicated of sentences composed of the full array of 
vowel sounds at least eight channels are necessary. Many commercially available 
electrode arrays have far in excess of eight channels [59].

�Indications

In the UK, cochlear implantation is governed by NICE [65]. Their guidelines state 
that patients should have thresholds of 90 dBHL or greater at 2 and 4 kHz. In addi-
tion, they should have word discrimination scores of 50% or less at 70 dB in optimal 
aided conditions using Bamford-Kuwal-Bench (BKB) open sentences. Prior to 

Fig. 10.4 Cochlear 
Nucleus 6 cochlear implant 
in right ear and 
electroacoustic implant in 
left ear
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consideration of implantation, all adults are given a three-month trial of hearing 
aids. In post-lingual adults, there is only funding currently for a unilateral implant 
in adults, unless they are deaf-blind, in which they are increasingly reliant on their 
hearing.

In children, the same audiological criteria exist, but it is not possible to assess 
their speech using BKB scores, especially in the congenitally deaf child. These 
children are fitted with hearing aids and assessed as to whether they are achiev-
ing their speech milestones. Bilateral simultaneous implantation (or sequential 
implantation for children who had unilateral implantation prior to NICE guide-
lines) is funded and most children undergo this. This is due to the recognition 
that pre- lingual children who have binaural hearing have greater access to 
language.

Pre-lingually deaf children should be implanted before the age of 4. This is due 
to the development of the auditory pathway and language centres. Prior to this, 
neural plasticity is such that these pathways will develop once stimulated. However, 
if these children are implanted after this age, the necessary pathways will not 
develop and that patients are unlikely to understand speech or develop language. 
The cortical areas destined for hearing are taken over by other sensory modalities 
resulting in failure of auditory perception even when subsequently stimulated by 
implants. These patients fail to develop spoken language and have a high possibility 
of becoming non-users of cochlear implants.

The ultimate goal of hearing rehabilitation is to be able to understand open-set 
speech in everyday environments. Predicting individual outcomes from CI is diffi-
cult due to the heterogeneity of implant candidates. It is now widely accepted that in 
pre-lingual children, earlier implantation results in better outcomes. Implanting pre-
lingual children before the age of two will result in almost normal language devel-
opment with approximately 90% able to be in mainstream education [66]. A number 
of factors influence outcomes including aetiology of hearing loss, level of residual 
hearing, mode of communication, rehabilitation (speech therapy, education) and 
device type [67].

�Surgery

 Incisions and Flaps

The initial incision used, for the 3M single-electrode implant was C-shaped [68] 
changed to an inverted J-shape [69] for larger multichannel devices with a receiver- 
stimulator unit. A modification of this incision by Lehnhardt [70] replaced the 
upward postauricular limb of the inverted J with an incision in the external auditory 
canal (extended endaural). This progressed to the S-shaped incision with a postau-
ricular incision extended onto the scalp [59]. More recently, minimal access tech-
niques have led to smaller incisions and minimal hair shaving [71].
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Although a variety of designs can be used, a separate anteriorly-based flap of 
deep fascia and periosteum should be raised to stabilise the implant and protect it 
from a breakdown of the anterior limb of the incision.

 Pockets

Minimal access approaches make it more difficult to achieve bony fixation but this 
has been made possible by fashioning a pocket in the temporalis fascia [72, 73] or a 
subperiosteal pocket [74].

 Wells and Anchorage

A well in the squamous temporal bone is fashioned to house the receiver-stimulator 
to prevent it from migration and protrusion. Due to slimmer receiver-stimulators, a 
well can be drilled down to dura in an infant’s skull with a thickness of 1–2 mm [75, 
76].

 Insertion

Round Window Versus Cochleostomy

In both techniques, a limited cortical mastoidectomy is performed in order to expose 
the mastoid antrum, short process of incus and the lateral semi-circular canal. A 
posterior tympanotomy, bounded by the facial nerve posteriorly, chorda tympani 
anteriorly and fossa incudis superiorly, is performed to access the facial recess of 
the middle ear and to visualise the round window niche.

In 1975, Clark et al. [77] demonstrated that it was possible to pass an electrode 
array around the turns of the cochlea to the region of the speech frequencies by drill-
ing into the upper and middle turns directly below the facial nerve and passing the 
array in a retrograde fashion back toward the round window. The initial issue with a 
round window insertion was that the array was prevented from lying near the speech 
frequencies due to the sharp basal turn and friction at the insertion site, which was 
overcome by developing an array with graded stiffness and a soft flexible tip [78].

The electrode array is inserted into the scala tympani to stimulate the peripheral 
processes of the auditory nerve if present, in addition to residual spiral ganglion 
cells. It is important to avoid damage to the spiral lamina and basilar membrane 
during insertion as this can lead to the loss of ganglion cells [79].

The advantage of performing a cochleostomy over round window insertion is 
that there is improved access to the scala tympani and the array can pass more easily 
into it with minimal trauma. Secondly, animal studies have demonstrated that the 
middle ear infection is more likely to pass between the array and the round window 
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membrane than along the protective fibrous tissue sheath formed around the array at 
a cochleostomy [59]. However, the vogue has moved towards round window inser-
tion than cochleostomy for improved hearing preservation surgery.

�Device�Failures

Failure of the implant may be due to malfunction of the electronics, lack of cochlear 
nerve, damage to the electrodes or extracochlear insertion in a hypotympanic cell.

It is, therefore, imperative for the patient to undergo preoperative CT and MRI 
scans in order to check for the presence of a cochlear nerve and appreciate the 
anatomy of the cochlea.

�Complications

Cochlear implantation is a very safe procedure with overall major complication 
rates being extremely low. Suppurative labyrinthitis and meningitis are rare but seri-
ous complications. Meningitis following middle ear infection can occur in the early 
post-operative period prior to the round window seal forming or at a later stage from 
a superimposed infection. In the 20-year period from 1982–2002, 18 patients were 
reported as having suffered from meningitis in the USA. In order to prevent this, all 
patients undergoing cochlear implantation receive the pneumococcal and meningo-
coccal vaccines pre-op.

Facial nerve stimulation occurs in 3.1% of adults and 1.2% of children and is 
more common in patients with cochlear otosclerosis. If it does occur, the offending 
electrodes can be turned off [59].

�Special�Cases

 Ossified Cochlea

This can occur following meningitis or as a result of cochlear otosclerosis. In this 
scenario, a bifid array consisting of two short arrays with dual insertion in order to 
maximise stimulation of the remaining neurons. One array is inserted along the basal 
turn and the other into the apical or middle turns through a cochleostomy drilled into 
the overlying bone [80]. In the case of obliteration of all the cochlear turns, an initial 
approach involved drilling out the entire basal turn to enable insertion of the multi-
ple-electrode array. Gantz et al. [81] created a channel in the basal turn around the 
modiolus. Cohen and Waltzman [82] described an alternative approach of inserting 
a short 8 mm array into a tunnel created along the scala tympani.
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 Congenital or Genetic Malformation of the Cochlea

Mondini dysplasia of the cochlea results in a reduced number of turns, of which 
there are usually 2.5. The principal defect is the absence of the interscalar septum 
between the two upper turns, which leads to a scala communis. It can also be associ-
ated with enlarged vestibular aqueduct syndrome. Implantation in this scenario can 
result in damage to the membranous structures due to the absence of the interscalar 
septum. The internal auditory meatus may be entered through a dehiscence or a 
perilymph gusher may be encountered. The risk of meningitis is greater. If the 
modiolus is well formed, a perimodiolar array can be inserted to stimulate the spiral 
ganglion cells lying centrally. If absent, a straight array should be inserted to stimu-
late the nerves as they lie peripherally [59].

 Vestibular Schwannoma

If the cochlea nerve remains intact following extirpation of a vestibular schwan-
noma, (VS) a cochlear implant can be inserted to help restore useful hearing [83].

 High-Tone Sensorineural Hearing Loss

In certain patients, their hearing thresholds at 2 and 4 kHz are 90 dB or greater 
i.e. they have a severe-profound high frequency hearing loss with preservation 
of the lower frequencies, a so called ‘ski-slope’ hearing loss. In these patients, 
a short array can be inserted so that just the high frequencies are stimulated by 
the CI. This can be used in conjunction with an acoustic hearing aid which aids 
the low and mid frequencies, a process known as electro-acoustic stimulation 
(Fig. 10.5).

�Results

In 1999, Summerfield and Marshall [84] published the initial large UK multicentre 
study of patients implanted between 1990 and 1994. Ninety-five percent of patients 
identified more words correctly when using their implants in conjunction with lip-
reading. Fifty percent of patients managed to correctly identify some words cor-
rectly without lipreading. Thirty-five percent of patients demonstrated some level 
of understanding of questions posed over the telephone. Seventy percent demon-
strated improvements in the quality and intelligibility of their speech. These out-
comes were sustained 18 months after implantation. The patients most likely to 
benefit from implantation were those that had recent onset of deafness and 
lipreading.
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�Future�Developments

 Total Implantability

The concept of the implant being invisible is attractive to many and would also 
reduce the energy consumption used to transmit signals through the skin. However, 
it has not been fully achieved to date, possibly as it will bring with it its own issues. 
The surgery may become more technically difficult and any technical failures will 
require further surgery and replacement of the entire device or of certain failed 
modules. Also, there is ongoing work on robotic assisted electrode insertions for 
increased accuracy and reduced insertion trauma.

 Auditory Brainstem Implants

The insertion of an auditory brainstem implant (ABI) is primarily for 
Neurofibromatosis 2 (NF2), the main feature of which is bilateral VS. They can also 
be used for cochlear or cochlear nerve agenesis or hypoplasia.

Damage to the cochlea nerve as a result of VS excision would render a CI useless 
and, therefore, an ABI can be used to stimulate the cochlea nerve in the brainstem.

House and Hitsleberger first used the ABI in 1979 [85–87]. The electrode of the 
ABI is introduced into the lateral recess of the fourth ventricle and placed over the 

Fig. 10.5 Med El 
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area of the ventral and dorsal cochlear nuclei after tumour removal. The ABI is simi-
lar in design and function to multichannel cochlear implants except for differences 
in the design of the stimulating electrode arrays [88–90]. The programming also 
differs in several important aspects from cochlear implant programming.

In NF2, the ABI is placed during removal of the first tumour even if they have 
hearing on the contralateral side. This allows the patient to become more familiar 
with the use of the device and prepares them for the loss of hearing on the other side.

In addition to NF2, ABIs have been implanted for cochlear nerve aplasia and 
severe cochlear malformations in children, as well as complete cochlea ossification 
or cochlear nerve disruption die to cochlear trauma in adults [91–94, 95].

�Surgical�Technique�and�the�Anatomy�of�the�Cochlear�Nucleus

The cochlear nucleus complex (dorsal and ventral cochlear nuclei) is part of the 
floor of the lateral recess of the fourth ventricle [94, 96]. The target for the place-
ment of the electrode array is partially obscured by the cerebellar peduncles. A 
surface electrode introduced in the lateral recess crossing the tinea choroidea will 
stimulate viable cells in the cochlear nuclei.

The ABI can be inserted in a translabyrinthine approach, which provides direct 
access to the cochlear nuclei. The jugular bulb is skeletonized to provide greater 
access. Anatomical landmarks for placement of the implant are glossopharyngeal 
nerve, facial nerve and the tinea choroidea as well as the foramen of Luschka where 
all these structures converge [95].

�Device

The ABI electrode is composed of 21 electrodes embedded in a silicone carrier fixed to 
a fabric mesh and connected to an implantable internal receiver/stimulator. The external 
component consists of a transmitter coil held in place by magnetic tape placed on the 
scalp over the receiver/stimulator coil and connected to a sound processor. In patients 
with NF2 who are likely to need serial MRI scans, the internal magnet is removed. 
Scans can proceed as long as the magnetic tape and external magnet is removed [97].

ABIs differ from CIs in that CIs usually employ a relatively standard pattern of 
neural stimulation due to the homogenous arrangement of neurons in the cochlea. 
ABIs are more varied due to variations in brainstem anatomy, electrode array place-
ment and tumour effects that require the use of more individualised stimulus pat-
terns to code frequency cues and manage nonauditory sensations.

The hearing results of the ABI are poorer compared to a CI. Approximately, 16% 
of patients achieve open-set discrimination speech [88, 90]. The majority of patients 
recognise some environmental sounds; speech understanding ability is enhanced by 
an average of 30% when ABI sounds is added to lip-reading cues.
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Colletti et al. [92] described the outcomes for ABI in NF2 patients compared to 
non-tumour patients. Some of the non-tumour patients achieved good speech dis-
crimination without lipreading and they compared well with the best cochlear 
implant results. The tumour of NF2 was believed to have damaged specialized cells 
in the cochlear nucleus, which are important for speech perception. The improved 
outcomes for non-tumour patients led to the ABI being used for children with con-
genital cochlear nerve aplasia or hypoplasia [98].
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Chapter 11
Functional Electrical Stimulation to Treat 
Foot Drop as a Result of an Upper Motor 
Neuron Lesion

Marietta L. van der Linden and Thomas H. Mercer

Abstract Foot drop or dropped foot is a common gait problem in many people with 
an upper motor neuron lesion such as people after a stroke, people with Multiple 
Sclerosis and children and adults with Cerebral Palsy. This chapter explains the 
action of Functional Electrical Stimulation (FES) to the pre-tibial muscles in order 
to treat foot drop and how it can be adapted to the walking pattern of the individual 
patients by altering the stimulation patterns. The potential benefits of using FES to 
treat foot drop, the outcome measures used to assess these benefits and evidence for 
these benefits for three different clinical populations form the main part of this 
chapter. Finally, future directions of research into FES are summarised.

Keywords Functional Electrical Stimulation • Peroneal nerve stimulation • Foot 
drop • Dropped foot • Stroke • CVA • Multiple Sclerosis • Cerebral Palsy • Upper 
Motor Neuron lesion

 Introduction

Functional electrical stimulation is increasingly used in people with an upper motor 
neuron lesion to aid their mobility and upper limb function. This chapter will exam-
ine the application of electrical stimulation (ES) of the peroneal nerve in order to 
achieve dorsiflexion of the ankle during the swing phase of gait to treat people who 
present with foot drop during gait as a result of an upper motor neuron pathology. 
This application of ES is therefore called ‘functional’, as it directly provides a func-
tion in gait, i.e. lifting the foot, as opposed to modes of ES such as TENS 
(Transcutaneous Electrical Nerve stimulation) where the muscle is stimulated below 
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the threshold where a contraction takes place. It can be argued that all applications 
of electrical stimulation which lead to a clear contraction of the muscle (often called 
neuromuscular electrical stimulation or NMES) are ‘functional’ as its aim is to 
enhance muscle function, for example through strengthening. However, this chapter 
will only focus on Functional Electrical Stimulation (FES) with the primary aim to 
enhance dorsiflexion of the ankle during the swing phase gait, e.g. a ‘neuropros-
thetic’ or orthotic function to treat foot drop.

Foot drop is the result of insufficient ankle dorsiflexion during the swing phase 
of gait. The lack of dorsiflexion is typically caused by caused by weakness, lack of 
selective voluntary motor control, increased spasticity of the plantar flexors or a 
combination of these. Foot drop can lead to foot dragging, toe scuffing, tripping and 
falls. People experiencing foot drop may have increased fear of falling [1] that can 
lead to a reduction of their habitual physical activity and/or an increase in the time 
spent sedentary, both of which have negative implications for health. Further, it is 
believed that the gait compensation “strategies” of people with foot drop, to ensure 
foot clearance such as hip hitching and circumduction, can also result in an increased 
effort of walking [2] and in some people back pain.

The conventional treatment approach for foot drop is the provision of an ankle 
foot orthosis (AFO), which encompasses the lower leg and foot, or a simple brace 
such as the ‘foot up’. However, because of issues with comfort, appropriate fitting 
and the fact that AFOs often do not allow active ankle control, there has been 
increased consideration and implementation of FES for the treatment of foot drop.

Foot drop can be caused by peripheral nerve damage, but FES to treat foot drop 
is mainly prescribed for people with and upper motor lesion but intact peripheral 
nerve system, such as people after a stroke, Cerebral Palsy, multiple sclerosis, 
Traumatic Brain Injury, familial/hereditary spastic paraparesis, Parkinson’s disease, 
and incomplete spinal cord injuries. The majority of the patients who use FES to 
treat foot drop in the UK are stroke survivors and people with Multiple Sclerosis [3]. 
Interestingly, there is also a considerable body of evidence regarding the effect of 
FES on the gait of children with Cerebral Palsy. The cause of foot drop and the 
immediate and long-term effects of FES to treat foot drop will differ in these clinical 
populations. To illustrate this, we describe in detail the evidence for the efficacy of 
FES to treat foot drop for three clinical populations: people after a CVA or stroke 
survivors, people with Multiple Sclerosis and children with Cerebral Palsy.

 Normal Gait

Figure 11.1 shows the ankle kinematics in normal and foot drop gait. At heel strike, 
the ankle briefly plantar flexes until the whole foot contacts the ground and the 
shank starts to move over the foot, hence dorsiflexion of the ankle. Toward the end 
of the stance phase, the heel starts to rise from the ground, and the ankle starts to 
plantar flex again just before the toe-off, which is the start of the swing phase. 
During the second phase of the swing phase, the ankle dorsiflexes again to ensure 
adequate foot clearance. Peak dorsiflexion in swing occurs just before ipsi-lateral 
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heel strike. In normal gait the Tibialis Anterior (TA) is active during the first part of 
the stance phase to prevent foot slap and throughout the swing phase to ensure foot 
clearance. In people with foot drop, the dorsiflexion in swing is reduced, often lead-
ing to initial contact by the forefoot or the whole foot instead of the heel.

 How Does FES Work?

Although a range of commercially available stimulators are currently available (Fig. 
11.2), they all work on the principle that the dorsiflexors need to be activated during 
the swing phase of gait and sometimes during the first part of stance to prevent foot 
slap. The instant of heel rise and the end of swing phase (‘initial contact’) are 
detected using either a foot switch, which is inserted into the shoe, or a tilt sensor 
attached to the shank.

On detection of heel rise or the appropriate shank ankle, the common peroneal 
nerve is stimulated via two electrodes either attached to the skin or incorporated into a 
cuff, activating the TA which dorsiflexes and inverts the foot and the peroneal muscles, 
which evert the foot. By slightly changing the positions of the electrodes the result of 
the stimulation can be adjusted to achieve the desired motion in both the sagittal  
(i.e. more or less dorsiflexion) and frontal plane (i.e. more inversion or eversion).
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Fig. 11.1 Illustration of the ankle angle (foot-shank) movement (kinematics) of a person with foot 
drop (grey line) and a healthy control (black line). The horizontal x axis represents the duration of one 
gait cycle, i.e. from initial contact of the foot with the ground (0%) through the stance phase until 
approximately 60% when the toe leaves the ground, and to 100% when the same foot makes contact 
with the ground again. The person with foot drop has an ankle joint which is plantar flexed (i.e. foot 
is dropped) at initial contact (time 0%), then dorsiflexes during the stance phase when the shank 
moves over the foot. The ankle then plantar flexes during the last part of the stance phase and the start 
of the swing phase similar to the ankle of a healthy control. However, during the swing phase, the 
ankle of the person with foot drop shows increased plantar flexion just before initial contact
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In some FES systems wires connect the footswitch and the electrodes with the 
stimulator itself (ODFS III and ODFS Pace), while other designs only use a wire 
connecting electrodes with the stimulator (ODFS Pace XL) or do not use any exter-
nal wires at all (WalkAide, Bioness L300, Ottobock MyGait, ODFS Leg Cuff) 
Stimulators using implanted electrodes, until recently only for research purposes are 
now commercially available (StimuStep®, ActiGait®). This option could be attrac-
tive for a selection of patients including those who experience difficulties placing 
the electrodes correctly or those with skin irritation. People who have reduced hand 
function may also benefit from using a system with implantable electrodes. For this 
type of stimulators electrodes are implanted in the peroneal nerve just under the 
skin. This procedure can be done in day surgery under a general anaesthetic.

Not all patients with foot drop are suitable candidates for FES. Patients need 
some level of mobility in order to benefit from FES to assist with their walking, i.e. 
they need to be able to stand up from sitting without assistance and be able to walk 
a short distance (about 10 m) either with or without walking aids. If the patient does 
not live with a carer, he or she needs be able to correctly fit and place the electrodes 
or cuff and operate the equipment independently. Other medical exclusion criteria 
are poor skin condition, poorly controlled epilepsy, and a cancerous tumour in the 
area of the electrical stimulation as well as the presence of some medical implanted 
devices such as pace makers.

 Stimulation Parameters

There are no optimum stimulation parameters for FES to treat foot drop as the 
parameters resulting in the best movement pattern and with the highest degree of 
comfort varies between patients and sometimes will change in a patient over time. 

a b c

Fig. 11.2 Examples of commercially available FES systems to treat foot drop. (a) Odstock ODFS 
III, now upgraded to ODFS Pace (own picture); (b) ODFS Leg Cuff (http://odstockmedical.com/
products/odfs-leg-cuff) surface-stimulator) (With permission © Odstock Medical); (c) Bioness 
L300 (http://www.bioness.com/Products/L300_for_Foot_Drop.php) (With permission © Bioness)
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However, most manufacturers recommend stimulation frequencies between 25 and 
40 Hz as this frequency provides a smooth contraction without tiring the muscle too 
quickly. Increasing the stimulation frequency produces a stronger contraction but 
will also fatigue the muscle more quickly. Reducing the frequency can increase 
comfort and reduce spasticity, which may explain why some studies with children 
with CP have used a lower frequency of 25 Hz [4].

Most types of commercially available stimulators also allow the setting of other 
simulator parameters such as the waveform (asymmetrical or symmetrical) the ris-
ing and falling ramp, extension (Fig. 11.3), pulse duration (pulse width) and current 
amplitude (in mA). These can be adjusted for each individual patient to optimise the 
amount and timing of the dorsiflexion and the comfort of the stimulation. In the set-
 up phase of some stimulators, walking data is collected that is used by the stimulator 
software to optimise the stimulation parameters, which can then be further adjusted 
by a trained clinician if necessary.

Adjusting the rising and falling ramp can influence the strength and comfort of 
the stimulation. By adjusting the extension time, the stimulation time can be extended 
after contact with the floor in order to prevent sudden plantar flexion (‘foot slap’).

Pulse width (pulse duration) can also be set in most types of stimulators mostly 
ranging from 25 to 300 μs. Interestingly, both in relation to FES for children with 
CP, Prosser et al. [4], stated that the pulse width was set to 25 or 30 μs in order 
increase comfort while Carmick [6] argued that longer pulse widths are more com-
fortable. It is possible that the optimum pulse width depends on the individual child 
as was shown in the table by Pool et al. [7] which showed pulse durations of 12 
children ranging from 25 to 300 μs.

Optimal electrode placement (both of surface electrodes and those incorporated 
in a cuff) is also essential. By altering the positions of the electrodes the amount of 
inversion (Tibialis Anterior) and eversion (Peroneus Longus and Peroneus Brevis) 
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Fig. 11.3 Illustration of the sections of the stimulation period, which can be adjusted on most 
stimulators using a foot switch to detect the gait events. In patients who lack heel contact, the foot 
switch, which is usually placed under the heel, can be moved further forward. Van der Linden et al. 
[5] used a pressure sensitive strip placed along part of the foot to account for a variable foot contact 
pattern
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can be adjusted as well as the magnitude of the dorsiflexion. By placing one 
 electrode in the popliteal fossa a stronger flexion withdrawal reflex can be achieved, 
i.e. dorsiflexion of the ankle will be accompanied by knee flexion and hip flexion.

 Is FES an Efficacious Treatment for Foot Drop?

Since Liberson et al. [8] first reported the results of using FES for people with a 
hemiplegia in 1961, evidence has accumulated regarding the efficacy of FES to treat 
foot drop in neurological populations. The published evidence on safety and efficacy 
of FES resulted in the publication of the 2009 National Institute for Health and 
Clinical Excellence (NICE) guideline ‘Functional electrical stimulation for drop 
foot of central neurological origin’ [9]. This report supported the use of FES for foot 
drop of central neurological origin. However, it was also suggested that further 
investigations addressing the efficacy of FES on patient-reported outcomes, such as 
quality of life and activities of daily living would usefully complement the existing 
evidence. These evidence-based guidelines were primarily based on studies with 
stroke survivors. However, since their publication, evidence has also accumulated 
with regard to the use of FES both for stroke survivors and in a range of other patient 
populations, which has been summarised in several recent systematic reviews into 
the evidence for stroke survivors [10–12] and children with Cerebral Palsy [13–15]. 
The following sections will: (i) detail the potential benefits of FES treatment of foot 
drop, (ii) summarise the most common outcome measures used to assess the efficacy 
of FES and (iii) consider the evidence for its efficacy and effectiveness in three 
 different patient populations, stroke survivors, people with MS and children with CP.

 Benefits of FES

FES to treat foot drop has the potential to improve the walking function of a patient 
both with immediately use (when it is switched on) and after a longer period of use 
(Fig. 11.4). In this chapter we adopt the terminology where the ‘orthotic’ effect is the 
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difference between, for example, a person’s walking speed with the stimulator switched 
on compared to the walking speed without the stimulation at the same assessment 
point. The orthotic effect can thus be evaluated in a single assessment. Taylor et al. [16] 
also define an ‘initial orthotic effect,’ when the stimulator is used first, from the ‘con-
tinuing’ orthotic effect which is measured after the person has regularly used the stim-
ulator for a certain amount of time.

There is also a possibility of eliciting a positive “carryover” effect on the per-
son’s function, in the absence of stimulation, as a result of the prolonged/habitual 
use of the stimulator. To use the example of walking speed again, this so-called 
training effect is defined as the difference between a person’s walking speed without 
stimulation after a period of FES use and the person’s walking speed without stimu-
lation at the baseline assessment. This change is also referred to as a ‘carry over’, 
‘treatment’ or ‘therapeutic’ effect.

There are several possible mechanisms which could result in a training effect on 
walking performance or function including (i) increased strength of the Tibialis 
Anterior (as a result of hypertrophic adaptation) due to its repeated stimulation and 
possibly increased blood flow to the muscle; (ii) a strengthening of the neural path-
ways, possibly through synaptic plasticity; or (iii) the result of a general improvement 
in physical fitness (i.e. aerobic fitness, increased strength of other muscles involved in 
walking) as the patient increases his or her physical activity. Only a few authors have 
looked into the mechanisms behind a possible training effect as a result of FES. Everaert 
et al. [17] measured the Motor Evoked Potential (MEP) in the Tibialis Anterior from 
transcranial magnetic stimulation over the motor cortex, the Maximum motor wave 
(Mmax) by stimulating the common peroneal nerve, and the maximum voluntary con-
traction (MVC) in a group of non-progressive (mainly stroke) and progressive (mainly 
MS) patients before and after 3–12  months use of a foot drop stimulator. In both 
groups, both the MVC and MEP increased significantly but the increases in Mmax 
due to hypertrophy were small and did not correlate with the changes in MEP. The 
authors concluded that repeated use of the stimulator may strengthen the activation of 
motor cortical areas and their residual descending connections and that this increased 
activation of the motor cortical areas may have contributed to the training effect on 
walking speed. Unfortunately, the possible mechanisms of how exactly this may have 
produced an increase in walking speed were not discussed. Damiano et al. [18] mea-
sured the Tibialis Anterior muscle thickness using ultrasound after 1 month of FES 
device accommodation during which the child was getting used to FES and again after 
3 months of habitual use. Although muscle size was increased after the intervention no 
permanent improvements in dorsiflexion during gait were found.

Finally, a total orthotic effect is the difference in performance between the per-
son’s walking performance with FES after a period of FES use compared to the 
performance without FES at the initial (baseline) assessment. Although of course of 
clinical importance, this effect is the sum of the (continuing) orthotic effect and the 
training effect, and therefore the specific evidence for this effect will not be dis-
cussed below as this effect can be inferred from the orthotic and training effects.

The next section will describe the most common outcome measures used in 
investigations into the efficacy of FES to the pretibial muscles to treat foot drop.
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 Outcomes

When describing the outcome measures used to evaluate the effects of FES to treat 
foot drop, the ICF (International Classification of Functioning, Disability and 
Health) [19] provides an appropriate framework. The ICF classifies outcomes in 
three domains: ‘Body structures and Function’, ‘Activity’ and ‘Participation’. 
Examples of the outcomes used to evaluate the effect of FES for each domain are 
shown in Table 11.1.

�Body�Structures�and�Function

Outcomes of the first domain, which are relevant to FES to treat foot drop are pas-
sive and active range of motion, muscle strength, muscle spasticity, selective volun-
tary motor control and neurophysiological variables such as those recorded in the 
study by Everaert et al. [17]. Gait kinematics such as the ankle and knee angles are 
classified under ‘Body Function’. Joint angles can be estimated from visual obser-
vation or recorded using electrogoniometry or computerised three-dimension gait 
analysis (3DGA).

Interestingly, although the primary aim of FES to treat foot drop is to dorsiflex 
the ankle, not many studies, except those involving children with CP, have used gait 
analysis to assess the effect of FES on the gait pattern. As well as the quantification 
of improvement in dorsiflexion on foot clearance, three dimensional gait analysis 
also permits the assessment of the effects of FES on the kinematics of the more 
proximal joints and the contra-lateral leg. Knee, hip and pelvic kinematics can be 

Table 11.1 Example of outcome measures used in studies assessing the benefits of FES, using the 
ICF classification

Body structures and 
function Activity Participation

Muscle strength Timed walking performance tests 
short (10mWT, 25FWT):

Daily physical activity (step 
count) through activity monitoring

Muscle 
neuro-physiology

Timed walking performance tests 
long (2, 3, 4, 5 and 6 min walk tests)

Quality of life (sf36, sf12, EQ-5D)

Selective motor 
control

PCI, VO2 Impact disease on daily living 
(MSIS29, SIS)

Fugl-Meier 
assessment

MSWS12 Falls diary

Gait kinematics and 
kinetics

COPM

Berg Balance Scale
mEFAP

mEFAP modified emory functional ambulation profile, PCI physiological cost index, MSWS12 
multiple sclerosis impact scale 12, COPM Canadian occupational performance measure, sf12/sf36 
short form 12, short form 36, MSIS29 multiple sclerosis impact scale 29, SIS stroke impact scale, 
FES functional electrical stimulation, ICF the international classification of functioning, disability 
and health
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relevant as some patients who suffer from foot drop alter their gait pattern to ensure 
foot clearance via compensatory mechanisms such as hip hitching, circumduction 
or increased ankle plantar flexion of the contra-lateral ankle.

As applying FES to treat foot drop is thought to decrease the effort of walking, 
studies have also assessed the energy costs of walking with and without FES (e.g. 
[2]). Energy cost can be estimated by measuring the heart rate or by measuring oxy-
gen uptake. The Physiological Cost Index (PCI) is defined as the number of heart 
beats per meter walked. Oxygen uptake can either be expressed as millilitres per 
minute or per meter with the latter being a measure of efficiency (most often during 
walking measured as ml/kg/min).

�Activity

The most commonly used outcome in FES studies is walking speed over a relatively 
short distance such as 10 m or 25 ft. This distance is, however, shorter than the usual 
distance walked with FES during daily life which is why several studies also have 
included walking tests over a longer duration, mostly ranging from 2 (2minWT) to 
6 (6minWT) min. It must be noted however, that the length of these tests needs to 
be carefully selected depending on the physical fitness of the patient. Distances that 
are too long will result in some patients not being able to complete the test while a 
short test for some patients will not appropriately assess their endurance.

To attach a clinical meaning to changes in walking speed of patients as result of 
using FES, studies have referred to work by Perry et al. [20] and Perrara et al. [21]. 
Perry et al. [20] reported the average walking speed of 147 stroke survivors in six 
functional categories; (1) physiological walker (0.1 m/s), (2) most limited house-
hold walkers (0.23 m/s), (3) least limited house hold walker (0.27 m/s), (4) most 
limited community walker (0.40 m/s), (5) least limited community walker (0.58 m/s) 
and (6) community walker (>0.8 m/s). Walking speed differentiated the three com-
munity walking categories. Perera et al. [21] compared changes in walking speed 
with changes in the self-reported Short Form 36 mobility items and a global mobil-
ity change scale in a group of elderly people with a variety of health conditions. 
They calculated that the minimum meaningful change in walking speed was 
0.05 m/s while a change of 0.1 m/s or more was considered a substantial meaningful 
change. It should be noted however, that the functional walker categories by Perry 
et al. [20] and clinical change values [21] were derived from elderly populations and 
thus may not apply to children with Cerebral Palsy or younger and higher function-
ing adults with neurological conditions.

Walking performance and balance in activities of daily living has been assessed 
using the Timed Up and Go (TUG) test [22], the stroke specific Modified Emory 
Functional Ambulation Profile (mEFAP [23] and the Berg Balance Scale (BBS) 
which assesses the person’s balance performance on a series of static and dynamic 
balance tasks [24]. As opposed to the aforementioned measures, which are recorded 
by a clinician, the Multiple Sclerosis Walking Scale (MSWS-12) is a self-report 
measure of the patient’s walking performance [25]. Finally, the Canadian 
Occupational Performance Measure is an individualized outcome measure designed 
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to detect change in a person’s self-perception of their performance and satisfaction 
with one or more identified activities of daily living over time [26].

�Participation�and�Quality�of�Life

The aims of using FES to treat foot drop may also include increasing the user’s 
confidence in their walking ability, increasing walking performance and decrease 
the effort of walking. It has therefore been hypothesised that as a result, people will 
increase their level of habitual physical activity [27, 28]. Objective habitual physical 
activity can be measured by a simple pedometer or more accurately using an accel-
erometer (activity monitor), which records the number of steps (i.e. ActivPal and 
ActiGraph). Accelerometers to assess physical activity behaviour are increasingly 
used in studies assessing the effect of variety of interventions in neurological popu-
lations [29].

The number of falls is another important outcome when evaluating the effect of 
FES to treat foot drop. Surprisingly, only a few studies have recorded the number of 
falls and near falls before and after prolonged use of FES either using falls diaries 
[30, 31] or self-reported number of falls over the intervention period [7]. Finally, 
researchers have tested the hypotheses that an improved walking ability and func-
tion in activities of daily living, as a result of using FES, leads to improved health 
related quality of life. Quality of life is frequently reported using general health 
outcomes questionnaires such as the Short Form 36 [32] or Short Form 12, EQ -5D 
[33] or outcomes specific to a clinical population, such as Multiple Sclerosis Impact 
Scale 29 [34] and the stroke specific Stroke Impact Scale [35].

 Evidence for the Efficacy in Different Clinical Population

The next sections will summarise the evidence for the clinical effectiveness of FES 
to treat foot drop for those three patient populations for which FES is most often 
prescribed and/or for which considerable evidence for its efficacy is available. These 
three patient groups selected for this review are: those after Cerebral Vascular 
Accident, in this chapter referred to as ‘stroke survivors’, people with Multiple 
Sclerosis (pwMS) and children with Cerebral Palsy (CP).

 Stroke Survivors

It is estimated that every year 15 million people worldwide experience a new stroke 
[36]. Although the majority of stroke survivors regain the ability to walk, many 
will experience the continuing and/or residual effects of spasticity, muscle 
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weakness and poor balance. It is estimated that foot drop resulting from dorsiflexor 
weakness and/or increased spasticity in the gastrocnemius affects approximately 
20% of the stroke survivors [37]. Three phases of recovery are commonly described; 
acute (up to 2 weeks), sub-acute (2 weeks to 6 months) and chronic (more than 
6 months after a stroke). Most of the natural recovery is thought to occur within the 
first 6 months, although this may depend on the individual and complexity of the 
task assessed [38].

�Orthotic�Effect

 Body Structures and Function

Relatively few studies have looked at the effect of FES to treat foot drop on out-
comes in this domain. Kesar et al. [39] and Lee et al. [40] confirmed the orthotic 
action of FES showing a decrease in plantar flexion/increase in dorsiflexion during 
swing with FES compared to without. Kesar et al. [39] also compared the orthotic 
effect of stimulation both the dorsiflexors (during swing) and plantar flexors (during 
stance) to that of the stimulation of the dorsifexors alone. The orthotic effect on 
peak dorsiflexion in swing was similar in the single and dual stimulation groups, but 
the dual stimulation resulted in an avoidance of the reduction in the plantar flexion 
at toe-off, which was observed when only the dorsiflexors were stimulated.

FES to treat foot drop has been shown to significantly reduce physical effort, as 
measured by the PCI by between 0.16 to 0.2 beats/m [41, 42], in contrast no orthotic 
effect on PCI was reported by Everaert et al. [43].

 Activity

Walking speed over a relatively short distance (5–10 m/25  ft) has been the most 
common outcome measure used to assess the initial and continuing orthotic effect of 
FES to treat foot drop in studies with stroke survivors. Nearly all reported a statisti-
cally significant improvement of walking speed with FES compared to without FES 
[3, 16, 41–44]. Improvements ranged from 0.07 m/s (from 0.42 to 0.49 m/s, for an 
initial orthotic effect reported Kluding et al. [44] to 0.23 m/s (from 0.83 to 1.06 m/s 
for a continuing orthotic effect at 3 months) as reported by Laufer et al. [42].

Using the clinically meaningful change values proposed by Perera et al. [21], 
Taylor et al. [3] reported that 14 of 56 stroke survivors increased their walking speed 
by more than 0.1 m/s and 17 of 56 between 0.05 and 0.1 m/s in the first 16.5 months 
(continuing orthotic effect).

In walking performance tests over a longer distance (4 min or more), statistically 
significant initial and/or continuing effects were reported by Everaert et  al. [43] 
(improvement of 5.7 m, in 4minWT), and in the 6minWT by Kluding et al. [44] and 
Laufer et al. [42]; who reported improvements of 19.3 m and 43 m respectively.
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FES to treat foot drop also has shown to result in direct orthotic effect by improving 
functional walking and balance tests. Kluding et al. [44] reported improvements on  
the Timed Up and Go test (3.3 s) and Berg Balance Scale test (0.9 points) when the 
device was used. However, it should be noted that similar improvements were noticed 
in the control group when using an Ankle Foot Orthosis compared to no device.

�Training�Effects

 Body Structures and Function

Only a few studies have looked at the training effects of FES to treat foot drop on 
outcomes in the ‘Body structures and Function’ domain. Both Sheffler et al. [45] 
and Kluding et al. [44] failed to detect an improvement over time in the Lower limb 
section of the Fugl-Meyer assessment (FMA), which is a measure of stroke motor 
impairment. Only one study, with an intensive programme combining 5 sessions of 
FES a week with a conventional rehabilitation for a period of 12 weeks, reported 
greater improvements in plantar flexor spasticity, dorsiflexor strength and voluntary 
ankle dorsiflexion than the control group who only received conventional rehabilita-
tion [46]. As described earlier, Everaert et al. [17] reported that a strengthening of 
cortical spinal pathways after a period of using FES to treat foot drop, but whether 
this improved active dorsiflexion of the ankle is not known.

The 110 participants in the study by Sheffler et al. [45] underwent 3D gait analy-
sis but no statistically significant training effects in the sagittal ankle angle were 
observed, i.e. the ankle kinematics during unassisted walking were not improved 
after 12 weeks of habitual FES use.

 Activity

The majority of the studies on FES to treat foot drop in stroke survivors have 
reported on findings of the training effect of medium to long-term use of FES on the 
walking performance over short distances of mostly 10 m. Follow-up ranged from 
6 weeks [43], 12 weeks [41, 45], 18 weeks [16], 30 weeks [44] and 1 year [42]. In 
the audit by Taylor et al. [3], the medium time of FES use was 3.6 years. Many stud-
ies reported statistically significant training effects on walking speed over 10  m 
[41–45]. Average improvements from baseline ranged from 0.045 m/s after 12 weeks 
of use [45] to 0.16 m/s after a year [42]. Putting these results in a more clinically 
relevant perspective, Taylor et al. [3] reported that 27 of the 56 (34%) stroke survi-
vors increased their unassisted walking speed by 0.05 m/s or more, with the major-
ity showing an increase of more than 0.1  m/s after using FES for a median of 
3.6 years.

Prolonged use of FES also resulted in a training effect on walking speed over a 
longer distance in studies by Laufer et al. [42]; 61 m (6 minWT), Everaert et al. [43]; 
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24 m (4 minWT) and Kluding et al. [44]; 15.6 m, 6minWT) and into a reduction in 
the effort of walking as measured by the PCI [3, 43].

Other statistically significant training effects after FES use for 30 weeks have 
been reported on the Timed Up and Go tests of 2.52 s [44] and 1.65 points on the 
Berg Balance score [44]. Sheffler et al. [45] reported an improvement of 10.2 s on 
total mEFAP score after 12 weeks of FES use.

 Participation

Although FES to treat foot drop has been shown to result in improved outcomes of 
‘activity’ after prolonged use, such improvements have not always translated into 
statistically significant improvements in objective habitual physical activity as mea-
sured by step count [28, 44]. This lack of a statistically significant effect on habitual 
physical activity could be explained by the fact that an increase in physical activity 
requires a behavioural change, which may be harder to elicit or simply because of a 
lack of statistical power because of the often considerable variation in physical 
activity pattern between patients. However, quality of life reported using a variety 
of measures (SF36, Stroke Impact Scale, Stroke Specific Quality of Life Scale) after 
prolonged use of FES has been shown to improve [44, 45, 47–49].

 AFO Versus FES

Several recent RCTs [43–45, 48, 49] have compared the effects of FES and AFO on 
orthotic and training effects in stroke survivors. In a multi centre RCT (30 centres, 
384 participants at follow-up), Berthoux et al. [49] followed up their participants for 
up to a year but the performance was only measured with the assistance of the 
device, hence unfortunately, a ‘training’ effect (‘off vs ‘off’) using the terminology 
defined in this chapter was not reported. The long-term effects on the outcomes (as 
assessed with the device) showed an improvement in both FES (10 mWT, 6 minWT, 
mEFAP) and AFO groups (10mWT only) but no statistically significant (level of 
significance was set at p < 0.002 after Bonferroni correction) differences were found 
between the changes in the two groups in any of the outcome measures. However, 
although there was no statistically significant (p = 0.008) difference between the 
groups, after 12 months the obstacle course component of the mEFAP improved in 
the FES group but deteriorated in the AFO group. Better obstacle avoidance perfor-
mance using FES compared to AFO was also reported by van Swighem et al. [50].

Sheffler et al. [28] reported a small but statistically significant decrease in peak 
dorsiflexion in swing without the assistance of FES after the 12-week intervention 
period over the whole sample. i.e. both hinged AFO and FES groups (‘time effect’) 
and hypothesized that peroneal nerve stimulation during walking may decrease the 
concurrent motor cortical drive which may a have detrimental effect on DF in swing 
when the device is switched off. A closer inspection of the data, however, shows that 
the average peak DF in swing only decreased by 1° in the FES group after 12 week 
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intervention). In the hinged AFO group, however, peak dorsiflexion in swing was 
decreased by 2.9° and the ankle at initial contact was 2.3° more plantar flexed when 
walking without the AFO. However, no statistically significant group by time interac-
tion was found. Although one could question the clinical significance of an average 
of 1° change in the FES group and 2.3° in the AFO group, Winter [51] showed that 
individual changes in foot angles as small as 2° can impact foot clearance during gait.

In summary, none of the studies comparing the orthotic or training effects of FES 
with those of AFOs reported a clear difference between the two devices. The only 
statistically significant differences were found in obstacle performance [47, 49], 
user preference [43] and satisfaction [43] in favour of the FES group.

 Concluding Remarks

The mechanisms behind the training effect reported in outcomes in the ICF ‘activ-
ity’ domain are still not clear. Increased training effects are suggested to occur over 
longer time intervals (>42 weeks) in younger patients with greater mobility levels 
[51, 52] as well as those receiving FES in the sub-acute compared to the ‘chronic’ 
phase stage of recovery. Another issue, potentially confounding the results when 
interpreting the training effect of FES, is what constitutes ‘usual care’. For example, 
in the systematic review of Dunning et al. [10], in 3 of 6 studies, both FES and con-
trol group participants received additional physiotherapy [41, 44, 45].

 People with Multiple Sclerosis

Recent research indicates a growing number of studies exploring the efficacy of 
FES for the treatment of foot drop for people with Multiple Sclerosis (pwMS).

Multiple Sclerosis is a complex neurological disorder, which is characterised by 
demyelination within the central nervous system [53]. Progressive destruction of the 
myelin layer, which insulates the axons within the CNS, causes disturbed neural trans-
mission along the spinal cord. Consequently, a reduced volume of electrical activity is 
delivered to the intended destination which can result in marked physical disability in 
people with MS. Motor deficits most commonly affect the lower extremities, with 
about 80% of people with MS reporting gait disturbance as their main complaint [54].

�Orthotic�Effect

The majority of the research studies into FES to treat foot drop in pwMS have 
assessed the orthotic effect of FES, i.e. the performance with the assistance of FES 
compared to that without.
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 Body Structures and Function

Studies using three dimensional gait analysis have demonstrated that both peak dor-
siflexion in swing and knee flexion in swing, which further improved foot clearance, 
improved with the assistance of FES in both new users [55] and after 6 and 12 weeks 
of use of FES [27].

Energy cost during walking was shown to be statistically significantly improved with 
the assistance of FES in studies, which measured PCI over 10 m [16] and 4 min [56] and 
in the study by Paul et  al. [2], which measured oxygen cost per meter walked. 
Interestingly, Miller et al. [57] noticed that people who walked faster than 0.8 m/s did 
not improve their walking speed and had an increased instead of decreased oxygen 
uptake per m distance walked, while those walking slower than 0.8 m/s showed clear 
reductions in their oxygen uptake per m walked (i.e. increased efficiency). However, all 
participants in the faster walking group were established users of FES who subjectively 
reported benefits of FES use. This finding may illustrate that the measurement of walk-
ing speed and oxygen cost, over a duration of 5 min, may not be entirely appropriate 
and/or sensitive enough outcomes to assess the benefits of FES in a group of people with 
a milder disability. Benefits of FES in this group of people may be only apparent over 
longer distances, or more ‘ecologically valid (real world) environments as opposed to 
laboratory settings. Alternatively, benefits seen in this group may be possibly related to 
an increased confidence when walking and a reduction in number of trips and falls.

 Activity

As in the stroke population, statistically significant improvements in the perfor-
mance in the 10 m and 25 foot walking tests have been reported both at base line 
(first time of FES use) and after a period of use (continuing orthotic effect [3, 16, 27, 
56, 58, 59]. Observed improvements in walking speed varied from 0.07  m/s to 
0.11 m/s. In their audit report Taylor et al. [3] reported that at their first follow-up 
assessment at 20 weeks, of the 35 people with MS, 10 increased their speed by more 
than 0.1 m/s and 6 between 0.05 and 0.1 m/s, while after the using FES for16.5 months 
(continuing orthotic effect), 10 increased their walking speed by more than 0.1 m/s 
and 10 between 0.05 and 0.1 m/s.

An alternative analysis of this audit data was performed by Street et al. [58] who 
reported the number of people ‘moving up and down’ the functional walking cate-
gories described by Perry et al. [20]. The analysis of their audit data showed that 
after 20 weeks of using FES, 49 of the 153 pwMS moved up a functional walking 
category when using FES.  Eleven of the 153 moved down a functional walking 
category.

Orthotic effects on the longer walking performance tests (2–5 min duration) have 
been reported in most studies [27, 31, 56, 60]. Average improvements in walking 
speed in these tests ranged from 0.03 to 0.05 m/s. Although an initial orthotic effect 
on the 10 m test was found, Scott et al. [55] did not find an improvement in the 
6 min walk tests, in the 8 participants who had not used FES before (‘initial orthotic 
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effect’). This may possibly have been because the stimulated muscles were not con-
ditioned to prolonged stimulation over a longer walking test.

Sample sizes of the studies evaluating the orthotic effect of FES to treat foot drop 
ranged from 9 [27] to 153 [58] the latter being derived from audit data. In the major-
ity of the studies participants used either the ODFS III or ODFS pace. Participants in 
the studies by Stein et al. [56] and Downing et al. [59] used the Walkaide. Miller et al. 
[61] compared the orthotic effect between the ODFS and the WalkAide in 20 pwMS 
but did not find any statistically significant differences between the two devices.

�Training�Effect

 Body Structures and Function

Only a few studies looked at the training effect of FES to treat foot drop on outcomes 
in the ‘Body structures and function’ domain. In a small scale study, after 12 weeks 
of FES use, the average dorsiflexion angle in swing of 9 participants improved by 3° 
compared to baseline [27] which however failed to reach statistical significance. A 
lack of training effect on PCI in people with MS was reported by Stein et al. [56] and 
Taylor et al. [16] following interventions of 3 months and 18 weeks, respectively.

 Activity

Several studies have investigated the effects of long-term use of FES on the walking 
performance of pwMS when walking without the assistance of FES. The time span 
across these studies, between the initial (baseline) assessment of the patient’s func-
tion and the follow-up, ranged from 2 weeks to more than 12 months. This time span 
is of importance when interpreting the results of the studies especially in a progres-
sive disease such as MS. With increasing length of the time interval between the 
baseline and follow-up assessments there is likely to be a higher proportion of partici-
pants experiencing a disease progression-related deterioration in their gait pattern. 
This is clearly shown when evaluating the results of those studies assessing the train-
ing effect. Only one study [56] reported a statistically significant training effect on the 
10-m walk test, i.e. after both 3  months and 11  months of use with increases of 
0.08 m/s and 0.04 m/s respectively. Participants in a small scale study with 9 partici-
pants [27] showed an average increase in speed of 0.04 m/s over both 10 m and 2 min 
after 12 weeks of FES use but this improvement was not statistically significant. A 
study using audit data of 187 people also failed to find a training effect on walking 
speed after 20 weeks [58] with no change in the average walking speed over 10 m.

A lack of improvement in walking performance and walking effort, or even a 
slight deterioration, which becomes more pronounced with longer time intervals, is 
perhaps not surprising in a population with a progressive disease. However, this 
does not mean individuals with MS cannot experience a training effect after long- 
term use. The aforementioned studies reported the mean values of the whole sam-
ple. In such cases, if half of the participants improved and the other half deteriorated, 
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the net effect is described as no overall change. However, this nomothetic approach 
may be “masking” the potential therapeutic benefit to some patients. This was illus-
trated by Street et al. [58] who showed that 31% of the pwMS increased their (unas-
sisted) walking speed by 0.1 m/s compared to 39% who showed a decrease in their 
walking speed when walking without FES.

 Participation

Patient Reported Outcome Measures (PROMS) have only recently been used in a 
few studies on FES to treat foot drop. The nine participants in the study by Taylor 
et al. [31] reported a reduction of both the psychological (16.5 points) and physical 
impact (18 points) of their MS on daily life after 6 weeks of FES use, but only the 
improvement in the psychological component was statistically significant. Downing 
et al. [59] however, showed a statistically significant improvement of both physical 
and psychological components of the MSIS29 after as early as 2 weeks of FES use.

Esnouf et al. [30] used the COPM as an outcome measure and showed that the 
most commonly reported problematic activities of daily living, ‘not tripping’ and 
‘walking a certain distance’, were given an improved (higher average) performance 
rating after 18  weeks of FES use. Self-reported falls have also been reported to 
decrease significantly over the period when participants started to use FES, with the 
majority of the falls in this period occurring when the FES was not used [31].

 AFO Versus FES in MS?

To date, only one small scale study comparing the benefits of FES compared that of 
AFOs has been published. Sheffler et al. [62] reported on a study with only four 
participants. Although the dorsiflexion angle at initial contact was increased with 
FES compared to AFO and no device in 3 of the 4 participants, other outcomes such 
as walking speed and other gait kinematics were more variable.

A qualitative study with separate focus groups for FES (n = 6) and AFO users 
(n = 4) reported that similar numbers of positive and negative aspects were described 
for the use of AFO and FES. Both interventions were reported to reduce fatigue, 
improve gait, reduce trips and falls, increase participation, and increase confidence. 
Interestingly, increased walking distance, fitness and physical activity was only 
reported by FES users and greater balance/stability only by those using an AFO.

 Cerebral Palsy

Cerebral Palsy (CP) is an umbrella term used to describe children with a group of 
disorders associated with injury to the developing brain. In Europe the incidence of 
CP ranges from 1.5 to 3 per 1000 live births [63, 64]. Over 66% of the children is 
able to walk but may need walking aids [65].
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Children with CP demonstrate muscle weakness and diminished selective volun-
tary motor control with the ankle joint most often affected [66, 67]. Ambulatory 
children with CP are often prescribed AFOs to provide support and prevent defor-
mities due to high tone in the plantar flexors. However, the use of the often rigid 
AFOs has also been criticised as they prevent active dorsiflexion in swing and plan-
tar flexion during push-off.

FES to the dorsiflexors may for some children be an appropriate alternative to an 
AFO and it was first proposed in the1980s as a treatment option for children with 
Cerebral Palsy (CP). In the 1990s Carmick published several case studies showing 
the beneficial effects of FES to a variety of muscles to improve gait [68, 69].

As in the case of some stroke survivors, the origin of foot drop is often increased 
spasticity of the gastrocnemius in addition to dorsiflexor weakness. Several authors 
have therefore proposed that stimulating the medial gastrocnemius during stance 
can also alleviate foot drop, stating that the spastic muscle is often the weakest [70] 
and hypothesising that appropriate stimulation in time with the gait cycle may inter-
rupt the pattern of spasticity and contraction [71].

�Orthotic�Effects

 Body Structures and Function

Gait analysis has historically been used much more often in children with Cerebral 
Palsy compared to adults with stroke and MS, probably driven by the need to evaluate 
the need for and outcome of various surgical procedures. This probably explains why 
many studies investigating the effects of FES to treat foot drop in children with CP have 
been evaluated using gait analysis. All studies in which the data was analysed using 
inferential statistics reported an statistically significant increase in dorsiflexion angle 
(or decreased plantar flexion) both at initial contact and in swing as a result of stimulat-
ing the Tibialis Anterior using surface electrodes [4, 5, 72], percutaneous stimulation 
[73] or stimulation of the Gastrocnemius with and without Tibialis Anterior [71].

 Activity

None of the aforementioned studies showed a statistically significant improvement 
in walking speed or in any other spatio-temporal stride parameters. This is in con-
trary to the findings in the MS and Stroke population where an improvement in 
walking speed was the most often reported benefit. A possible reason for this is that 
children with CP who are candidates for FES may walk faster than adults with MS 
or stroke. Also, many children with CP who walk with ‘toe gait’ have difficulty 
controlling forward progression because of problems with balance due to the lack of 
heel contact. Indeed van der Linden et al. [5] reported a significant decrease in walk-
ing speed with FES possibly indicating a more controlled gait pattern because of an 
improvement in foot contact, which was also noted.
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�Training�Effect

 All Domains

Although an increased orthotic effect was found after 8 weeks [5] and 3 months [4] 
of using FES to the Tibialis Anterior, a statistically significant training effect on 
ankle kinematics as a result of long-term use of FES has not been demonstrated in 
children with CP.

Damiano et  al. [18] reported on the training effects for the same sample for 
which Prosser et al. [4] described the orthotic effects. Tibialis Anterior muscle size 
(thickness and cross sectional area) showed significant increases after the primary 
three-month intervention phase. However, this increase in muscle size did not trans-
late into an improved dorsiflexion in barefoot walking over the same period and in 
some children the muscle size decreased over the intervention period.

Using somewhat different outcome measures, a recent study with a with 12 chil-
dren [7] showed that dorsiflexor strength, Range of Motion, spasticity in the gas-
trocnemius and Selective Motor Control significantly improved after a period of 
6 weeks of FES, as well as the number of reported falls. It must be noted however, 
that although to be included in the study, the children had to be at least 3 month after 
their Botox injections, 9 of the 12 children received 6 monthly Botox injections, 
which may partly explain the more positive outcomes of this study.

 Clinical Acceptability, Patient Perception of FES  
(All Populations)

The perception of the patient both with regard to the benefits of FES and the diffi-
culties and drawbacks relating to FES are important issues for the clinician to con-
sider. If the patient perceives that the barriers of using FES outweigh the benefits or 
if no benefits are perceived, the device will not be used which is a clear waste of 
resources. Selecting appropriate candidates for FES and educating the patient both 
require an understanding of the benefits and barriers perceived by both current and 
past FES users.

Taylor et al. [74] reported on the results of a user’s survey (78 out of 107 were 
stroke survivors) and found that the most reported benefits were ‘increased confi-
dence’, ‘less effort’, ‘less likely to trip’ and ‘faster walking speed’. Current users of 
the ODFS III encountered difficulties with the positioning of electrodes (43.9%), 
unreliable equipment (39.3%) and skin irritation (22.4%). Reasons for stopping for 
past users were problems with electrode positioning, ‘equipment too much bother’, 
and deterioration or improvement of mobility. An audit into skin problems more 
than 10 years later showed this problem to be drastically reduced to only 2.4% of 
users after introduction of different electrodes in 2005 [75].

A more recent small scale survey [76] of user experiences of the ODFS III and 
ODFS Pace in people with MS only (n = 30), showed similar findings with the ben-
efits most often reported to be reductions in both physical (70%) and mental (47%) 
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effort when walking’, ‘reduced risk of tripping’, ‘increased confidence’ (both 65%) 
and ‘reduced fatigue’ (41%). Main disadvantages were the appearance of the wires 
(59%), cost of the device (47%), problems with electrode positioning (41%) and 
bulkiness of device at waistline (47%). The most important reason for stopping/not 
continuing reported by past users were painful stimulation sensation (36%) and 
time taken to set up equipment (18%). Interestingly, past users noted similar bene-
fits to current users with ‘reduced physical (64%) and mental (46%) effort when 
walking’, ‘reduced risk of tripping’ (64%), ‘increased confidence’ (63%) and 
‘reduced fatigue’ (46%) being the most commonly identified. However, it seems 
that for the past users the disadvantages outweighed the benefits.

Information regarding FES user experiences derived from surveys has also been 
augmented by participants in focus groups reported by Bulley et  al. with stroke 
survivors [77] and people with MS [63]. In the study with 9 stroke survivors who 
had used both FES and AFOs, all but one preferred FES and cited a more normal 
walking pattern, movement of the ankle, and greater independence as the main rea-
sons. However, some preferred an AFO for occasional use, for example when travel-
ling or walking near water.

Clinical acceptability and practicality is probably an even more important issue 
for children with CP. The presence of wires of some devices can be a problem espe-
cially for younger children [5]. The device used in the studies by Prosser et al. [4] 
and by Poon et  al. [7] were wireless and this may have contributed to the high 
acceptability reported in these studies. Other important strategies to increase accept-
ability of the device include support such as follow-on phone calls and visits to the 
child’s house and a period of neuromuscular electrical stimulation (used passively) 
prior to FES to improve the responsiveness of the muscle and to get the child used 
to the sensation [4, 5]. Results from the parental questionnaire [5] showed that rea-
sons for not using the stimulator were embarrassment, skin problems (unrelated to 
the use of the stimulator) and unpracticality for ‘non-standard activities’ such as 
playing out of doors or participating in organised sports. It proved less of a burden 
when used by older children, who could take responsibility for the units themselves. 
Older children are often reluctant to continue to use their ankle foot orthoses, and 
FES may be a practical alternative for these children.

 Conclusion

There is mounting evidence of the benefits of FES to treat drop foot in all three 
clinical populations discussed above. However, appropriate selection of outcomes 
to capture these benefits is of critical importance. This is illustrated for example by 
the findings in children with Cerebral Palsy and people with MS with near normal 
walking speeds, that FES use does not increase walking speed. Outcomes such as 
the frequency of toe dragging’ or tripping or altered confidence levels when walking 
may be more appropriate outcome measures in studies on the application of FES for 
these individuals.
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Furthermore, little is known about the effects of long-term FES use on outcomes 
on the ‘body structures’ domain, which may (or may not) explain the training 
effects on walking speed as noted in stroke survivors and in some people with MS.

Another important area of investigation is the cost-effectiveness of FES to treat 
foot drop. Taylor et al. [3] used the estimated QALY gain of 0.041 associated with 
FES use, published in an economic report by the NHS Centre for Evidence 
Purchasing [78] and the estimated mean costs of FES of £3.096, to calculate the 
mean cost per QALY, which was £15,406. The authors concluded that with the will-
ingness to pay threshold of the National Institute for Health and Clinical Excellent 
(NICE) of £20,000 per QALY, FES is a cost-effective treatment for the correction of 
foot drop. Further studies, using an alternative estimation of QALY gain associated 
with the use of FES and from other research groups should be conducted to confirm 
this conclusion.

 Future Directions: Advantages in Technology

Commercial stimulators are continuing to develop in order to optimise the effect of 
the stimulation and to improve the acceptability/user friendliness of the device. 
Odstock Medical Limited which supplies FES devices to the majority of NHS 
patients in the UK, recently developed a simulator in which the wires from the foot-
switch to the simulator were removed (Pace XL) and also produced a device which 
uses a leg cuff. Other companies (WalkAide®, Bioness) provide smaller cuffs for 
paediatric patients. Stimulators using implanted electrodes, until recently only for 
research purposes are now commercially available (StimuStep®, ActiGait®) and 
have shown to be feasible and effective [47, 79–81].

Identifying the correct sites to place the electrodes is a problem for some users 
and in particular those for whom the optimal position may change over time. Some 
recent studies have looked at the possibility of using ‘virtual electrodes’, which 
involves the process of stimulating a subset of electrodes chosen from an array, 
which allows the site of stimulation to be moved electronically rather than physi-
cally [82, 83].

Others have looked into the type of stimulation pattern (variable-frequency vs 
constant frequency trains) or into the stimulation profile (intensity depending on the 
phase in the gait cycle as opposed to a constant intensity) to achieve a more physi-
ological stimulation resulting in a more pronounced action of the muscle and 
reduced fatigue [39, 79]. In a review of technological developments of functional 
electrical stimulation to correct foot drop, Melo et  al. [84] recommends further 
development of the current commercially available systems to focus on incorporat-
ing closed-loop control strategies and the stimulation of more than one muscle. 
These developments should lead to stimulation patterns which are closer to those 
present in healthy individuals and thus result in more normal movement patterns 
and reduced muscle fatigue. Moreover, although not discussed in this chapter, con-
sideration needs to be given to any potential additive or interactive benefits of FES 
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to treat foot drop when combined with other therapeutic interventions such as Botox 
[85], compression (lycra-type) garments, treadmill training [86] or orthopaedic 
 surgery [87].
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Chapter 12
Electrical Stimulation for Modification 
of Memory and Cognition

Ioan Opris

Abstract A major challenge in neuroscience research is to develop stimulation sys-
tems (both minimally invasive and noninvasive) that can safely, flexibly and effi-
ciently tap into the human brain, to coordinate complex cognitive and behavioral 
tasks. In this regard, neural technology is targeting new therapeutic approaches to 
improve mental performance for patients with cognitive disorders. Herein, we dis-
cuss recent developments in electro-stimulation therapies that have been instrumen-
tal in improving memory and cognition, including working memory, decision 
making and executive control, by enhancing cognitive performance. The use of vari-
ous stimulation devices and technologies developed recently is examined in terms 
of preclinical (nonhuman primate experiments) and clinical applications to human 
brain disorders.

Keywords Cognition • Memory • Decision • Electrical Stimulation • Therapy  
• Nanitechnology • TMS • tDCS

 Introduction

The use of electrical stimulation to uncover the functional links between neural 
activity and mental phenomena spans over more than 200 years. Luigi Galvani and 
Alessandro Volta were the first to test the ‘electricity’ of animal cells (nerve and 
muscle) in the 1790s [1]. By 1801, Galvani’s nephew, Giovanni Aldini, used electri-
cal stimulation in human patients to improve melancholy [2]. In 1870, Fritsch and 
Hitzig applied electrical stimulation to locate the primary motor cortex [3]. David 
Ferrier identified the frontal eye field in monkeys by stimulating in prefrontal cortex 
and describing a visual orienting response – the eyes opened wide (the pupils dilated), 
and the eyes and head turned toward the opposite side of stimulation [4]. Then, 
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Penfield’s findings in human patients beautifully demonstrated that applying an arti-
ficial signal to the conscious brain could induce complex psychic processes, includ-
ing percepts and memories so “vivid” that patients felt as if they were “reliving” 
events from their past [5]. In nonhuman primates (NHPs), Stamm and Rosen tested 
the effect of electrical stimulation on delayed response tasks, providing evidence that 
prefrontal and inferotemporal cortices are crucial for short-term memory [6].

The principle of inductive brain stimulation with eddy currents has been known 
since the late 19th century. Using noninvasive approaches, early attempts to stimu-
late the brain using magnetic fields occurred in 1896 by d’Arsonval [7]. Jaques- 
Arsène d’Arsonval has reported his experience with noninvasive brain magnetic 
stimulation to the scientific French community. However, the first successful tran-
scranial magnetic stimulation (TMS) study was performed only in 1985 by Anthony 
Barker in Sheffield [8]. As compared to the transcranial stimulation method, that 
applies direct electric current to the scalp [9, 10], the use of electromagnets greatly 
reduced the discomfort of the electrical procedure (sometimes painful because the 
skull has a high electrical resistance) and allowed the mapping of the cerebral cortex 
and its connections. The goal of the chapter is, therefore, to uncover the functional 
links between neural activity and cognitive phenomena by both invasive and nonin-
vasive stimulation approaches.

 Rationale for Using Electrical Stimulation

The major reasons for using electrical stimulation in cognitive neuroscience are: (i) 
to map the microanatomy of the frontal lobe to specific cognitive functions, (ii) to 
demonstrate links between cognitive function and behavior, and, (iii) to manipulate 
neural activity in neural prosthetics. Electrical stimulation approaches have been 
employed to modify memory and/or cognition mainly because the applied electrical 
micro-current interacts directly with the neural signals of the cognitive circuit and 
have the ability to bias, repair or enhance cognitive performance. This ability of 
neuromodulation is ideally suited for implementation in cognitive neural prosthetics 
in various human brain dysfunctions/disorders. There are two major categories of 
electrical stimulation in cognitive prosthetics for human brain deficits: one uses 
minimally invasive approaches while the other is based on noninvasive tools.

Electrical stimulation has been used in both humans (to map cognitive functions) 
and NHPs (to test hypotheses about cognitive function). NHPs are the best animal 
models for human cognition because they allow for: (i) minimally invasive micro-
stimulation procedures in behavioral tasks (involving memory and cognition), in a 
manner that has not yet been shown in rodents or other species that allow for similar 
manipulations; (ii) electrical microstimulation is particularly useful for precisely 
timed manipulation of neural activity, that may normally fire in a relatively synchro-
nous manner, like with microstimulation [11, 12] and is causally related to working 
memory [13, 14] and motor planning updating [13], antisaccade [15] perceptual deci-
sion [16], target selection [14], executive control [17], arousal [18]; (iii) electrical 
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microstimulation is currently more reliable in NHPs than any other manipulation tool, 
under most conditions [19–25]. A new optogenetic stimulation approach is gaining 
momentum in rodent neuroscience research, mainly because of its ability to dissect 
the functions of neural circuits [26]. However, in NHPs a down fall of optogenetics is 
that only about 40–50% of cells are expressed by viral vectors [25]. Moreover, this 
technique comes with some complex requirements that, for the moment, hinder its 
application to humans.

Manipulation of neural activity in the human brain: (i) provides direct observa-
tion about the localizations of perceptual and behavioral functions that are reported 
during focal electrical stimulation [27]; (ii) links specific brain regions to specific 
cognitive tasks (processes) through tDCS (Fig. 12.1a), that can generate cortical 
changes (neuroplasticity) even after stimulation has ended [28], (iii) TMS has been 
effective in reversing symptoms (Fig. 12.1b) in various psychiatric disorders, such 
as depression and schizophrenia [29, 30]. (iv) TMS and tDCS have limited spatial 
and/or temporal specificity for targeting subcortical regions [31–33].

 Memory and Cognition

The seat of higher brain functions, including memory and cognition, has been 
identified in the prefrontal cortex (PFC). Indeed, the cognitive role of PFC was 
demonstrated by lesion studies that have shown impaired performance on delayed 
response tasks in monkeys with selective lesions on the lateral PFC [34, 35]. 
Additional insight came from single unit recordings [36, 37], in prefrontal cortical 

Noninvasive transcranial stimulation in humans

A. tDCS B. TMS

Coil

a b
C

at
ho

de

Cathode Anode

A
no

de

Fig. 12.1 Human brain 
stimulation.  
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cells (Fig. 12.2a), displaying persistent, sustained levels of neuronal firing during 
the retention delay period, in tasks that required the NHP to retain information over 
a short period of time e.g. [36–39]. Such “sustained activity” is thought to provide 
a “bridge across time” between the stimulus cue (e.g. the location of a flash of 
light) and its contingent response (e.g. a later delayed saccade to the remembered 
location). These results have been supported by functional neuroimaging studies in 
humans that have shown activity in lateral PFC during performance on delay 
response tasks [40]. For example, in a functional magnetic resonance imaging 
(fMRI) study using an oculomotor delay task similar to that used in NHP studies, 
it was observed not only the frontal cortical activity during the retention period 
(Fig. 12.2b), but also the magnitude of the activity correlated positively with the 
accuracy of memory-guided saccade that followed later.

This relationship suggests that the neural correlate of the actively maintained 
location is reflected in the delay-period activity [41, 42]. Therefore, the persistent 
neural activity during memory delay tasks is a powerful empirical finding, which 
lends strong support for the hypothesis that such activity represents a neural mecha-
nism for the active maintenance or storage of task-relevant representations. 
Moreover, a network of brain regions (including the prefrontal, parietal and  temporal 
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Fig. 12.2 Comparison of prefrontal cortical activity in a spatial occulomotor delayed response 
(ODR) task in monkey (a) and human (b). (a) Monkey: average of single-unit recordings from 46 
neurons with delay-period activity from the monkey lateral PFC (brain area (BA) area 46; adapted 
from Ref. [14]). (C) cue, (D) delay, (R) response. (b) Human: significant delay-period activity (left) 
and average fMRI signal (right) from right lateral PFC (BA area 46; circled) in a human perform-
ing an ODR task (D’Esposito 2007). The grey bar represents the length of the delay interval. Note 
that in both cases the level of PFC activity persists throughout the delay, seconds after the stimulus 
cue has disappeared. (c) Delay-period correlation map with right FFA seed (Ref. [20]). Activations 
are thresholded at p < 0.05 (corrected) and shown overlaid on both axial slices and a three-dimen-
sionally rendered MNI template brain. The color scale indicates the magnitude of the t-values 
(With permission © the Society for Neuroscience [19])
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cortices) consistently correlated with the Fusiform Face Area (FFA) “seed” during 
the delay period and hence associated with the active maintenance of the repre-
sented stimulus [42] was identified (Fig. 12.2c). The neural mechanisms of memory 
and cognitive processes within functionally specialized brain regions support the 
concept of “persistent functional connectivity” between brain regions [43].

�The�Use�of�Electrical�Stimulation�in�Cognition

A growing interest for therapeutic neural technologies emerged recently, mainly 
because novel technologies have the potential to improve mental performance of 
patients with various cognitive disorders [44–47]. To address these therapeutic 
needs, both pre-clinical approaches, such as focal intra-cortical [48–51] and pat-
terned microstimulation [52], as well as clinical brain stimulation approaches are 
discussed [53]. The latter includes the transcranial current stimulation (tCS), which 
has been shown to improve cognitive performance [54, 55]. tCS distinguishes 
between transcranial direct current stimulation (tDCS; [56]), transcranial alternat-
ing current stimulation (tACS) and transcranial random noise stimulation (tRNS).

�Pre-clinical�Stimulation

This section includes recent experimental results in nonhuman primates that dem-
onstrated relationships between perception, memory (short and long term) and cog-
nitive function. One widely used modality to depict causal relations in processes of 
biological/neural, physical/engineering or economic systems is the “S” shape repre-
sentation with sigmoid functions (Fig. 12.2). For example, the life cycle for manu-
facturing a product (including phases of predevelopment, take off, acceleration, 
stabilization) fits nicely with the lower, central and upper parts of the sigmoid curve. 
Similarly, during electric stimulation brain microcircuits slowly adapt to the new 
stimuli (pre-development), then take off, accelerate processing (on the sigmoid 
curve’s slope), and then stabilize (depending on the intensity of the micro-current). 
The speed and acceleration of neural processing is quantified by the slope of the 
sigmoid curve (that can be more or less steeper).

 Intra-cortical Stimulation

To describe causal relationships in extra-striate cortex during perceptual decisions, 
Newsome and collaborators [51, 59] employed a random dot kinetogram for exam-
ining correct perceptual discrimination in NHPs, as a function of sensory input 
(moving dots to the right; Fig. 12.3a). Such sigmoid-shaped input-output functions 
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can be mathematically described as: output = tanh (b.input), where b is the gain/
slope [57]. An example of sigmoid curve, known as psychometric function  
(Fig. 12.3ba), depicts the perceptual choice (selection of the right target, output) as 
a function of the percentage of dots motion strength (sensory input), expressed as 
the percent coherence of random dots [58, 59]. Sigmoid (psychometric) curves may 
be regarded as transitions between different psychological states corresponding to 
different percepts/directions. The effect of stimulation on choice performance may 
be represented as a change in slope/sensitivity (faster or slower processing;  
Fig. 12.3bb), or as a shift in behavior, in which the probability (Fig. 12.3bc) of a 
certain behavioral state is biased over the others.

 Patterned Stimulation

The multi-input multi-output (MIMO) model provides a novel type of microstimu-
lation approach, based on selecting the configuration/pattern of stimulating current 
[52]. This approach allows task-related firing patterns in infra-granular layer to be 
substituted with electrical stimulation pulses in the same microcircuits, during 
columnar transmission from supra-granular to infra-granular layers at the time of 
target selection. Such patterned stimulation ensures a change in selectivity (i.e. an 
increase in the slope of psychometric curve; Fig. 12.3bb). More importantly, pat-
terned stimulation improved cognitive performance [14, 60, 61].

Comparison of stimulation effects by sigmoid function
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Fig. 12.3 Characterization of electrical stimulation by psychometric curves. (a) Monkey makes a 
perceptual decision, by evaluating the direction of the moving dots (in this case a rightward sac-
cade to the target). (b) (a) Interpretation of the psychometric functions for an electrical stimulation 
experiment relating the rate of one of the responses (ordinate) to the relative strength of the cor-
responding stimulus (abscissa). Black dot is one of the underlying measurements. Blue dot is a 
measurement made in a different experimental condition, where performance is reduced. Two 
interpretations of a new measurement (blue dot): that may reflect a change in sensitivity (b), or a 
change in bias (c). In all plots, the blue curves represent the psychometric function in the control 
condition and the black curve is the same for the stimulation condition while the two data points 
have similar interpretations (Adapted with permission © Nature Publishing. [57])
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�Clinical�Stimulation

 Electrical Stimulation of Human Brain

Electrical stimulation is a routine clinical practice consisting of electrical discharges 
delivered intra-cortically to the brain region of interest in awake human patients, to 
map their functional involvement in cognitive functions such as language [62, 63], 
decision-making and memory [53, 64–66]. This method has brought unique insights 
into the modulation of neuronal activity within a localized, but distributed, micro- 
anatomical network that might explain the perceptual and behavioral phenomenol-
ogy, reported during focal stimulation [53]. Actually, this was the only tool (prior to 
the neuroimaging era) that allowed neurologists to examine the human mind in 
conscious patients [67]. The classical studies provided the most direct evidence 
about the localization of functions in the human brain. A prime example is the map 
of somatosensory homunculus in the primary sensory cortex [67–70].

 Transcranial Stimulation with Electrical Current

This form of stimulation is a group of neural technologies that use electrical current 
for therapy purpose. If the stimulation approach uses constant, low current, deliv-
ered to the brain region of interest through the electrodes on the scalp, the method 
is known as transcranial direct current stimulation (tDCS) [56]. This stimulation 
method was developed with the goal of helping patients with brain injuries (strokes). 
tDCS is capable of improving cognitive performance in healthy subjects in a variety 
of tasks, depending on the region of the brain being stimulated [45]. tDCS was 
employed to enhance attention span [71], memory [72–74], problem solving ability 
[75], language [76, 77] and math ability [78, 79]. Three different types of stimula-
tion are in use: anodal, cathodal, and sham [80]. The anodal stimulation increases 
neuronal excitability [75, 81], while the cathodal stimulation decreases the neuronal 
excitability of stimulated area (treating hyper-activity, [82]). Sham stimulation 
emits a brief current and remains off for the rest of stimulation period, thus serving 
as a control for experiments [83]. By comparing the stimulation outcomes in sub-
jects undergoing sham stimulation with those exposed to anodal or cathodal stimu-
lation, one can dissociate the effect caused by current stimulation from the placebo 
effect [82]. One recurring question asks why is this technique not accepted and used 
widely? One group (Buzsáki, [84]) found that only 10  % of the applied current 
reached the brain, the rest is not entering the brain, likely being redirected by the 
skin. In fact, it is well known that tDCS doesn’t cause neurons to fire (Biksom, 
[84]), but tDCS may affect brain plasticity (i.e. the degree to which the brain changes 
with experience). It is believed that even though tDCS may be over-hyped, it is still 
possible that it could be a very useful technique to find out more about how brain 
functions, or even to help those distressed by unusual experiences (hearing voices 
or seeing phosphenes).
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 Transcranial Magnetic Stimulation

The TMS technique of brain stimulation utilizes a magnetic coil held above the 
region of interest on the scalp [44]. It uses a rapidly changing magnetic field to 
induce a small electrical current in the brain (according to the Faraday’s law of 
electromagnetism). TMS causes neural cell to actually fire action potentials [85]. 
There are two types of magnetic stimulation techniques used in research therapy: (i) 
a repetitive TMS and (ii) a single pulse TMS. The repetitive TMS is using higher 
frequency to induce excitatory neuronal activity and lower frequency to generate 
neural inhibition. The repetitive version of TMS provides longer lasting effects than 
the stimulation period [86]. Also, TMS can be used superficially [44, 47] and deep 
[86–88]. TMS was shown to improve cognitive performance by targeting the spe-
cific microcircuits involved in the deficits [47, 89–91]. TMS is FDA approved for 
use in depression, autism spectrum disorder, anxiety, post-traumatic stress and other 
disorders. A recurring question is why is this technique accepted and used widely? 
One of the reasons is that TMS causes neurons to fire and tDCS does not. Then, 
TMS has minimal side effects while treating patients within a broad spectrum of 
symptoms.

 Overview of Preclinical Data

�Causal�Role�of�Prefrontal�Cortex�in�Executive�Function

 Intracortical Microstimulation of Cognitive Circuits

To manipulate the cognitive functions of perception, attention, working memory, 
decision making and executive control, one needs to tap into the cognitive neural 
circuit [92]. In this regard, intra-cortical microstimulation with low microcurrents 
has been instrumental in modifying these cognitive states. Opris and Ferrera (2014) 
reviewed recent preclinical data showing primate neurophysiological evidence 
from prefrontal, parietal or infero-temporal cortices, as well as the subcortical 
structures of basal ganglia and thalamus, in a multitude of cognitive processes that 
are outlined below [92]. To demonstrate causal links to cognition, focal intra-cor-
tical stimulation with microcurrents below the behavioral threshold has been suc-
cessfully used. This allowed the experimenter to manipulate neural activity of 
memory fields with spatial and temporal precision [13–16, 59, 93]. A sub-threshold 
electrical micro-current applied during the delay period helps to localize the pro-
cessing site of memory (maintenance or updating) or the selection of behavioral 
target. Recent primate literature [13–16, 92] provides clear causal links to working 
memory (saccade target selection, decision making, behavioral inhibition, saccade 
motor planning and updating), as revealed by delay period microstimulation in 
prefrontal cortex. There are also potential applications of microstimulation to 
higher cognitive functions and their ‘read-out’ mechanisms for interpreting mem-
ory fields in executive control.
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 Motor Plan Updating in Working Memory

An intriguing aspect of visual working memory deals with the updating of an ocu-
lomotor plan [73, 92]. Microstimulation applied to nonhuman primate brain during 
the remembering period (delay) of a memory guided saccade (MGS) task, provided 
insights into how prefrontal cortical neuron firing and the mechanism of spatial 
updating work together during saccadic eye movement plans [13, 94–98]. 
Stimulation caused a reduction in saccade amplitude, as the electrically elicited sac-
cade was shorter than the desired voluntary saccade [13]. The change in saccade 
amplitude at the preferred location was greater than that at opposite location, and 
the directional shift of saccades was away from the preferred location. Both saccade 
direction and amplitude changes obeyed a vector subtraction scheme (analogous to 
a difference of casted “votes” in political elections or preferences of two popula-
tions of neurons). This suggests that FEF microstimulation may, in fact, induce a 
re-mapping of visual space that may result in an update (change) of a saccade plan 
[13, 99]. This finding seems consistent with the view that FEF is involved in main-
taining and updating a spatially accurate representation of target location that com-
pensates for eye movements, intervened between target disappearance and 
movement onset [13, 94, 100–104].

 Causal Role of Prefrontal Cortex in Target Selection

Spatial working memory is considered a part of an executive mechanism involved 
in the association (including selection) and transformation of visual signals in vol-
untary behavior. Memory delay period stimulation experiments in nonhuman pri-
mates, performing the selection of spatial target in the match-to-sample (MTS) task, 
shed light on the mechanism used in saccade target selection (an example is shown 
in Fig. 12.4) [14]. Applying sub-threshold microcurrents has induced a selection 
bias that deflected the saccades towards the receptive/memory field. This is a neat 
causal effect since the memory field shown by the tuning plot in Fig. 12.4a and the 
direction of deflected saccades in Fig. 12.4b coincide to each other. In the absence 
of stimulation, monkey was choosing correctly the matching target, while the 
microcurrent introduced a consistent bias away from the matching target, but 
towards the memory field. Overall, the stimulation of prefrontal cortex taps into the 
selection/decision mechanism signals responsible for target selection, biasing sac-
cade choices towards or away from memory. These and other results open the door 
for cognitive therapies to enhance memory and decision processes.

�Patterned�Microstimulation

A novel paradigm in the microstimulation approach occurred when the pattern of 
stimuli (a sequence of microcurrent pulses derived in real time from the input neu-
rons recorded simultaneously) was fed into the output neurons. This stimulation 
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approach employing multiple inputs and multiple outputs (MIMO), known as the 
MIMO model (see Fig. 12.5), is based on the principle of multiplexing. Basically, 
this principle allows a high rate signal to be split into several lower rate signals, 
which are then sent to multiple recipients, via multiple channels. With multiple 
channels of information transfer, the MIMO model provides a more reliable com-
munication alternative [52]. A key difference between focal stimulation and MIMO 
model is reflected in the sigmoid curves of the psychometric plots (Fig. 12.3bb, bc). 
While focal microstimulation mainly induces a shift/bias, the MIMO microstimula-
tion increases the curve’s slope that depicts processing rate/sensitivity [59]. This 
implies an increase in correct performance that represents the cognitive enhance-
ment substrate.

 Inter-laminar Prefrontal Cortical Microcircuit Stimulation

As it was initially proposed by Vernon Mountcastle, the primate neocortical circuitry 
has a modular architecture with a multitude of sensory (visual, auditory, touch), motor, 
cognitive (attention, memory, decision) and emotional functions [105–108]. These 
modules are composed of elementary building blocks formed by vertical arrange-
ments of cortical neurons, called minicolumns [106, 109]. Within minicolumns, corti-
cal neurons are aggregated into six horizontal layers (or laminae): supra-granular 
(L1-L3), granular (L4) infra-granular layers (L5/L6) (Fig. 12.5a). The granular layer 
receives sensory input from thalamus [110], and the infra-granular layers execute the 
associative computations elaborated in supra- granular layers [111, 112].

Delay-period stimulation in nonhuman primates
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Fig. 12.4 Illustration of the functional role of prefrontal cortical activity to target selection.  
(a) Prefrontal cortical cell showing delay period activity and spatial preference (neural tuning).  
(b) Electrical stimulation induced bias towards the receptive field (Adapted from [92])
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The neuromorphic MEAs provided a basis for applying the columnar specific 
MIMO model to control firing of cells via of electrical stimulation [61, 113–117]. 
Figure 12.5 depicts the operation of a multi-input multi-output nonlinear model, 
applied to the prefrontal cortical cells in layer L2/3 and L5 [61, 116–118].  
Figure 12.5b shows the input and output firing patterns, recorded and analyzed by 
the MIMO model and illustrates how the output pattern of L5 cell firing is  duplicated 
via a multichannel stimulator that is capable of delivering predetermined patterns 
(that mimic firing on correct trials) of pulses to the same L5 pads. The advantage of 
the MIMO model stimulation is that it: (i) detects when an inappropriate L2/3 firing 
pattern occurs, (ii) triggers the delivery of the appropriate L5 stimulation pattern, 
(iii) provides the means to override errors, and (iv) enhances performance  
(Fig. 12.5c, d). [116, 117]. Stimulation consisted of 1.0 ms bipolar pulses (50–70 uA) 
delivered to L5 recording locations following presentation of the Match phase 
screen and prior to the completion of the Match Response. This nicely illustrated 
that MIMO derived stimulation induces an enhanced cognitive processing  
(Fig. 12.5d) [116, 117].

 Enhancement of Cognitive Performance

Cognitive enhancement may be explained by an increase in the columnar process-
ing of cortical circuit seen in Fig. 12.2bb and by the increased percentage of trials 
performed correctly (Fig. 12.5d). These enhancement methods employed the multi- 
input/multi-output (MIMO) model, which converted the firing of neurons in layer 
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2/3 into microstimulation patterns applied to layer 5 [28, 117]. Such stimulation 
improved normal task performance, but more importantly, recovered performance 
after being impaired by a pharmacological disruption of the decision process [117]. 
These findings provided the first successful demonstration of a microcircuit-based 
neuroprosthesis designed specifically to restore or repair the disrupted cognitive 
function.

 Transformation of Spatial Perception into Action

PFC microcircuits play a key role in the transformation of sensation/perception 
into action, known as the perception to action cycle (Fig. 12.6). Multi-neuron firing 
from synaptically interconnected PFC cells was recorded in supra-granular layer 
L2/3, infra-granular layer L5 and the caudate nucleus CN. The results [61] nicely 
show that during the perception and selection phases of the task, cell firing in the 
localized prefrontal layers L2/3, L5 and caudate-putamen region (Fig. 12.6a) 
exhibited a similar location preference on spatial-trials (single session, in Fig. 
12.6b, and all sessions in Fig. 12.6c), but not on object- trials. The same MIMO 
model was capable of extracting relevant L2/3-to-L5 spatiotemporal firing patterns 
during task performance (Fig. 12.6d). These findings suggest that inter-laminar 
PFC microcircuits play key roles in bridging perception and action to coordinate 
the executive control of behavior across the entire spectrum of sensory and motor 
functions [61, 117–121].
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 Enhancement of Memory Performance by Hippocampal Stimulation

The primary factor that defines Alzheimer’s disease, ageing and dementia is the 
deterioration of memory accuracy [118]. Memory deterioration is coming from the 
impaired function of the hippocampal microcircuits in the medial temporal lobe. 
Therefore, the development of a hippocampal memory neuroprosthesis that can 
improve natural memory encoding in nonhuman primates (NHPs), could provide 
memory improving in human memory disorders. To demonstrate enhancement of 
memory performance, NHPs were trained to perform the same standard memory 
task [118], i.e. the delay match to sample task (DMS). Multi-neuron recordings 
from synaptically interconnected hippocampal cell fields, CA1 and CA3, show neu-
ral firing associated to encoding of spatial target (in Fig. 12.7aa, b). The application 
of patterned stimulation derived from the MIMO model to the hippocampal CA3 
and CA1 subfields in NHPs, enhances spatial preference (tuning) in correct perfor-
mance across spatial types of memory variables (for single session in Fig. 12.7ba, 
and for all sessions in Fig. 12.7bb). The MIMO model demonstrated that specific 
CA3-to-CA1 firing patterns were crucial for the successful encoding of spatial fea-
tures in memory. This was validated by the successful delivery of memory encoding 
patterns via electrical stimulation of the same CA1 recording sites during the encod-
ing phase, which improved task performance in the subsequent retrieval phase. A 
potential clinic interest is likely to emerge along the memory prosthesis concept, 
developed by Berger’s team that may allow patients with memory deficits to improve 
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their cognitive performance. Overall, these unique results [36] provided the first 
evidence for a memory neuroprosthesis in the primate brain, and indicate the poten-
tial use for recovering hippocampal dysfunction, related to Alzheimer’s disease and 
ageing in humans [122].

 Overview of Clinical Data

�Minimally�Invasive�Electrical�Brain�Stimulation

In humans, electrical stimulation of the frontal lobe was reported in the dorsolateral 
prefrontal cortex [123], ventromedial, orbitofrontal, and anterior cingulate locations 
(for review see ref. 29). Depending on the stimulation site, the following responses 
were reported: oculomotor response i.e., smooth pursuit and saccadic eye  movements 
(frontal eye fields, [124] adjustment of posture (supplementary motor area, SMA), 
[125, 126] reaching and grasping (anterior cingulate and pre-SMA), [127, 128] and 
non-conscious movements (premotor and primary motor area); [129] emotional 
facial expression and smile/laughter (anterior cingulate and SMA), [130–132] 
 feelings of pain and discomfort (dorsal, ventromedial and orbital), [133, 134] 
 disequilibrium sensations (anterior cingulate and SMA), [128] somatic sensations 
(primary motor area); [44] speech arrest, reading and singing problems, autonomic 
reactions such as blushing, mydriasis, and increase in heart or respiration rate  
(anterior cingulated) [128].

 Use of Noninvasive tDCS in Prefrontal Cortex

A number of tDCS studies have shown improved cognitive performance during 
attention, working memory, (motor) learning, and even complex problem solving 
[135–139]. For example, application of tDCS over frontal brain regions, show an 
increase on working memory performance. When anodal tDCS was applied over 
left prefrontal dorsolateral cortex (DLPFC) to study its effects on working memory 
performance, the number of errors people make on a 3-back working memory task, 
increased accuracy of performance [140]. Another finding demonstrates the effect 
of cognitive state when subjects are not involved in a cognitive task, by modulating 
activity in task-positive vs. task-negative networks (as measured with fMRI [141] 
and EEG [142]. Thus, this stimulation effects provide evidence for the relevance of 
tDCS as a tool for the implementation of noninvasive neuroprosthetics.

 Use of Noninvasive TMS on Cognitive Disorders

Transcranial magnetic stimulation (TMS) is a powerful technique for non-invasive 
brain stimulation in awake alert humans [143] and nonhuman primates [144]. The 
use of TMS is focused to understand the interplay between induced firing and the 
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neural activity in neural systems that control cognition and behavior, under various 
behavioral contexts. In humans, repetitive TMS is increasingly used to perturb non-
invasively specific brain sites, to test for causal effects on cognitive performance 
[145, 146]. Additionally, many researchers are investigating the therapeutic effects 
of repetitive TMS in depression [147, 148], schizophrenia [148], autism [24, 69, 
149–151] and other brain disorders. A large amount of work has been done to dem-
onstrate that daily use of prefrontal TMS can improve symptoms in major depres-
sion [21, 152–154].

There are two versions of TMS types in use currently: superficial and deep stim-
ulation that have been approved for treating depressions. The superficial TMS using 
the butterfly coil over the prefrontal cortex can treat depression by causing a change 
in the brain state [153]. A routine clinical treatment for acute episodes of depression 
is using rTMS. Deep TMS is used for the treatment of drug-resistant major depres-
sive disorder. The deep TMS [67, 154] can induce increases or decreases in the 
excitability of large assemblies of neurons in the deep areas of the brain by using 
cone coils (or H-coil). Moreover, for major depressive disorders resistant to treat-
ment, the use of high frequency rTMS for the left dorsolateral PFC (dlPFC) proved 
effective, while low-frequency rTMS on the right dlPFC has shown “probable” effi-
cacy [155–157]. High frequency rTMS applied to the left dlPFC also has promising 
efficacy in treating the negative symptoms of schizophrenia, by improving excit-
atory firing in pyramidal cells [155].

To further characterize the relevance of rTMS effect on memory delay-period 
activity the modulation of alpha-band power by rTMS [158] is presented. Figure 
12.8a shows a sustained increase in alpha-band power under both conditions: with 
and without rTMS [158]. The effect was more enhanced for object than for location 
memory (p < 10−5). Overall, there were no significant changes in power with rTMS 
(Fig. 12.8b, c). At the individual level, rTMS produced large, sustained changes in 
delay-period alpha-band power, with some subjects showing an increase, and others 
a decrease in power. These differences in the TMS effect on alpha-band power pre-
dicted its effect on behavior and thus illustrate its therapeutic role.

 Error Correction in Autism

Low frequency rTMS stimulation in autistic children has been shown to improve the 
inhibitory mechanism (Fig. 12.9) of the frontal cortex [148, 159]. Similar treatment 
was used for the loss of brain function caused by stroke, i.e. applying low frequency 
rTMS on the corresponding brain region has shown a “probable” efficacy [155]. One 
important executive function, which is known to be compromised in autism relates to 
response error monitoring and post-error response correction [24]. Several reports 
indicate that children with autism have reduced error processing and deficient behav-
ioral correction, after an error is committed [160–162]. Sokhadze and colleagues 
(2012) has shown that prefrontal neuromodulation using rTMS improves error moni-
toring and correction in autism. These cognitive deficits (depression, dementia, autism 
and others) may be repairable by means of noninvasive brain machine interfaces 
[163–165] that can restore neural communications, memory and cognition [28, 166].
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 Neural Technologies

The use of various stimulation devices and technologies, developed recently, are 
further examined and the potential clinical application to human brain disorders is 
discussed.

�Neural�Devices

Neural devices including brain machine interfaces (BMIs, [167]) and cognitive neu-
ral prosthetics [163] have been recently developed to repair a damaged brain or its 
disrupted function. Electrical stimulation, whether in its invasive [168] or noninva-
sive [47, 89], can be implemented in cognitive neuroprosthetics. Recent research 
sheds light on the difficult task of restoring memory or executive abilities [52, 60]. 
Such cognitive devices might be able to read out neural representations, percepts or 
thoughts for the selection of a certain behavioral goal [169, 170]. Nicolelis (2001) 
suggested that “hybrid brain–machine interfaces” have the potential to enhance our 
perceptual, motor and cognitive capabilities”. Nevertheless, other questions remain 
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Fig. 12.8 Effect of rTMS on delay-period alpha-band power. (a) During the delay-period there 
was an increase in power between 10 and 15  Hz for both memory tasks, predominantly over 
 posterior scalp regions. The magnitude of power change between the two memory conditions 
 differed significantly mean difference across all channels: t(14) = 7.58; p < 10−5, with delay period 
alpha band power being significantly greater during object memory trials compared to location 
memory trials. (b, c) During rTMS trials, there was a brief increase in power at 4–8 Hz associated 
with the onset of the stimulation train. However, compared to the rTMS absent trials, there was no 
significant change in power within the alpha-band range in rTMS present trials. Topographic plots 
in (a) represent the mean alpha-band power over the 3-s delay period during rTMS absent trials  
(© Frontiers Media S.A. [158])
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as to whether microstimulation has the specificity and reliability required to control 
behavior on a fine scale, or whether it only weakly biases the tendency for certain 
behavioral alternatives in a probabilistic manner.

�Cognitive�Neural�Prosthetics

A cognitive neural prosthesis (CNP) can be defined as an assistive device that uti-
lizes high-order brain signals to restore the normal brain function to a person with 
neurological deficits [169, 170]. Prosthetics may be useful to a large population of 
patients, including those suffering from Alzheimer’s disease, schizophrenia, autism, 
and drug addiction. Development of neural decoders for such prosthetics requires 
an understanding of brain microcircuits [158] and their relationship to cognition 
[73, 74]. CNPs can be interfaced to brain substitution systems (prosthetic limbs, 
percept/memory chips) and communication devices [171]. CNPs use cortical and 
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Fig. 12.9 Low-Frequency rTMS increases lateral inhibition. Left panel shows typical minicolumns 
consisting of vertical chairns of pyramidal cells surrounded by inactive double bouquest cells. Right 
panel shows how repetitive low frequency TMS activates the double bouquet cells that provide the 
lateral inhibition. Autistic brains lack proper lateral inhibition (Courtesy of Dr. Manuel F. Casanova)
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subcortical signals that reflect such cognitive functions as decision-making, execu-
tive control, attention, and working memory [73, 74, 172]. The CNPs utilize: (i) 
signals recorded from the higher-order brain areas (like the prefrontal cortex) and 
feedback signals received from external devices; (ii) invasive (electrical) or nonin-
vasive (magnetic) stimulation to inject signals in the brain [72, 153]; (iii) controllers 
with MIMO relations [28] to process information and drive microstimulation; (iv) 
extracted information from the brain that is decoded by neural decoding algorithms 
[173, 174]; (v) assistive devices, such as computers, brain chips, communication 
systems, speech generators, prosthetic limbs, etc. [167].

 Memory Prosthetics

A recurring question in neuroscience inquires whether a neural prosthetics can restore 
memory. Berger and colleagues [52, 60] demonstrated, for the first time in rodents and 
then in nonhuman primates, that a neural prosthesis is capable to identify/manipulate 
in real-time the encoding process that can restore and even enhance cognitive mne-
monic processes. The idea is to block the ability to form long-term memories by using 
pharmacological agents that disrupt neural circuitry between the two subfields of the 
hippocampus, CA1 and CA3, which interact to create the long- term memory engram. 
By employing an artificial hippocampal system based on the multiple-input, multiple-
output (MIMO) model [52, 172, 173], one could duplicate the pattern of interaction 
between CA3-CA1, by monitoring neural activity in cells recorded by the electrode 
array, and then playing back the same pattern on the same array. Long-term memory 
capability was restored in the pharmacologically blocked rats/monkeys following 
activation of an electronic device, programmed to duplicate memory-encoding ability 
for a specific memory item (i.e. which lever to pull) in rat tests or which target to select 
(in monkeys). Thus, if a prosthetic memory device is implanted in animals with a 
normal, functioning hippocampus, the device could actually strengthen memory.

Berger and collaborators duplicated the rodent results in monkeys, with the aim of 
eventually creating prostheses that might help human sufferers of Alzheimer’s dis-
ease, stroke, or injury. To this end, the MIMO model [60, 168, 173] was applied in 
the primate prefrontal cortex. Ensemble firing patterns of up to 16 prefrontal neurons 
were recorded using a system for wireless recording [117] of neural ensemble activ-
ity in monkeys. Firing patterns were analyzed by a MIMO model to provide coeffi-
cients for prediction of layer 5 output from layer 2/3 input. A custom built 8-channel 
wireless stimulator (Triangle BioSystems Inc. Durham, NC) delivered patterns of 
electrical pulses to layer 5 electrodes. Stimulation patterns were derived from pre-
dicted Layer 5 activity by online MIMO analysis of layer 2/3 neural activity during 
the match target presentation in the task. Results show that behavioral performance 
on stimulated trials was significantly improved compared to non- stimulated trials 
and behavioral latency to match target response was significantly reduced on stimu-
lation trials [117, 168]. In addition, this study demonstrates  feasibility of implement-
ing a compact wireless neural prosthesis in nonhuman primates.
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 Executive Control Prosthetics

The neural prostheses approach holds out the promise of assisting individuals who 
are unable to move but who are capable of making movement plans. Musallam et al. 
(2004) have shown how monkeys learn to control the location of a computer cursor 
by merely thinking about movements [174]. An executive prosthesis may ba able to 
even correct in real time a decision making process [175]. The key aspect is that a 
decision making signal is “rising” to a threshold (increase/buildup) when the pre-
ferred option is selected or falling down (decrease) for a non-preferred option. 
Signals are recorded, decoded and interpreted so that the optimal option is selected. 
When the decision signal is not optimal, and error signal instructs the stimulator to 
apply a micro-current in the appropriate brain region (for example, in the prefrontal 
cortical layer 2/3, layer 5 or caudate if either sensory evidence is weak, the selection 
signal is weak, or else if the decision bias is weak) and the decision signal may be 
corrected in real time

�Advanced�Technologies

 Nanotechnology

To understand the vast complexity of brain circuitry and its emergent functions, 
neuroscientists have zoomed into the details of neural microcircuits and suggested 
that brain communicates in a nanotech language [176]. Nanotechnology is based on 
the manipulations of matter on the atomic, molecular and supra-molecular level. 
During the last decade or so, a number of successful applications of nanotechno-
logical methods to basic neuroscience and to medical practice emerged [177–179]. 
Development of novel nanotechnologies include biomaterials for neural regenera-
tion [180, 181], characterization of biophysical features of neural cells [182], 
advances in molecular genetics of neurons [183], new insights into the function of 
neural microcircuits [184, 185] and their degeneration using animal models [186]. 
Furthermore, research on graphene and silicon based nanomaterials and/or devices, 
high density nanofabricated neural probes, integrated neural sensors, carbon nano-
tubes use in neural interfacing applications and other approaches that have already 
proven feasible for brain machine interfaces [187, 188].

Nanotechnology, as a rapidly evolving field, provides simple, practical and 
reproducible tools to investigate the nervous system in health and disease. Among 
these tools are nanoparticle-based sensors that detect biochemical and physiological 
properties of neurons and glia, and generate signals proportionate to physical, 
chemical and/or electrical changes in single cells, tissues, and whole organisms. 
The most commonly used sensors are those composed of quantum dots (QDs), car-
bon materials (C-dots, graphene and nanodiamonds) and gold nanoparticles [189, 
195]. These sensors have been designed to quantify molecular entries such as intra-
cellular and extracellular pH, oxygen, glucose, redox, electrical activity, changes in 
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calcium concentrations, protein dimerization, and enzymatic activities. Scientists 
have made significant progress in developing artificial nanoparticle-based sensors, 
but several challenges remain. To illustrate this, we review work using nanoparticle- 
based sensors to detect changes in nerve cells and microglia when exposed to harm-
ful signals or subjected to stress. Specifically, we focus on the many hurdles involved 
in developing artificial nanoparticle-based sensors, highlighting both their advan-
tages and limitations.

 MEA Technology

Multi-Electrode Array (MEA) technologies are playing a key role in brain machine 
interfaces and neuroprosthetics [190–192]. Carbon nanotubes [193, 194], in par-
ticular, have an arsenal of properties (electrical, mechanical, and chemical) that 
make them very promising materials for applications in MEAs neuroscience. 
There are two forms of carbon nanotubes (CNTs) efficiently used in MEAs: sin-
gle-wall carbon nanotubes (SWCNTs) or nested multiwall carbon nanotubes 
(MWCNTs). A new electrode is based on “structurally controlled nanowires,” for 
neurophysiological measurements in vivo [195]. This electrode has a sensing part 
made of a thin metal layer deposited on epitaxial grown GaP nanowires. Suyatin 
et al. (2013) realized the first functional CNW-based electrode [185]. Also, Suzuki 
et  al. (2013) developed MEA chips of planar CNTs that can measure both the 
electrophysiological responses (such as action potentials and field postsynaptic 
potentials) and the release of the dopamine neurotransmitter [189]. These MEA 
chips are useful for various applications such as drug screening and toxicity, 
in vitro stem cell differentiation, synaptic plasticity, or pathogenic processes asso-
ciated with stroke, epilepsy, Alzheimer’s and other neurodegenerative diseases. 
Moreover, multi-walled carbon nanotubes MEAs have the advantage of decreased 
physical size of microelectrode with increased impedance and decreased charge-
transfer capability [196, 197]. Figure 12.10 provides an illustration of various 
MEA technologies involving graphene/carbon nanotubes that record spikes or 
local field potentials [198–220].

Multiplexed High Density MEAs

Neural probes based on silicon, Du et al. (2011) employed nanofabricated, high- 
density electrical leads that can read out multichannel data. MEA uses an 
application- specific integrated circuit to intensify signals, multiplexing functions 
and band-pass filtering [198]. Multiplex high density devices with a fully inte-
grated low noise, 64-channel system can perform high spatial resolution extracel-
lular measurements and weighs just 330 mg [198]. Viventi et al. (2011) integrated 
“ultrathin and flexible silicon nanomembrane transistors” into a MEA [199], 
enabling “dense arrays” of thousands of amplified and multiplexed sensors to be 
connected with fewer wires.
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Substrate-Integrated MEAs

Substrate-integrated MEAs seem to provide the finest approach to study brain cir-
cuitry, connectivity, neurophysiology, or pathology both in vivo and in vitro. MEAs 
add versatility to the real-time, long-term recording of chemical fluctuations in the 
extra-cellular micro-environment along with neurophysiological activity while 
being minimally invasive [200–202]. These MEAs can monitor the organization of 
neural network, its neuronal excitability, and synaptic plasticity, together with drug 
responses.

 Nanotechnology Based Brain Machine Interfaces

Latest developments in nanomaterials generated new avenues for highly advanced 
systems to interface the human brain [182]. Nanotechnology is employing macro-
molecular approaches to implants that mimic the “biologic topology” and take 

Nanotechnology-based microelectrode arrays

a Graphene-based CLEAR

d Printed circuit boards for the 1000-channels probe

b Planar electrode array c Graphene MEA

Fig. 12.10 Multielectrode arrays. (a) Graphene-based carbon-layered electrode array device con-
struction showing the layered structures (With permission © MacMillan Publishers [219]) (b) 
Nanofabricated planar electrode array for high-density neuronal voltage recording. False-color 
SEM image of a portion of a 64-channel array patterned on a silicon substrate. Scale bar = 50 μm 
(Modified with permission ©PLOS One [198]) (c) Description of graphene electrodes. (a) 
Schematic illustration of a flexible graphene neural electrode array. Patterned graphene electrodes 
are in contact with Au contact pads to interface with the data acquisition system. (b) Microscope 
image of an 8-electrode hippocampal slice array. The electrode size is 50 × 50 mm2. (With permis-
son PLOS One [220]) (d) Printed circuit boards design schematics for the 1000-channel probe. 
The routing for the 1000-channel probe was broken into a comb-shaped multifinger design, of 
eight fingers with 128 pads each (photograph of the probe after wire bonding but before encapsula-
tion) (With permission © IEEE [218])
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into account the surface interaction of biologic cells. Combinations of neural cells 
with micro-implants can become the platform of stable bio-hybrid interfaces. 
Artificial synapses in neuromorphic circuits based on nanoscale memory devices 
provide novel circuit architectures that tolerate variability and/or defects [197]. 
Such memory elements based on carbon nanotubes (CNTs) may be used as “arti-
ficial synapses” combined with “conventional neurons” further “trained” to per-
form several functions (by applying a supervised learning algorithm). This 
approach has huge potential for application to parallel learning of several devices 
with more complex functions, because the same device can be trained to code suc-
cessively any type combination of Boolean logic functions (3-inputs) despite vari-
ability among devices.

Carbon nanowires (used as interface material in contact with neurons) can 
deliver electrical stimulation to these cells and detect neuronal electrical activity 
[203]. In recent years, CNT substrates have been used to examine in vivo forma-
tion of neurons and neuronal networks during guided growth by artificial nano-
scaled cues. Additionally, prostheses for monitoring brain activity were developed 
using interfaces based on nanotube architecture [204]. Thus, Fabbro et al. (2012) 
demonstrated the alteration of various hippocampal neurons responses by the CNT 
substrates in cultures [205]. This observation highlighted the exceptional ability of 
the CNT substrate to induce nerve tissue growth. CNT scaffolds promote the devel-
opment of immature neurons isolated from the neonatal rat spinal cord and main-
tained in  vitro by performing electrophysiological studies associated with gene 
expression analysis.

The potential for employing inter-laminar recording and micro-stimulation of 
cortical microcircuits with CNT-MEAs to build neural prostheses for repair and 
augmentation of cognitive function is now being considered. Thus, nanotechnol-
ogy is instrumental to nanofabricate planar electrode arrays to be used in high-
density neuronal voltage recording [195, 198]. Micro and nano-fabrication 
technologies raise the prospect for increasing the numbers of electrodes for smaller, 
less invasive implantable devices. A promising nano-array for brain microcircuits 
is the new planar electrode array [199, 206], which is configured on a crystalline, 
ceramic, or polymer support structure. Recording neural firing with 3-dimensional 
microelectrode arrays [207] represents a major advance in brain activity mapping 
techniques, by providing a tool to demonstrate how intra and inter-laminar/regional 
neural circuits cooperate together to process relevant information. Building pros-
thetic minicolumns as basic modules to repair the damaged cortical tissue will 
become a valuable approach for cognitive neuroprosthetics [185]. This may be 
accomplished by designing artificial minicolumns that can be inserted by minor 
surgery into the human brain, or the use of nanowire contacts to place a device with 
minicolumn function within the damaged circuitry [208, 209]. Moreover, neural 
enhancement approaches may be applied to inter-laminar microcircuits across the 
entire cortex [168].
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 Wireless Stimulation of Cognitive Prosthetics

Latest advances in sensor technology, targeting the development of non-invasive and 
implantable wireless BMI-systems (combined with brain stimulation), are suggesting 
that BMI-related strategies will play an increasing role in neurorehabilitation of stroke 
[210], sensorimotor functions [211, 212]. A super multi-channel recording system 
was developed by Suzuki et al., [213] in which 4096 channels of Electrocorticogram 
(ECoG) signal can be amplified and transmitted to outside the body by using an Ultra 
Wide Band (UWB) wireless system. Neural chips with wireless stimulation for mem-
ory [36] and/or decision making [73, 74, 114, 115, 117] propose that an error signal 
instructs the wireless microstimulator to apply a microcurrent in the right brain region 
and the decision signal should be corrected in real time.

 Neural Chips

Converging technologies exploit the synergies between neuroscience, psychology, 
computer sciences, engineering and nanotechnology to build the largest IBM chip in 
a brain inspired computer (www.research.ibm.com/articles/brain-chip.shtml). The 
chip consumes merely 70 milliwatts, and is capable of 46 billion synaptic operations 
per second, per watt (i.e. a synaptic supercomputer in hand). Similar to the brain—
the neuromorphic chip has a parallel, distributed, modular, scalable, fault- tolerant, 
flexible architecture that integrates computation, communication, and memory and 
has no clock. The neurosynaptic chips can be tiled to create vast, scalable neuromor-
phic systems [215]. The brain-inspired chip can be used in combination with other 
cognitive computing technologies to create systems that learns, reason and help 
humans make better decisions. Moreover, the neuromorphic structure of these chips 
can solve a broad class of problems from sensory neuroscience to cognition, and has 
the potential to revolutionize the computer industry by integrating its brain-inspired 
capability into devices with computational constraints in speed and power. These 
neuromorphic systems using spikes as inputs and outputs have the ability to process 
in real time, high-dimensional, noisy sensory data, with several orders of magnitude 
less power than the conventional computers. It is envisioned a new generation of 
field-adaptable neurosynaptic computers capable of online learning [215].

 Future Directions

Future research is targeting the mapping of the brain and mind with nanotechnology. 
In 2013 the BRAIN initiative was launched by the USA - the world’s biggest project 
to map the brain and understand the human mind by combining neuroscience with 
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nanotechnology. New devices based on nanotechnology (minimally invasive and 
noninvasive) and spintronix (nanomagnetism or micromagnetism) or quantum dots, 
as well as nano-TMS and 3D nano-magnetic imaging based on tunneling magneto-
resistance are emerging. This will yield the knowledge necessary to understand the 
mind and cure its devastating disorders.

 Conclusion

The advancement of neural technology is providing new therapeutic approaches to 
improve mental performance for patients with cognitive disorders. By developing 
stimulation systems with minimally invasive and noninvasive ability it allows 
manipulatation of cognitive and behavioral performance. Electro-stimulation thera-
pies become instrumental in modifying (improving) memory and cognition includ-
ing working memory, decision-making and executive control by enhancing cognitive 
performance. The use of various neuroprosthetic devices and technologies devel-
oped recently has multiple clinical applications to human brain disorders. The ulti-
mate goal should be to develop devices that patients can learn to control without 
external intervention.
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Chapter 13
Neuromodulation of Consciousness Disorders

Ana Ciurea, Jean Ciurea, and Ioan Opris

Abstract Some patients may develop an altered state of consciousness (coma, veg-
etative state, minimal consciousness state) following traumatic and other brain inju-
ries. While the cause of their altered consciousness may be well documented in 
most cases, the precise underlying mechanisms mediating the altered consciousness 
and its treatment are yet to be discovered. Several hypotheses have been put forward 
on how the level of consciousness can be improved; all are based on the principle 
that an injured brain needs to reconnect its disrupted areas. To address this need, 
several neuromodulation therapies (using invasive and noninvasive stimulation) 
may serve this purpose. Invasive therapies use chronic electrodes for stimulation, 
while non-invasive therapies employ transcranial magnetic stimulation (TMS), 
transcranial direct current stimulation (tDCS) and somato-sensitive stimulation 
(SSS). The purpose of this chapter is to critically analyze the progress of these 
therapeutic methods and to review what is still needed to improve the impaired 
conscious states.
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 Introduction

A conscious state is when a subject is awake and aware of his or her own existence, 
sensations, thoughts, feelings and surroundings. The origin of the word “conscious-
ness” is Latin and represents an association between the words “con“ meaning “with” 
and “scio”, meaning “to know”. The terms “conscious” and “consciousness” were used 
for the first time in the seventeenth century and continued ever since [1]. On the other 
end, the antonym for this term is “unconscious”. An altered state of consciousness [2] 
can occur after traumatic and other brain injuries and is a state of “perturbed” con-
sciousness that spans the two opposing concepts. The altered state of consciousness is 
more difficult to classify since the defining elements involve both objective criteria [3], 
referring to patient’s particularity, and subjective criteria [4], depending on the observ-
er’s training and experience. The altered consciousness state of the brain is a major and 
complex problem that needs to be tackled by both medical practitioners and research-
ers, to find new treatments that will serve to improve the lives of these individuals.

Although the causes of altered consciousness are usually well documented [4], the 
detailed mechanisms that underlie the malfunction are not well known. Several hypoth-
eses for improving the level of consciousness in trauma patients have been proposed. 
All are based on the principle that an injured brain needs to reconnect its disrupted 
circuits. It is well documented that an initial lesion has evolving potential, to cause 
secondary damage, which may result in a deleterious cascade [5]. The recognition of 
specific disturbance patterns and its therapy may be followed by a good outcome in 
some cases [6]. To address this need, several neuromodulation therapies (using invasive 
and noninvasive stimulation) have been developed and studied to serve this purpose [7, 
8]. Invasive therapies use chronic electrodes for stimulation, while non-invasive thera-
pies employ transcranial magnetic stimulation (TMS, [9]), transcranial direct current 
stimulation (tDCS, [10]) and somato-sensitive stimulation (SSS, [11, 12]).

In this chapter we critically analyze and evaluate the progress of the therapeutic 
methods and review what is still needed to improve consciousness in conditions like 
coma, vegetative state, minimally conscious states by using electrical stimulation.

 General Overview and Rationale

General overview and rationale for using electrical stimulation approach to reverse 
or improve impaired consciousness.

�Brain�Electrical�Activity

The brain has spontaneous bioelectrical activity which is differentially modulated. 
The effects of electric fields on humans and animals have been studied since antiq-
uity and have been used as therapies for hundreds of years for uses such as pain 

A. Ciurea et al.



319

alleviation. In the nineteenth century, Volta and Galvani paved the way for modern 
approaches by conducting experiments with animals. A key aspect of brain electri-
cal activity is the electrical charge of the cell membrane which is responsive to 
external electromagnetic manipulation.

Understanding the interaction of the external electromagnetic field with living 
matter, and particularly with the neurons in the brain, is crucial for understanding 
brain functions, including conscious states.

Brain electrical activity was first observed by Hans Berger in Jena, Germany in 
1929. He demonstrated that currents produced by neurons in the brain can be 
recorded with electrodes on the scalp. The relevance of this electrical activity to 
consciousness, and coma have been debated and studied ever since [13].

�Anatomical�Localization�of�Consciousness

At the beginning of the twentieth century, Constantin von Economo observed the 
epidemics of encephalita letargica. He hypothesized that the place of consciousness 
is in the upper brainstem and posterior hypothalamus, based on his observations in 
post-mortem exploration of the patients brains [14]. In 1929 Frederic Bremer identi-
fied sections of feline brain in the upper mesencephalon plane that induced deep 
sleep [15]. Inspired by Bremer, Moruzzi and Magoun (1949) went on to describe the 
“ascending reticular activating system” (see Fig. 13.1) in the mesencephalon. When 
stimulated, this structure produced improvement on EEG in drowsy animals [16]. In 
recent years, brain research advanced and revealed a more complex anatomo- 
functional structure that includes the reticular formation [17, 18] and the neocortical 
microcircuits [19–25] that support the conscious state. A “consciousness network” 
in the brain has also been proposed and includes precuneus, anterior cingulate, 
temporo- parietal junction and central thalamus [26].

There have also been attempts to hypothetically explain consciousness. One is the 
global neuronal workspace model of consciousness where a “sudden self- amplifying 
process leads to a global brain-scale pattern of activity” and is based on neuronal struc-
ture [27, 28]. Another attempt is grounded on information integration and modular 
connectivity. Entropy and information is evaluated and “transformed” into a personal 
“subjective complexity” [29]. Global theories by Penrose and Hameroff are invoking 
the quantum physics theory. According to this view a putative quantum structure is 
located inside the neuron’s tubules [30, 31]. Based on a holographic encoding of the 
nodes of interference patterns capable of containing the information about the environ-
ment, Pribram described the ‘quanta of information’. He has hypothesized a relation-
ship among entropy, chaotic attractors and the organization of consciousness concept 
[32]. Searle has categorized neuroscience approaches in consciousness as building 
block models or unified field models. Information about environment is fractioned and 
dispersed to specialized neuronal units of the multimodal sensory input. Local coinci-
dence detectors assess fractionated activity by comparing exogenous sensory specific 
and substantially endogenous non-sensory specific influences on the neurons [33]. 
Congruence in these comparators  transforms these  fragmented sensations to  fragmented 
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perceptions, and greatly enhances synchronized output from each ensemble. Neural 
activity from multiple brain areas is integrated to produce a unified perceptual experi-
ence, known as the “binding problem” [34].

�Coma

Coma word comes from the Greek word κῶμα koma, meaning “deep sleep”). Coma 
is a state of unconsciousness in which a person: cannot be awakened; fails to respond 
normally to painful stimuli, light, or sound; lacks a normal wake-sleep cycle; and 
does not initiate voluntary actions [34, 35]. The possible subsequent outcome of 
coma is as follows: 1. death, 2. recovery or 3. vegetative state/minimally conscious 
state. Causes of coma are multiple and include post-concussive states, hypoxia, 
ischaemia, subarachnoid blood, seizures, hyponatremia or hypernatremia, hyper-
glycemia, hypoglycemia, hypercalcemia, post-seizure state, intoxication, drugs, 
hypercarbia, organ failure, encephalitis, etc. [35, 36].

Fig. 13.1 Reticular activating system showing the visual impulses, the reticular formation, the 
brain stem, the ascending sensory tracts, the descending motor tracts, the spinal cord, the auditory 
impulses and the cerebellum. Midline brain structures that make up the consciousness system, also 
known as the neuronal correlates of consciousness. The temporal lobe plays a particularly essential 
role in understanding impaired consciousness in epileptic seizures
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�Persistent�Vegetative�State�(VS)

Patients are unware of self and of the environment, they sleep wake cycles, but 
without any voluntary activity or interaction. They may, however, retain reflexes, 
eat and have bowel and bladder continence. The clinical course and outcome of a 
persistent vegetative state depends on its cause. Three categories of disorder can 
cause such a state: acute traumatic and non-traumatic brain injuries, degenerative 
and metabolic brain disorders, and severe congenital malformations of the nervous 
system [37, 38].

In 2010, the European Task Force on Disorders of Consciousness decided that 
VS should be called “Unresponsive Wakefulness Syndrome” (UWS) based mainly 
on negative connotation of the expression “vegetative state” [39]. The outcome of 
VS /UWS is a matter of scientific debate [40]. Some authors have found that age 
greater than 39 years and bilateral absence of cortical components of middle latency 
auditory evoked potentials were significantly associated with deterioration [41]. 
Due to inconclusive results of experimental treatment approaches for VS/UWS, 
there is a tendency of nihilism towards these patients.

�The�Minimally�Conscious�State�(MCS)

The Minimally Conscious State (MCS) terminology was introduced to describe 
patients showing more than reflex motor behavior (when they were previously in 
VS /UWS) but are still unable to communicate. Clinical examination of these 
individuals consists of examining: (1) command following, (2) intelligible ver-
balization, (3) discernible yes–no signals (regardless of accuracy), (4) specific 
responses to selective environmental stimuli, e.g. visual pursuit in front of a mir-
ror [42]. Based on the complexity of the patients’ behavior, MCS was further 
divided in:

• MCS+ command following or intention, intelligible verbalization or gestural or 
verbal yes/no responses;

• MCS- shows minimal behavioral interaction with non-reflex movements such as: 
orientation of noxious stimuli, pursuit eye movements in direct response to mov-
ing or salient stimuli; movements or affective behaviors in appropriate response 
to relevant environmental stimuli [43].

�Locked�in�Syndrome

The subject is awake and aware but unable to move. This syndrome is not a con-
sciousness disturbance and must be recognized by the examiner as a differential 
diagnosis when assessing altered conscious states.
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�Outcome�Scales

 The Glasgow Coma Scale and Glasgow Outcome Score

To evaluate altered consciousness and coma, the Glasgow Coma Scale (GCS) and 
Glasgow Outcome Score (GOS) have proved useful, mainly for head injured 
patients. Due to their simplicity and standardization, they are suitable for communi-
cation amongst paramedics, nurses and physician/surgeons. Using motor responses 
to commands or pain, eye opening, and verbal response, Teasdale and Jennett devel-
oped the GCS and it is now one of the most widely used and accepted tools for 
consciousness disorders (Table 13.1) [44, 45]. There are some limitations, e.g., 
especially when applied to children [46].

A reliable tool for assessing severely injured patients is the GOS. It contains 
five levels from death, persistent vegetative state, severe, moderate and low 
disability.

The GOS is widely used for assessing outcome in head injured patients [47]. Its 
simplicity has made it controversial but be used for long time prognosis [48].

 Behavioral Tests and Functional Imagery in Consciousness Assessment

Several other behavioral assessment scales are also used for evaluating disorders of 
consciousness (DOC). The Coma Recovery Scale-Revised (CRS-R), Sensory 
Stimulation Assessment Measure (SSAM), Wessex Head Injury Matrix (WHIM), 
Western Neuro Sensory Stimulation Profile (WNSSP), Sensory Modality 
Assessment Technique (SMART), Disorders of Consciousness Scale (DOCS), and 
Coma/Near-Coma Scale (CNC) are examples. It is generally acceptable that 
CRS-R is the only scale to address most advanced criteria, when assessing 
DOC. CRS has emerged from the need to fulfill requirements of both clinical and 
research practices. Even so, it has limitations due to absence of behavioral criteria 
necessary to diagnose the minimally conscious state. When properly applied, CRS 

Table 13.1 Glasgow Coma Scale

Level 1 2 3 4 5 6

Eye Does not 
open eyes

Opens eyes in 
response to 
painful stimuli

Opens eyes in 
response to 
voice

Opens eyes 
spontaneously

N/A N/A

Verbal Makes no 
sounds

Incomprehensible 
sounds

Utters 
inappropriate 
words

Confused, 
disoriented

Oriented, 
converses 
normally

N/A

Motor Makes no 
movements

Extension to 
painful stimuli 
(decerebrate 
response)

Abnormal 
flexion to 
painful stimuli 
(decorticate 
response)

Flexion / 
Withdrawal to 
painful stimuli

Localizes 
painful 
stimuli

Obeys 
commands
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allows one to discriminate between minimally conscious states from those in the 
vegetative states [49].

Functional imaging tools include functional magnetic resonance imaging, (MRI), 
positron emission tomography (PET), single-photon emission computed tomogra-
phy (SPECT). They are often used to determine the level of consciousness based on 
specific brain activities revealed by these methods. In VS, “rudiments” of con-
sciousness not being detected by the patient’s bedside evaluation may exist and 
functional magnetic resonance imaging obtained by activation of dedicated cortical 
areas may demonstrate it. [50–52].

Painful stimuli produce PET patterns of activation in minimally conscious states 
[53]. In one VS patient, task specific activation was observed, unequivocally, 
 demonstrating consciousness in the absence of obvious clinical behavioral signs of 
consciousness. Interestingly, the patient subsequently recovered although the full 
extent of recovery is not described [54]. Functional neuroimaging is not enough for 
the diagnosis of vegetative state but it is increasingly clear that it can be used as an 
additive tool in this regard. Quantitative measurements of brain activity—in particu-
lar, activations beyond primary sensory cortices, are positively correlated with 
‘good recovery’ from the vegetative state [55].

EEG is a continuous method of monitoring patients and is less expensive then 
fMRI and PET and brings functional information about the brain Spectral analysis 
of alpha/theta frequencies proved useful in differentiating patients with disorders of 
consciousness [56]. Coupling TMS and EEG assesses the reaction of the brain to 
magnetic pulse exploring the connectivity between different areas [57]. A perturba-
tion complexity index (PCI; 58), assigns a numerical value of the brain’s complex 
activity patterns capacity. In VS versus MCS, the low index reflects lower levels of 
connectivity [58].

A good example of controlled reversibility of consciousness is coma induced by 
general anesthesia. Emery Brown and team observed loss of consciousness during 
propofol general anesthesia. They hypothesized the following as causes for pro-
ducing this effect: i) the loss of communication within the frontal cortical thalamo–
cortical circuits [60], while, ii) the propofol-induced slow oscillations may 
correspond to a state of functional isolation between cortical areas [61]. The 
authors observed seizure–like highly structured oscillations, which are associated 
with unconsciousness [62], and could be a mechanism for anesthetic-induced 
unconsciousness. These highly structured oscillations could be responsible for the 
disruption of integrated information processing within the brain [63], as well as 
anterior–posterior cortical feedback [64, 65], both of which are considered crucial 
for conscious processing [66]. Meanwhile, it is important to stress that coma 
induced by anesthesia is totally reversible and based on other mechanisms than in, 
e.g. post-trauma injured brain [67–70].

Figure 13.2 depicts the transition from consciousness to unconsciousness and the 
return to conscious state. The initiation of discovery on how to regain and improve 
consciousness by electrical neuromodulation is the merit of Moruzzi and Magoun 
(1949), who achieved waking of the drowsy cat by stimulating the ascending reticu-
lar activating system [16].
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 Therapeutic Strategies Based on Pathophysiology

A legitimate question one may ask is “What should a therapy accomplish?” 
Since we do not understand the underpinnings of consciousness yet, there are 
some observation elements that may allow to ground the therapy actions on an 
empiric basis. Bellow we describe several steps that a therapy may need to 
accomplish.

 (a) Secondary lesions controls. Destruction of brain tissue is followed by brain 
swelling, high intracranial pressure and insufficient blood supply to the affected 
area. This disturbance induces a number of processes including decreased oxy-
gen, altered ion balance, glutamate alterations, and apoptosis [59]. The main 
therapeutic strategy seems to reduce or stop this cascade in order to preserve the 
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Fig. 13.2 Time course of the traveling peak, the continuous transformation in median frequency 
and bandwidth spanning the gamma, beta, and alpha bands during the transitions into and out of 
unconsciousness. (a) Group-level spectrograms computed between 2 and 40 Hz for a single frontal 
channel (approximately Fz, nearest-neighbor Laplacian reference), aligned with respect to LOC 
(Left) and ROC (Right) and normalized by the baseline spectrum. The 25th, median, and 75th 
percentiles within this frequency range are overlaid in white. The median represents the center 
frequency of the traveling peak, while the interquartile range (i.e., the difference between the 75th 
and 25th percentiles) represents the bandwidth of the traveling peak. (b) Spatial distribution of 
power at the median frequency at different behavioral end points. Pre-LOC is the midpoint between 
EON and LOC. Unconscious refers to the midpoint between LOC and ROC. Post-LOC is the 
midpoint between ROC and EOFF (With permission from Purdon et al. [69])
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undamaged tissue and limit secondary lesions. Since the primary brain lesion 
may induce secondary lesions, limiting this secondary damage is a crucial ther-
apeutic strategy

 (b) To keep pathways functional. Based on the principle that unused brain path-
ways and connections are lost in time, an early start of rehabilitation is a sound 
option. Let us use two examples, a famous virtuoso violin soloist and an athlete 
training for the Olympic games. Due to some unhappy circumstances, they have 
to stop their rehearsals and training. Both will decline in their performances. 
Rehabilitation and neuro-modulation are targeting this functional aspect of 
behavior. However, these procedures may interfere and be confused with natu-
ral healing. Understanding the mechanisms of consciousness and its neuro- 
markers could help to differentiate the two. If a stimulated patient in a vegetative 
state is waking-up as a prolonged post-effect of stimulation, he/she is in a 
reversible vegetative state; if no waking effect is observed the subject falls into 
an irreversible vegetative state. This means that stimulation could be seen as a 
triage tool between reversible and irreversible states.

 (c) The ‘default network’ activity. The ‘default network’ is represented by brain 
structures identified on functional magnetic resonance imaging connectivity 
analyses that show more activity at rest than during attention-demanding execu-
tive tasks. They are in the posterior-cingulate/precuneus, the anterior cingulate/
mesiofrontal cortex and the temporo-parietal junctions. This network may be 
identified in the resting state of healthy volunteers in the absence of any task. 
While functional connectivity patterns predict the level of consciousness and 
recovery outcome in acquired brain injuries [71], the integrity of the resting- 
state connectivity pattern is negatively correlated with the degree of clinical 
consciousness impairment, as demonstrated in the study by Vanhaudenhuyse 
et al. [72]. Restauration by stimulation of this resting state activity placed in 
above mentioned areas could become an improving marker of certain therapy 
measures. Thus, electrical stimulation of a small brain area in the Claustrum 
reversibly disrupts consciousness. [73]

 (d) Neuroplasticity. Neuroplasticity is the ability of nervous system to adapt to new 
environmental changes and on repetitive input, particularly, at synaptic and 
neuronal level. This is accomplished in a dynamic manner [74]. The term was 
coined by Jerzy Konorski, a Polish neurophysiologist during 1940’s [75]. The 
“use-induced” plasticity is a remarkable concept, developed by Hebb (1949), 
reflecting brain response to different events whereby the repeated and persistent 
stimulation of presynaptic cell modifies the response of the postsynaptic cell 
[76]. “Let us assume that the persistence or repetition of a reverberatory activity 
(or “trace”) tends to induce lasting cellular changes that add to its stability. 
When an axon of cell A is near enough to excite a cell B and repeatedly or per-
sistently takes part in firing it, some growth process or metabolic change takes 
place in one or both cells such that A 's efficiency, as one of the cells firing B, is 
increased” [76]. Damage of the brain structure is followed by a structural and 
functional reorganization, enabling survival, when possible.
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Neural Plasticity can appear when:

• Dormant neural pathways are activated by the removal of the inhibition [77]
• There is modified neuronal membrane excitability [78]
• A strengthening or weakening of active synapses may be induced by the process 

of long-term potentiation (LTP) or long-term depression (LTD, [79])
• Morphological changes may be induced by long term potentiation consisting of 

multiple synapses between a single axon terminal and a dendrite [80].

 Overview of the Clinical Therapeutic Data

Invasive therapies use chronic implanted electrodes for stimulation, while non- 
invasive therapies employ transcranial magnetic stimulation (TMS), transcranial 
current stimulation (tDCS) and median nerve stimulation. We will critically analyze 
the progress of the therapeutic methods that are currently used or being evaluated 
for the treatment of consciousness disturbance.

A review of literature on vegetative state reveals a relatively small number of 
cases with a myriad of therapy methods, many of them in the early stage of explora-
tion. (Due to non-uniformity of cases and small numbers per center, prospective 
random studies for standardized therapy is difficult, if not impossible, to conduct).

These cases include:

 1. Chemical, electromagnetic and either non-invasive methods, such as somato- 
sensitive stimulation, speech and music stimulation and transcranial magnetic 
stimulation, etc.,

 2. Invasive methods, such as chronic electrodes for stimulation of different targets in 
the brain and spine. Most of them are based on the principle supporting the view that 
an injured brain needs a reconnection of its disrupted areas or circuits.

�Stimulation

 Transcutaneous Nerve Stimulation

Median Nerve Stimulation

The fact that the spino-reticular tract synapses with neurons of the ascending reticular 
activating system makes the median nerve a possible ‘pathway to the brain (from the 
dorsal root ganglia there are projections to the posterior horn of the medulla and from 
there to thalamus and other brain areas). The right side is chosen since the majority of 
subjects are right handed. The median nerve was stimulated to prevent spastic contrac-
tion of the hand in comatosed patients. Subsequently, an improvement (accelerated 
awakening) was observed in acute and chronic states of coma [81]. Rubber electrodes 
were placed on palmar surface of the wrist. The stimulation impulses were 
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asymmetrically biphasic, with amplitude of 15–20 milliamps with a pulse width of 300 
μs at 40 Hz for 20 s. The level of stimulation was 1.5 of motor threshold, which is less 
than what produces pain. Total time of stimulation was 8–12 h/day, for a mean of 
3 weeks. There were no changes in heart rate, respiration, systemic arterial pressure 
and intracranial pressure. When stimulation started early after coma, the positive effects 
were recorded earlier. Longer periods of coma or vegetative state may necessitate 
months or even years of stimulation (unpublished data from the lead author).

A patient in post-anoxic VS for 6 months was stimulated from the right median 
nerve. After 3 months of treatment, he showed improved visual pursuit and fixation, 
better posture, swallowing and phonation. The proponents of median nerve stimula-
tion stress that therapy has to be initiated early because brain atrophy is in progress 
and it may be too late to achieve a recovery of brain function at a later stage. It is 
suggested that some months or even years are needed in the chronic stimulation 
setup. Possible mechanisms of median nerve stimulation are: increased cerebral 
blood flow, increased levels of dopamine and norepinephrine, and activation of 
Broca’s area [82, 83]. The usefulness of median nerve stimulation in patients with 
severe traumatic brain injury is determined on the basis of changes in cerebrospinal 
fluid dopamine, and cerebral blood flow increases up after this procedure [11].

Spinal Cord Stimulation or Dorsal Column Stimulation

Spinal cord stimulation (SCS) is currently used for the treatment of pain. It has also 
proved effective in 214 patients who had been in VS due to trauma, anoxia or stroke. 
In a prospective uncontrolled and nonrandomized observational study for 20 con-
secutive years (1986–2005). Electrodes were placed epidurally in space between C2 
and C4. Stimulation parameters were 2.0–3.0 V; frequency: 70 Hz; pulse width: 
120 μs for 15 min on/15 min off during daytime only, without reaching the motor 
threshold. When included in the study, the duration of the VS was at least 1 year in 
traumatic cases and at least 3 months in non-traumatic cases. Clinical results were 
evaluated using an efficacy scale designed by the investigators to fulfill the needs of 
the study based on detecting signs of awareness of self and surrounding. Excellent 
and positive clinical results were reported in 109 of the 201 patients (54%); but 
results were better in patients below the age of 35, those of PVS of traumatic origin 
and those patients with regional cerebral blood flow over 20 mL/100 g/min. Possible 
mechanisms for improvement are: increases in the regional cerebral blood flow via 
brainstem pathways, increases in the levels of neurotransmitters and neuromodula-
tors, and enhances of sympathetic activity, promoting neuroplasticity in the central 
nervous system, stimulation of the undamaged, nonspecific pathways, activates 
residual functional cortical areas [84]. In a previous study performed by the same 
team, clinical improvement included ability to follow commands, interaction with 
family and self-feeding that occurred in 42% of cases [85]. The majority (3/4) of 
patients had severe head injury. Improvement was much better in this category than 
in the vascular and hypoxic injury. Patients who were less than 40 years. of age 
(particularly those in their early 30s) did much better than those over 50s. More 
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improvement was observed results when stimulation started earlier. Deep brain 
lesions and cortical atrophy disqualified patients for stimulation [86].

Deep Brain Stimulation (DBS)

Deep brain stimulation consists of the implantation of small cylindrical electrodes 
serially placed in the deep structure of the brain. Precise placement is accomplished 
by neuro-navigation or by stereotactic methods. A subcutaneous implantable pulse 
generator is composed of a long life battery or a rechargeable one and the hardware 
and software producing electrical stimuli adapted to patient needs by telemetry 
from outside the skin and by placing the remote control on it. The titration of energy 
is done by specialized medical personal following specific protocols. This tuning is 
obtained by frequency, current, pulse width and polarity selection.

DBS has been used for treatment of different neurological disease like Parkinson 
disease and dystonia, but also in psychiatric disorders and obesity. The surgical 
technique is not fundamentally different from what is already a routine in neurosur-
gical practice. It consists of a preplan for identification of a vessel free path to the 
target identified by MRI morphology and anatomical atlases. Sudden stop of stimu-
lation may induce severe deprivation syndrome and special precaution must be 
taken to prevent it. Since DBS is more frequently used in Parkinson disease, valu-
able clinical and experimental information may be extrapolated to DOC where the 
number of cases is smaller. Based on neurophysiology studies there were attempts 
to treat patients presenting with coma, VS, and MCS by stimulating the 
mesencephalon- diencephalic junction starting with the second half of last century. 
An optimistic arousal response of stimulated patients was observed. An improve-
ment was recorded in stimulated patients but not consistently supported with the 
behavioral scales and statistics [87].

Hassler [88] is a distinguished neuroanatomist who decided to stimulate the pal-
lidum and the lateropolar nucleus of the contralateral thalamus. The results of neu-
romodulation on behavioral and EEG arousal are evoking earlier experiments of 
Moruzzi and Magoon [88]. Ten years later another case was reported, this time, an 
upper brain stem infarction followed by a deep coma where the left thalamic reticu-
lar nucleus was stimulated [89]. During mid 80’s and early 90’s there were reports 
coming from France and oriented on prolonged traumatic unconsciousness thalamic 
stimulation [90, 91]. The Japanese’s vast experience with deep brain stimulation in 
vegetative state is also reported [92, 93].

One of the largest series (n = 21) of DBS in VS stimulated patients, targeted the 
mesencephalic reticular formation (two patients) and centromedian-parafascicularis 
nucleus complex (n = 19 cases). Eight of the patients recovered from VS. All eight 
presented a desynchronization on continuous EEG frequency analysis. The authors’ 
conclusion is that patient selection might be done on the basis of electrophysiologi-
cal criteria [94]. It is worth to mention that a negative result in a patient implanted 
in the left thalamus 6 month after trauma, who did not show signs of improvements 
after other 6 month of stimulation [95].
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DBS may act differently based on the phase of treatment: initial, acute and 
chronic [96–98]. Also DBS may increase synaptic activity inducing the improve-
ment of pharmacological effects in patients with preserved large-scale integrative 
cerebral networks [99]. The anatomical pathway underlying this approach is 
between the midbrain reticular formation and thalamic intralaminar nuclei which 
are theoretically the main connections to the upper cortical levels [100]. Fibers con-
necting striatum to thalamus and cortex are medium spiny striatal neurons and are 
responsible for action potentials [101]. Neuroplasticity appears within seconds and 
minutes after stimulation started and may persist to longer times after it is inter-
rupted [102, 103]. The stimulation effects persist after stimulation has stopped. A 
proposed mechanism of action during central thalamic stimulation is frontal lobe 
activation [104]. Presumably, premotor area acts on attention [105–107]. Cortical 
and thalamic activity is controlled by the “arousal system” affected in coma and 
other deficits of consciousness [108].

Anterior cingulate cortex is involved in tasks requiring high vigilance [109]. 
Arousal regulation may be controlled by dialog between thalamus and anterior cin-
gulate cortex. DBS can act as compensation to affected neuronal circuits in the brain 
[8]. A desynchronization in neuronal populations could be a desirable effect during 
DBS [110]. The best documented case of DBS for DOC is a patient who suffered 
from traumatic brain injury who developed minimally cognitive state, MCS. After 
6 years he was implanted for thalamic stimulation. Bilateral anterior intra-laminar 
nuclei in central thalamus were targeted. A double-blind alternating crossover study 
of 6  months showed that neuromodulation induced behavioral responsiveness. 
Based on Coma Recovery Scale-Revised scores (motor, communication and arousal 
subscales), the authors found that the frequency of cognitively mediated behaviors 
increased during the ‘on’ state of DBS compared with the ‘off’ state of DBS. An 
improvement was recorded in purposeful upper extremity limb movement and oral 
feeding [111]. Regrettably, it is a single case; team and others did not replicate this 
success. These obviate the high grade of complexity and difficulty in this domain. A 
great responsibility is taken by those who actively involve taking the risk of failure. 
Due to the high costs of the procedure, effect on professional prestige due to nega-
tive results, most neurosurgeons prefer to send patients to rehab centers. On the 
other side, the accumulation of knowledge is promising and points to future avenues 
for investigation. The methods described above are invasive and associated with 
surgical risks and complications [112], and are also expensive. However, many 
patients in MCS will live unacceptable terrible lifes post injury for whom this could 
be the only option to improve.

Extradural Cortical Stimulation

Penfield and his team introduced cortical stimulation in the 1950s. It has become 
a frequently used investigational approach for treating patients with epilepsy and 
Parkinson’s disease among others. The method consists of implanting electrodes 
over or into cortex, and then injecting electrical currents through these electrodes 
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[113, 114]. Based on a similar approach, Canavero reported a promising clinical 
response in VS patients after epidural cortical stimulation [115]. It must be con-
sidered that cortical neurons activating thresholds by surface placed electrodes 
depend on many elements, e.g. polarity, electrode shape and configuration, cur-
rent, waveform, cortical columns and layers. It has been demonstrated that bipolar 
electrode configurations are more effective at confining the modulatory effects of 
stimulation to regions directly below the electrode. Subthreshold changes in neu-
rons can induce modulatory effects. Placement of electrodes in bipolar configura-
tions influences differently produced effects. Location of neurons on gyrus or in 
the depth of the sulcus will make a difference in reactivity threshold, being higher 
for deep neurons [116].

The effects of stimulation may appear far from electrode placement due to effects 
on fibers traveling through brain and spine. Direct activation of sparse, distributed pop-
ulations of cortical neurons by electrical microstimulation is responsible for this effect 
[117–122]. It is important to identify the optimal areas for implantation to obtain best 
results and avoid adverse effects. Epidural placement is less invasive than cortical or 
intra-parenchymal electrodes. However, it has the disadvantage that the current must 
pass through meningeal layer and cerebrospinal fluid where it loses energy and focus. 
The new generation of electrodes may surpass the invasiveness disadvantage, being 
less destructive and better tolerated. A promising compromise will be implanting elec-
trodes at epi and subdural levels to fulfill the therapy’s requirements. These approaches 
are associated with an improvement in specificity and selectivity of stimulation. 
Shaping of electromagnetic fields within surface and in depth of the brain is compli-
cated by existence of gyri, sulci, and white matter. Neuronal populations are affected 
by different electrical gradients. Newly developed surface electrodes are flexible and 
foldable making possible a better  adaptability to individual morphological characteris-
tics [123–126]. Newly designed electrodes as well as current steering technology are 
promising in a translational perspective, from hearing prosthetics to cortical stimula-
tion [127]. A caveat with stimulation of the cortex is that it has a higher risk of inducing 
seizures. Cortical stimulation in clinical trials for Parkinson’s disease, for example, 
reported seizures in about 50% of the patients [128].

Translational Methods in Perspective

Direct current (DC) and alternating current (AC) diagnostics and therapy consist in 
application of electric currents to the surface of the head, under different labels such 
as electrotherapy, electroanesthesia, and electrosleep. The purpose is to inject elec-
trical energy into the brain through surface electrodes. Using an experimental 
approach employing a head shaped electrolytic tank and theoretical techniques 
using three concentric spheres presenting different resistances corresponding to 
brain, skull, and scalp, the authors [129] demonstrated that:

 1. “The total current passing through the cranial cavity when the electrodes lie on the scalp 
(near the centers of the occipital and frontal bones) is about 45 percent of that applied.
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 2. With the electrode placement above maximum current, density in the cortex just under 
the electrode relates in the ratio of 3:1 to minimum current density at the point in the 
brain farthest from the electrode.

 3. The range of current densities (in the brain) in the plane perpendicular to the line 
between the electrodes and midway between them is 1.3 to 1.

 4. With a current-electrode spacing of 5 cm, a substantial portion of the current entering 
the brain is localized in the cortex under the electrodes. At closer spacing, the shunting 
effect of the scalp predominates.

 5. From the theoretic model, good estimates of the effects of electrode placement, of the 
detailed distribution of current in the head, skull thickness, scalp thickness, and head 
size can be made.”

The model was validated on monkey brain invasively and humans noninvasively [129].
The great advantage of current is that the effects may be reversible, faster than 

drugs, and more easily titrated. Also, currents injected in periphery may reach 
higher levels or as electricity if nerves are behaving like double way routes. Median 
nerve stimulation already presented and established as a transcutaneous electrical 
nerve stimulation therapy (TENS), is based on large brain projection. Extrapolating, 
there are other nerves, especially cranial nerves, able to fulfill large brain projection 
with similar possibilities, e.g. trigeminal nerve. Characterized by their low imped-
ance, acupuncture points could become efficient portal for introducing currents and 
avoiding skin high resistance.

Transcranial Direct Current Stimulation (tDCS)

When using transcranial direct current stimulation, the current flows from the nega-
tive electrode known as cathode to the positive electrode known as anode [130]. It is 
a noninvasive method also referred to as polarization of the brain. It consists of ses-
sions of 10 min or more with injection of tiny currents of 0.5–2 mA [10]. A sponge 
electrode with a surface of 25 cm2 soaked in saline or conductive gel is placed on the 
scalp after meticulous cleaning. The injected current value is 0.08  mA/sq. cm. 
Smaller electrode surface is 1.4 cm2 and the current’s value is about 1.43 mA/cm2. 
They present a higher focalization of the injected currents [131, 132]. Pyramidal 
cells respond with facilitation when they are stimulated by the anode, and the cath-
ode induces inhibition by hyperpolarization [10]. There is an abundance of data 
showing that functional connectivity [19–25, 133, 134] increases post stimulation 
with direct current not only locally but in the whole brain including: (1) reorganizing 
the intrinsic functional architecture of the human primary motor cortex [135]; (2) 
modulation of large-scale brain networks [136]; (3) changes in brain connectivity by 
prefrontal transcranial direct current stimulation of subject’s resting state [137, 138].

Development of biomarkers able to demonstrate the effects of stimulation and 
targeted injection of currents are major challenges [139, 140]. Longer stimulation 
sessions are inducing more persisting effects, but this can be associated with seizure 
risks [141]. The injected current must not exceed the threshold level and the total 
amount must be maintained in safety parameters. As a consequence, this will deter-
mine a change in spontaneous neuronal activity and excitability [142].
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Positioning of the electrodes on the scalp frequently uses 10–20 EEG for place-
ment. Personalized arrangement of electrodes seems crucial for focalization of 
stimulation and the algorithm should include previous functional neuroimaging 
information. Regular EEG electrodes are not appropriate for the stimulation. EEG 
recordings are used for evaluation of the stimulation effects but they cannot be per-
formed during stimulation due to interferences. However, EEG recording and high 
density tDCS have been performed simultaneously in a pilot study [143]. On the 
other hand, current stimulation can be carried out simultaneously with fMRI exami-
nation, making possible a direct observation of the effects produced by neuromodu-
lation [144]. This is due to high technological progress,

Transcranial Alternative Current Stimulation (tACS)

When compared with direct current stimulation, alternative current stimulation is 
less studied and applied. Indeed, the source of DC could be a battery, with associ-
ated wires, a measurement instrument and a power regulator, whereas an alternative 
current generator is more complicated and the procedure is associated with pain 
during stimulation. It has been shown that electrical stimulation through intact 
scalp, skull, dural cover and CSF was difficult due to high electrical resistance and 
high amount of energy to be injected, and also induced pain reactions in subjects 
[145]. When compared with brain implanted electrodes, the spatial resolution is less 
precise, the injected energy is higher and the time necessary to obtain results is 
longer. However, tACS has advantages such as producing no iontophoretic effects, 
since polarity is not the key point as in tDCS, and because a different mechanism of 
action on neural membranes induces easier reversibility. The tACS effect begins 
when the Na- channels of neuronal membranes start to open. This induces a cascade 
influx of Na- ions into the cell which induces membrane depolarization. From sub-
threshold stimulation to depolarization must be an exponential effect. Prolonged 
alternative current stimulation may have a cumulative effect on certain neuronal 
structures inducing more intense aftereffects. High frequency tACS produced a 
weak depolarization of the cell membrane in cultured rat neurons [146]. The upper 
end of human physiological oscillation is 640 Hz for thalamus and 1 kHz for small 
periependimar cells. Frequency ranges of 80–200 Hz (ripples) have been associated 
with plasticity processes [147].

tACS may possess the capacity to induce cortical networks, enabling local and 
remote areas’ synchronization or desynchronization. Correlations between the 
stimulation duration threshold and neuroplastic effects which can be measured 
when using shorter stimulation durations are under study [148]. It has been 
showed that neurons exposed to weak electrical fields are capable of synchroniz-
ing [149]. Generally, the stimulation is a subthreshold excitation. A direction of 
depolarization is not occurring. A possible mechanism of action of tACS is on 
sodium channels [150]. Another possible mechanism of action of tACS is consoli-
dation of learning and memory by excitability enhancement. Indeed there are 
studies showing that an excitability enhancement is a condition for learning by 
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inducing strengthening of synapses/long-term potentiation by modifying NMDA-
receptor efficacy [151, 152].

Concluding, current stimulation is noninvasive, selective, painless and demon-
strated reversible excitability modulation. Also it is cheap, portable, repeatable and 
easy to standardize. The transcranial injection of weak AC looks like a promising 
tool for clinical studies on neuroplasticity. The main focus must be on how to obtain 
durable clinical effects after weak current application. This should be possible with 
large scale research including neuroscientists, experimental and clinical specialists, 
and industry. Alternative current stimulation is used for median nerve stimulation, 
and invasively in deep brain and spinal cord stimulation.

Transcranial Magnetic Stimulation (TMS)

Transcranial magnetic stimulation (TMS) was introduced in 1985 as a method to 
evaluate global cortical excitability and motor pathway integrity. The principle is of 
electromagnetic induction [9, 153]. A brisk rise of magnetic field is followed by a 
slow fall. The effect is similar to injecting current by wire, but non-invasive. This 
method consists in sudden discharge of an electromagnetic pulse by a coil placed 
above the targeted nervous tissue where eddy currents are inducing membrane 
depolarization.

Coils are circular or figure-eight shaped, the latter with higher focalization and 
lesser energy consumption required for production of eddy currents. This device can 
be handheld, or for more precision, can be manipulated by a robotic arm controlled 
by a neuronavigational system. This enables repetitive and standardized targeting in 
the brain, spine or peripheral nerves. After the measurement of the motor threshold, 
representing the minimum level of energy able to produce a muscle contraction on 
electromyographic recording (EMG), this stimulation can be applied to brain, spine, 
peripheral nerves for diagnostic and/or therapy.

Currently available stimulators are generating a magnetic field of 1.5 T. The 
magnetic field passes perpendicularly through skin, bone, and cerebrospinal fluid 
to induce eddy current in the cortex. The effects are dependent on the shape of 
cells, orientation of the fibers, local homogeneity and wave form. The effects can 
be excitatory or inhibitory. If a group of pyramidal cells is depolarized, then a 
muscle contraction corresponding topographically is observed and may be 
recorded by electromyography. This could be useful mainly in neurosurgery for 
mapping of the brain surface. Stimulation may be performed in a single pulse, 
repeated and preprogramed in one or more sessions. Frequency dependent effects 
are different as follows: more than 3 Hz is facilitatory, less than 1 Hz is inhibitory. 
Repetitive TMS on main motor aria can induce robust excitatory effects over 
30 min post-stimulation [154].

There is a risk of seizure post TMS [155], but it can be controlled by safety rec-
ommendations [156]. TMS is used in clinical applications for medication resistant 
depression and stroke motor recovery. There are some observations that may ground 
application to conscious disturbances.
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The left dorsolateral prefrontal cortex is inhibited in depression as functional neuro-
imaging has revealed [157]. Repeated transcranial stimulation (Fig. 13.3) on ipsilateral 
or opposite hemisphere may induce a dysfunction correction [158]. Stroke is a killer for 
affected neurons, but dormant neurons may be able to recover. The functional conse-
quence of stroke is diaschisis, a severe disruption in whole brain connectivity. TMS may 
bring improvement in these cases [159–163]. Repetitive TMS on the primary motor area 
can induce robust excitatory effects over 30 min post-stimulation [154]. Unfortunately, 
TMS devices are heavy, voluminous, expensive and not suitable for personal use, sug-
gesting the need for refined alternatives using micro-magnetic approaches.
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Fig. 13.3 (a) TMS-evoked potentials, TEPs recorded in VS, MCS patients and healthy controls. 
TEPs recorded from C3 and C4 following stimulation of the left or right M1  in VS and MCS 
patients. The control panel indicates the grand average TEPs obtained in five healthy controls 
stimulated above the left primary motor cortex (M1; C3). For all patients and the control group, the 
presented TEPs were recorded from the closest electrode to the hot-spot (ipsilateral to TMS – red 
line) and from the corresponding electrode on the contralateral hemisphere (black line). The hot-
spot is indicated with a black dot. The responses obtained during the sham condition were point-
by-point subtracted from those obtained during the real TMS. The significant time-windows (i.e., 
EEG signal exceeding three standard deviations of the pre-stimulus activity for at least 20 ms) are 
separately indicated for the ipsilateral electrode with a horizontal red line and for the electrodes 
contralateral to the TMS hot-spot with a black line (With permission from Ragazzoni et al. [177], 
https://creativecommons.org/licenses/by/4.0/). (b) The perturbational Complexity Index. PCI val-
ues in severely brain- injured patients. PCI progressively increases from unresponsive wakefulness 
(UWS) to minimally conscious (MCS) and to recovery of functional communication (EMCS). PCI 
attains levels of healthy awake subjects in LIS patients. CRS-R Coma Recovery Scale-Revised 
(With permission from Gosseries et al. [178])
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 Discussion

Neuromodulation is defined as the long term activation, inhibition and modification 
or regulation of nervous system activity. The most frequent used forms of neuro-
modulation are electrical, electromagnetic, optogenetic and chemical. Improvements 
of patients presenting with DOC, with or without recovery of social or clinical inter-
vention, may take place within the first 3 months after non-traumatic cerebral acci-
dents and after 12 months after traumatic ones. Survival beyond 10 years remains 
unusual – albeit depending on the level of medical and nursing care [164]. However, 
subjects with late spontaneous recoveries [165, 166] or after invasive interventional 
treatments (e.g., Schiff et al., 2007) make it impossible to establish temporally fixed 
periods for recovery. Since knowledge on mechanisms underlying recovery of con-
sciousness is limited, the explanatory attempts remain speculative for now. For 
example, functions of “dormant neurons” and cerebral plasticity potential in DOC 
patients are overlooked. Hypothetical mechanisms such as neurogenesis, axonal 
sprouting and neurite growth, are difficult to translate from experimental studies 
and limited in clinical practice.

It is important to understand why some patients improve and others do not; this 
needs to be studied in further clinical studies. Optimal design for future  investigations 
must fulfill the following requirements: prospective cohort studies or double- blind 
placebo-controlled studies; carefully established safety guidelines for stimulation 
protocols, revised and updated; electrode characteristics have to maintain injected 
charge densities within safe limits; and seizure prevention.

�New�Directions

Development of new electrodes for recording and modulation is an important 
future direction [167]. Improved spatial targeting may be obtained by differ-
ent shaped electrodes with radial extensions [168]. Another pathway for neu-
romodulation is the bloodstream. It consists of placing catheters in very tiny 
blood vessels of the brain to serve as high precision delivery channels for energy 
and substances. An intra-capillary electrode can record and modulate the area 
when surgically placed in the parenchyma [169]. Nanotechnology is producing 
submicronic components which can be assembled into recording and modula-
tion implantable systems in a minimally invasive manner. Energy sources for 
these systems are designed to use local energy: nanogenerators based on the 
metabolism of glucose extracted from blood, heat based devices, and pressure 
wave piezoelectric devices [170, 171]. Another promising domain is microdi-
alysis, where neurochemical monitoring systems may be associated with human 
(DBS, deep brain stimulation) surgery. Based on electrochemical techniques and 
validated by preclinical models, this new method has demonstrated the success-
ful monitoring of changes in various neurotransmitter systems in vivo with high 
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temporal and spatial resolution. The electrochemical recording is of paramount 
importance for elucidating different aspects of human neurophysiology and to 
discover new therapies. Wireless Instantaneous Neurotransmitter Concentration 
Sensing (WINCS) is a new system that combines rapid scan voltammetry and 
fixed potential amperometry with wireless telemetry for electrochemical record-
ing and analysis. It has demonstrated high temporal and spatial resolution in 
detecting changes in tissue. The analyzed substances include dopamine, adenos-
ine, glutamate, serotonin, and histamine. Neurochemical monitoring in humans 
represents a new approach to understanding the neurophysiology of the central 
nervous system [172]. This approach has the advantage of allowing an on-line 
correlation between behavioral changes, secondary to neuromodulation and neu-
rochemical fast reactions. Indeed, major advantages are small spatial resolution 
and infrasecond temporal response. Nanoelectrodes will be able to monitor neu-
rotransmitters in real time.

Another promising direction is carbon based advanced materials such as 
diamond- like carbon, carbon nanofibers, and carbon nanotubes. The diameter of 
nanotube is less than 100 nm and the length can vary from hundreds of nanome-
ters to many micrometers. They present special characteristics extending the 
application area. The open ends have a very fast electron transfer rate while the 
side wall has isolation properties, which makes them particularly promising for 
neuromodulation application. Meanwhile electrochemical signals can be picked 
up at the open end and transported to the other end for capture and analysis. 
Encapsulation of carbon nanofibers in SiO2 or Parylene produces semiconduc-
tor properties which can be mass produced at low price. Fibers and tubes directly 
grown on top of tetrahedral amorphous carbon produced superior electrodes 
performance. The stable water window of these sensors enables detection of a 
wide range of neurotransmitters, as well as capability of supporting higher 
potentials without suffering degradation [173]. These fabrication processes with 
low cost of carbon derived products make them affordable in many 
applications.

Since light is an electromagnetic field, it can be used with high specificity 
dependent on wave length using another important method which is optogenetics; 
this consists in transfecting genes in neurons making possible the identification of 
the polarization status of the cell or activating it using a certain color with a laser 
beam. Presently, the method is limited to experimental environments [174]. A non-
human primate brain is the model system closest to the human brain. Experimental 
validation of optogenetic technologies in monkeys is a critical preclinical step on 
the translational path of new generation cell-type-specific neural modulation thera-
pies. This will facilitate understanding of brain circuits and controlling brain 
regions at the millisecond timescale [175]. Figure 13.4 illustrates the optogenetics 
implementation in nonhuman primates. Optogenetics is becoming a state-of-the-
art method for making causal connections between brain activity and behavior. 
Light-based mind control could one day be made to work in humans for therapeu-
tic purposes.
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 Conclusion

DOC clinical therapy approaches are explorative at best at the moment. Attempts to 
improve the level of consciousness of patients in the different stages of DOC have 
shown some promise. Assessing experimental and clinical studies’ effectiveness is 
still in development. Better understanding of brain function and large randomized 
trials are necessary. Improved knowledge and processes on how novel techniques 
are identified and characterized and how they can be optimized to induce long- last-
ing effects are needed. Early neuromodulation could overlap on spontaneous 
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Fig. 13.4 (a) Illustration of optogenetic stimulation. (b) Example of optogenetic modulation. 
Each column represents a different stimulation frequency. From top to bottom, we show: (a) a 
schematic of the pulse train delivered to the laser at each stimulation frequency, (b) the raw spike 
train from one randomly picked trial for each frequency, and (c) the raster and the spike density 
functions (With permission from Dai et al. [176])
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recovery (natural history) and be confused as a therapeutic effect. Furthermore, neu-
romodulation can become a triage tool between different states, such as persistent 
and reversible vegetative state. The problem of treating patients in a vegetative state 
remains unresolved and is still a huge clinical problem.

Spinal cord stimulation (SCS), deep brain stimulation and median TENS (trans-
cutaneous electrical neurostimulation), seem promising in some studies, suggesting 
that further research is needed. Median nerve stimulation could provide an efficient 
peripheral portal for neuromodulation of central nervous system. Noninvasive inter-
ventions are preferred over those that are invasive. They exhibit many advantages 
such as the ease to implement, with less risks, fewer liability concerns and lower 
cost than invasive devices.

Future research should also focus on identifying specific neuromarkers though it 
is a formidable challenge. The reversibility versus irreversibility of consciousness 
needs to be determined. Natural healing must be augmented and major losses could 
be replaced by intelligent prosthetic devices. Intelligent neuromodulation is possi-
ble by using closed loop stimulation. This will involve strict patient inclusion 
 criteria based on protocols, biomarkers able to define the present status compared 
with past, and flexible changes in modulation parameters by a control algorithm for 
more efficient and affective outcomes. This will need better information input and 
better sensors, hardware, software, and rechargeable power sources based on the 
regenerated energy from the glycolytic processes. Complexity and results in treat-
ment of DOC need a coordinated effort for the acquisition of knowledge on con-
sciousness and its deficiency.
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