
Helena Knotkova
Dirk Rasche
Editors

Principles, Methods and 
Clinical Applications

123

Textbook of
Neuromodulation



Textbook of Neuromodulation



ThiS is a FM Blank Page



Helena Knotkova • Dirk Rasche
Editors

Textbook of
Neuromodulation
Principles, Methods and Clinical Applications



Editors
Helena Knotkova
MJHS Institute for Innovation in

Palliative Care
New York, NY, USA

Dirk Rasche
Department of Neurosurgery
University Hospital Schleswig-Holstein
University of Lübeck
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Foreword

This book has brought together scientists, clinicians, and bioengineers in order to present a

constitutive overview of invasive and noninvasive neuromodulatory approaches and their

potential for the treatment of various pathological states and conditions.

Over the past two decades, the field of neuromodulation has enormously expanded in the

means of understanding neural changes in the central nervous system that represent functional

targets for neuromodulation, mechanisms that underlie the neuromodulatory effects, as well as

available evidence supporting clinical applications of various neuromodulatory methods. In

parallel, the field has witnessed escalating interest of medical professionals, scientists, bio-

medical industry, and patients—the final “consumers” of neuromodulatory procedures. Hand-

in-hand with growing knowledge, new open questions and challenges have emerged,

facilitating further technological progress, translational research, clinical applications, and

education in this exciting expertise of neuromodulation.

As reflected in the title, this book encompasses the basic principles, methods, and current

clinical applications of neuromodulation, presenting both invasive and noninvasive

approaches. We thank all contributors to this book and to Springer-Verlag for generously

sharing their expertise, experience, and support, reaching out to readers interested in this field.

New York, NY, USA Helena Knotkova

Lübeck, Germany Dirk Rasche

v



ThiS is a FM Blank Page



Preface

There is something both mundane and exotic about the use of stimulation to treat human

disease and distress. Common human behaviors that are inborn or learned from early child-

hood suggest potential benefits from stimulation after injury. After painful trauma to bones,

joints, or soft tissues, the painful part often is grasped or rubbed. Abdominal cramps lead to

rubbing or pressure on the abdominal wall. With lumbar strain, a closed fist against the sacrum

or spine is often observed. These behaviors offer clues about the existence of neural systems

by which stimulation can produce salutary effects.

The medical application of electrical stimulation for the treatment of pain and other

disorders has a very long history. Ancient Egyptian practitioners used electrical shocks

produced by specific species of fish to treat pain. With the advent of machines to produce

electrostatic charges in the 1700s, the medical use of technology to deliver electric shocks to

the skin began. With the development of the battery by Volta, which used chemical means to

produce electricity, “electrotherapy” evolved as a treatment for both medical and psychiatric

disorders. Direct current (galvanism) was used by the early 1800s, and the heat and tissue

damage that it produced was harnessed to treat tumors, uterine fibroids, and other maladies.

Within a short time, however, Faraday developed a safer alternating current and the medical

use of electrical stimulation advanced greatly with the development of “faradic” devices.
Guillaume Duchenne (1806–1875), a prominent French neurologist, has been credited as

the “father of electrotherapy,” popularizing the use of interrupted and alternating currents to

treat a wide variety of medical and psychiatric ills during the mid-1800s. By the end of this

century, the medical use of electrical stimulation via electrodes and needles was commonplace

in many countries. The nonpsychiatric focus of this effort was in the treatment of musculo-

skeletal disorders, including paralysis and pain.

Not surprisingly, growing demand for the treatment created a marketplace for devices and

practitioners. Many physicians acquired or constructed their own machines and offered

electrotherapy routinely. Nonphysicians, some who were technically adept and some who

sold nostrums, created lucrative businesses. Fraud and quackery increased and became

recognized as a serious threat to the development of medicine, which by the early twentieth

century was formally adopting a more scientific approach to patient care. The famous Flexner

report in 1910 identified the teaching of treatments with no known biological basis as a major

impediment to the standardization of high-quality medicine, and in the years that followed its

publication, medical schools dropped electrotherapy from curriculums.

The pendulum swung away from the view of stimulation as a mainstream allopathic

therapy for more than 50 years, even as neuroscience made stunning advances in discerning

the anatomy of the nervous system and the role of electricity in its physiology. In pain

management, the 1966 publication of the gate control theory by Melzack and Wall initiated

a renewed interest in the potential therapeutic effects of peripherally applied stimulation.

Although the specific predictions of this theory have required numerous alterations, the

underlying concept—that activation of endogenous non-nociceptive neural systems can

potentially suppress nociceptive afferent input—was broadly and profoundly heuristic. It

generated hypotheses about the potential for multiple segmental and suprasegmental pain-

modulating systems, and touched on a biomedical understanding of analgesic therapies as

vii



diverse as ancient acupuncture techniques and a variety of approaches subsumed by the

electrotherapy rage of the prior century.

The use of electrical stimulation to relieve pain regained scientific and clinical credibility,

and is itself now subsumed under the broader strategy of neuromodulation. The latter term was

coined to remind clinicians of the biological or practical linkages among a rapidly growing

number of interventions undergoing investigation and development for pain and other

disorders. From the clinical perspective, neuromodulation has had a flexible definition that

has broadened in tandem with extraordinary advances in technology and the adoption by pain

specialists of interventions that involve placement of both electrical leads and catheters to

specific sites in the body. The International Neuromodulation Society now endorses the view

that neuromodulation encompasses any therapy that targets specific sites in the nervous system

and delivers either electricity or drugs in an effort to reduce symptoms or restore function.

From the clinical perspective, neuromodulation techniques are currently important in the

treatment of an array of disorders. In addition to diverse types of chronic pain,

neuromodulation techniques are used for refractory epilepsy and movement disorders; hearing

loss; and dysmotility disorders involving gastrointestinal tract, bladder, or diaphragm. The

future in restorative medicine may be the realization of the science fiction of decades ago.

Like so much of medicine, the clinical advances in the use of neuromodulation for pain

have represented the combination of clinical practices developed from observations, clinical

trials of new tools created to accomplish specific technical goals, and translational work drawn

from an increasingly robust understanding of neurophysiology. Some techniques, such as

“old-fashioned” transcutaneous electrical nerve stimulation and new-fashioned transcranial

electrical or magnetic stimulation, are seemingly so safe that clinical use has (in the first

instance) and will (in the second) advance before either the biological basis or trials-based

efficacy is ascertained. Other interventional approaches that involve more risky and expensive

implants likely will be used in a small segment of the population with pain unless evidence

grows to justify broader uptake. For all these treatments, the future will depend in part on the

emerging scientific evidence pertaining to the neural basis of chronic pain, most notably the

nature and impact of neuroplasticity and genetics.

Two things are clear. First, stimulation of sites in the body for therapeutic purposes related

to pain management has returned from the historical dust heap to a place of importance in the

science and practice of pain medicine. A clinical interest in pain requires knowledge of

neuromodulation.

Second, the world of neuromodulation is changing very rapidly and there is a compelling

need for accessible compendia that can update scientists and clinicians alike about the current

status. This volume, nicely edited by Drs. Knotkova and Rasche, provides a broad background,

explaining the science and offering a snapshot of clinical neuromodulation circa 2014. It

explores the role of neuroplastic changes in the effects produced by stimulation and describes

the large variation that characterizes all human responses to these treatments. It is both a brief

history of a period with extraordinary scientific motion and a jumping off point for the next set

of advances and issues. It will not be the last word on neuromodulation, but is an excellent

work to prepare for a future of change.

New York, NY, USA Russell Portenoy, M.D.
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Jens Kuhn, Michaela Möller, Doris Lenartz, Christian P. Bührle,
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Part I

Basic Aspects



Principles of Neuromodulation 1
Veronika M. Stock, Helena Knotkova, and Michael A. Nitsche

Neuroplasticity and Neuromodulation

Until several decades ago, it was thought that the human

brain is modifiable only during early stages of ontogenesis.

However, neurophysiological and neuroimaging studies

indicated that the mature human brain is, under certain

conditions, capable of substantial long-lasting changes in

neural pathways and synapses which are due to changes in

behavior, previous experience, physiological demand, or

environmental pressures, as well as changes resulting from

bodily injury [1, 2]. The encompassing term for these

changes is neuroplasticity or brain plasticity, which includes

synaptic plasticity (strengthening or weakening of synaptic

connections or formation or abolition of spines over time in

response to increases or decreases in their activity) and

nonsynaptic plasticity that involves functional modification

of ion channels in the neuronal axon, dendrites, and cell

body that results in a modification of the intrinsic excitability

of the neuron. Nonsynaptic plasticity affects fundamental

mechanisms of neuronal functioning at the cellular level.

In interaction with synaptic plasticity, these individual

neuronal alterations can then result in changes in higher

brain functions [3–7].

In the past few decades, advanced imaging methods have

made it possible to examine how the human nervous system

changes in response to various stimuli and physiological

demands. It has been shown that neuroplastic changes

can be adaptive, for example, helping the organism to com-

pensate for lost function due to injury or facilitating recovery

after injury, or maladaptive, contributing to the development

and/or maintenance of various pathological conditions and

diseases [6, 8–10].

Neuromodulation encompasses a broad range of invasive

and noninvasive interventions that aim for an alteration of

neuronal activity, or excitability. The rationale for

explorations and use of neuromodulation for research and

therapeutic purposes builds on growing evidence indicating

that besides acute alteration of cortical activity,

neuromodulation results also in enduring alterations of

neural activity and connectivity [11–14], i.e., induces

neuroplastic changes, and therefore can be used to attempt

a reversal of maladaptive neuroplastic changes already

occurring in the brain, or to prevent the development of

maladaptive neuroplastic changes, or to enhance adaptive

neuroplastic changes occurring in the brain, for example,

during functional recovery after damage to the central

nervous system [11, 15].

Below we discuss an example of neuroplastic changes in

the brain, a phenomenon called cortical reorganization

[16–18], in the context of illustrating the rationale for a

potential use of neuromodulation.

Cortical Reorganization

In general, cortical reorganization reflects adaptive or mal-

adaptive changes involving neuroplastic changes of the con-

nectivity, excitability, and activity of functionally defined

brain regions.

For the somatosensory and motor cortices, the cortical

and subcortical systems contain two distinct neural maps—

one for the recognition and processing of somatosensory

input and the other for the delivery of motor commands

[19]. Somatosensory and motor maps (sensory homunculus

and motor homunculus, Fig. 1.1) have an orderly,
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somatotopic arrangement of neural connections to represent

each area of the body.

These functional maps are able to respond to changes in

afferent input, experience, practice, or injury. Neural

plasticity in the somatotopic organization is manifested as

the preferential allocation of cortical space to those periph-

eral areas proportionately most in use [19]. By these means,

somatotopic reorganization reflects changes in allocation of

the cortical space representing specific parts of the body and

occurs most commonly in response to a change in sensory

input whether it is an increase, a reduction, or a cessation of

afferent information [3]. Jones [5] reviewed available data

on neuroplastic responses to an increased sensory input as

well as responses to a loss of sensory input. The findings

suggest that enhanced stimulation of a body part may result

in an enlargement of the cortical representational map of that

body part. In contrast, sensory loss may result in a maladap-

tive invasion of the deafferented cortical representational

map by adjacent areas of the homunculus, accompanied by

increased neural activity of these representations. Under

certain conditions, cortical reorganization may reflect an

adaptive change, for example, in brain injury when the

function of a damaged area is supplemented by other

nondamaged areas of the brain. However, cortical reorgani-

zation is complex, and adaptive and maladaptive changes

may occur in parallel. Further, even years after injury, the

human brain may still retain the ability to reorganize in

response to interventions that may influence recovery of

lost or damaged function [7, 20–22]. Therefore,

neuromodulation in such conditions may facilitate reversal

of the maladaptive changes back to normal as well as facili-

tate the adaptive reorganization toward recovery. For exam-

ple, extensive reorganization has been observed in patients

after stroke as compared to healthy subjects [15, 21]. In

healthy subjects, unilateral hand movements were associated

predominantly with activation contralateral motor areas,

involving the primary motor cortex, and performance of

complex tasks when acquiring novel motors skills involved

a larger extent of bihemispheric activation. In poststroke

patients, simple hand movements using the stroke-affected

(weak) hand led to activation of widespread bilateral motor

network including both primary motor cortices. Therefore, it

was hypothesized that promoting cortical reorganization

that leads to activation and inhibitory interhemispheric

interactions that resemble those observed in healthy subjects

may contribute to recovery of motor function [21]. Accord-

ingly, Ward and Cohen [21] proposed a model of poststroke

interactions between motor cortices and suggested that

either facilitating activity of the ipsilesional primary motor

cortex or downregulating activity of the contralesional

primary motor cortex in association with motor training

could facilitate functional recovery after stroke [21, 23].

Indeed, results of several studies employing

neuromodulation confirmed this model and proved that

both suggested approaches lead to an improvement of

motor function after stroke (for review see Fregni and

Pascual-Leone [24]).

Further, there is ample evidence showing that changes

associated with cortical reorganization may be associated

with specific symptoms, such as pain. For example, in

amputees, maladaptive cortical reorganization of an

amputated limb representation in the somatosensory and

motor cortices is prominent in patients suffering from

phantom limb pain, but not in pain-free amputees [25, 26].

In amputees with phantom limb pain, Lotze and colleagues

[26] found a shift of the lip representation into the

deafferented primary motor and somatosensory areas of the

hand displacement of the lip representation in the primary

motor and somatosensory cortices was positively correlated

with the intensity of phantom limb pain and was not present

in pain-free amputees or healthy controls. Notably, the appli-

cation of neuromodulatory methods, such as spinal cord

stimulation [27], transcranial magnetic stimulation [28], or

visual feedback (mirror-box therapy) and motor imagery

[29], resulted in the relief of phantom limb pain. In the

study by MacIver [29], following training in mental

Fig. 1.1 Somatotopic

organization within the

somatosensory motor cortices.

Somatosensory and motor maps

(the somatosensory and primary

motor homunculi) have an

orderly arrangement of neural

connections to represent each

area of the body. The maps reflect

an allocation of the cortical space

representing specific parts of the

body (Adapted from ref. 29)

4 V.M. Stock et al.



imagery, the phantom limb pain patients reported a signifi-

cant reduction of the intensity of constant pain, as well as

relief of pain in exacerbations, with a corresponding reversal

of cortical reorganization (Fig. 1.2).

Similarly, neuroimaging studies in patients with chronic

pain due to carpal tunnel syndrome [30, 31] (Fig. 1.3) have

shown signs of cortical reorganization, including cortical

hyperexcitability and changes in the somatotopic organiza-

tion of digits, as compared with healthy subjects. These

maladaptive changes reversed toward normal after acupunc-

ture treatment and were paralleled by functional improve-

ment and pain relief.

The concept of neuromodulation builds on growing evi-

dence indicating that (1) the human neural system can

undergo neuroplastic changes that may be associated with

altered functional outcomes and/or symptoms and patholog-

ical conditions; (2) various neuromodulatory approaches can

induce neuroplasticity in the means of enduring alterations

of neural activity and connectivity and therefore can be used

to attempt a reversal (or prevention) of maladaptive

neuroplastic changes occurring in the brain or to facilitate

adaptive neuroplasticity; and (3) facilitation of adaptive

neuroplastic changes and reversal of maladaptive ones

have been shown to be associated with functional

improvement.

Fig. 1.2 Functional brain imaging of lip pursing movement in upper-

limb amputees with phantom limb pain and healthy subjects. A cortical

reorganization presented as a shift of activation from somatotopic

representation of the lip toward deafferented areas of the hand has

been observed in the phantom limb pain patients. Mental imagery

training resulted in a significant pain relief and a corresponding reversal

of cortical reorganization (From ref. 29; with permission)

Fig. 1.3 Cortical reorganization in carpal tunnel syndrome. (a) Func-
tional MRI has shown that carpal tunnel syndrome leads to electrical

stimulation for digit 3 (D3), a median nerve innervated digit. Following

treatment with acupuncture, hyperactivation was found to decrease. (b)
Multi-digit stimulation found that carpal tunnel syndrome is also

characterized by somatotopic changes in the primary somatosensory

cortex, where median nerve innervated digits 2 and 3 have cortical

receptive fields with center of mass closer to one another, compared to

healthy adults. Treatment with acupuncture increased this D3/D2 sepa-

ration distance, now resembling the one in healthy subjects (From ref.

31; with permission)
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Overall, these principles constitute the rationale for

therapeutic applications of neuromodulation in medical

disciplines.
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Methods and Technologies for Low-Intensity
Transcranial Electrical Stimulation: Waveforms,
Terminology, and Historical Notes

2

Berkan Guleyupoglu, Pedro Schestatsky, Felipe Fregni, and Marom Bikson

Scope and Approach

Transcranial electrical stimulation (tES) encompasses all

forms of research and clinical applications of electrical

currents to the brain noninvasively using (at least one)

electrodes on the head. The dose of tES is defined by the

electrode montage and the stimulation waveform applied to

the electrode [1]. There has been a resurgence of interest

since 2000, but “modern” tES developed incrementally over

a century. This review provides the first comprehensive

organization of approaches and doses used in modern tES

since 1900.

This process involves defining the litany of terminology

that has developed and evolved around tES. We make no

attempt to re-define or qualify any approaches used, but

explain the terminology as used contemporarily by

researchers. Particular attention is paid to historically linked

categories of tES, “streams,” of which we identify four that

span decades plus “contemporary” approaches (Fig. 2.1).
1. Cranial electrical stimulation (CES) descended from

electrosleep (ES) through cranial electro-stimulation

therapy (CET), transcerebral electrotherapy (TCET),

and neuroelectric therapy (NET).

2. Electroanesthesia (EA) went through several periods of

waning interest and resurgence when new waveform

variations were proposed, including transcutaneous

cranial electrical stimulation (TCES), Limoge, and inter-

ferential stimulation (IS).

3. Polarizing or direct current stimulation includes recent

transcranial direct current stimulation, transcranial

micropolarization, high-definition transcranial direct cur-

rent stimulation (HD-tDCS), and galvanic vestibular

stimulation (GVS).

4. Electroconvulsive therapy (ECT), initially called electro-

shock therapy, evolved in technique and dose, such as

focal electrically administered seizure therapy (FEAST).

5. Finally, we categorize “contemporary” approaches that

have been explored intensely over the last decade, such

as transcranial alternating current stimulation (tACS),

transcranial sinusoidal direct current stimulation

(tSDCS), and transcranial random noise stimulation

(tRNS). Though analogues to these contemporary

approaches can be identified in earlier literature, contem-

porary approaches contain dose features that motivate us

to consider them novel. Contemporary approaches to

some extent reflect a “re-boot” of the tES approach,

typically employing basic, well-documented, and well-

defined waveforms (e.g., one sinusoid [1] in contrast to

the increasingly complex waveforms developed [though

not always justified] over decades in some streams.

As our technical focus is on dose clarification and clas-

sification, we minimize comments on the clinical efficacy

or safety of any approaches except in special cases where

findings resulted in historically notable and sudden changes

in dose or terminology. We note specific conferences and

regulatory agencies that helped identify and shape the field

of tES including establishing terminology. Commercial

(brand) names of devices are noted ad hoc for context and

linked to dose terms where appropriate. We do not com-

ment directly on mechanisms but emphasize that dose

determines electric field in the brain [2] which, in turn,

gives rise to neurophysiological responses [3]; thus
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understanding the dose is a prerequisite to understanding

mechanisms.

We do not address magnetic stimulation approaches or

electrical stimulation approaches not targeting the brain, or

nonelectrical therapies, except in specific cases to indicate

the terminology used in these other approaches for the pur-

pose of overall clarity of nomenclature. We did not attempt

to perform an exhaustive cataloging of tES publications.

Though we do not comment on efficacy, the nominal

indications for tES use (intended clinical outcomes) are

noted when contextually relevant, especially for many his-

torical streams (defined above). There are instances in which

researchers used terminology to describe a dose in a manner

potentially inconsistent with typical historical norms of dose

associated with that terminology; when these papers provide

sufficient dose details, these deviations are noted. Our sum-

mary aims to reflect the most typical doses used across the

majority of studies (Figs. 2.2, 2.3, and 2.4). In addition, to

promote a more comprehensive and systematic dose classi-

fication, we propose new categories for those waveforms

using pulsed stimulation in Fig. 2.5 (transcranial pulsed

current stimulation [tPCS]).

It is important to emphasize that the specifics of tES dose

(electrode montage and waveform) determine brain modula-

tion—evidently the given therapy name is incidental and

often reflects a historical bias and varying intended use. In

this sense, a strict approach would involve ignoring all

historical nomenclature and consideration of specific dose.

1953
1942

1933

1940

Clinical Use of Electrosleep in Europe

1963

1964

1962
1960

1958
1957

1959

1956

Clinical Use of 
Electrosleep in USA

Polarizing current

Transcutaneous Cranial Electrical Stimulation DC Bias

Limoge Current

Pulsating currents claimed to be 
more effective than DC currents

First Book on Electrosleep
Unusual use of DC bias in an Electrosleep study

Optic nerve irritation reported in
case of DC bias use in Electrosleep

DC Bias
Preliminaries of chemical anesthesia used with EA

Electroconvulsive Therapy
Resurgence of EA

1914 First claim of Electrosleep 
for treatment of insomnia

Successful use of EA claimed
in major human surgery

1903

1902
Electroanesthesia (EA)

Electrosleep (ES)

Resurgence of EA

1966

1968

1969

1967

Transcerebral Electrotherapy
(TCET) proposed as new 

name for ES

First Symposium on ES/EAES renamed to Cranial Electro-
stimulation Therapy(CET)

Neurotone 101

Second Symposium on ES/EA

DC UseEA requirement using 
DC-only found to be 40mA

1976

1972

1977

1978

1974
1975

FDA gets control of medical devices

Third Symposium on ES/EA

Electrosleep goes under FDA review

Electrosleep renamed to Cranial 
Electrotherapy Stimulation(CES)

FDA approves CES for anxiety, depression & insomnia

Neurotone 101 
called before FDA

Transcutaneous Electrical 
Nerve Stimulation 

NeuroElectric Therapy (NET)

Fourth Symposium on ES/EA

Fifth Symposium on ES/EA

1980
1984

1990
1989 FDA requires all previous medical devices to get premarket approval

“Transcranial Electrical Stimulation”

Microcurrent Electrical Therapy

Interference Technique Used1965

Fading in EA studied

2009
2011

High Definition transcranial Direct Current Stimulation (HD-tDCS)

Fourth Conference on TMS/tDCS

1998

2000 transcranial Direct Current Stimulation (tDCS)

Short duration tDCS used

2007
2006

2008

2005
transcranial Alternating Current Stimulation

transcranial Random Noise Stimulation

TCES investigated for effects on required levels of post-operative analgesics

Third Conference on TMS/tDCS

Second Conference on TMS/tDCS2003

First Conference on TMS/tDCS

2012 Transcranial Pulsed Current Stimulation (tPCS)

Contemporary Approaches

Electroanesthesia/TCES
DC Stimulation

Electroconvulsive Therapy

Electrosleep/CES
Classifications

Major Conferences
Other Cranial Stimulation
Non-Cranial Stimulation

Other Categories

First FDA Approved CES Device

transcranial Sinusoidal Direct Current Stimulation

Iontophoresis

Fig. 2.1 A general timeline of

ES/EA noting key points in the

history from 1902 until 2011 as

well as their relation to DC

stimulation. A brief history of DC

stimulation is also presented in

this table. Other cranial therapies

are mentioned for a complete

cranial stimulation history and

noncranial therapies are

mentioned for their connection to

ES/EA. Arrows are used to

connect historically related points

while the horizontal purple lines
are used to point out DC use in

historically pulsed applications
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However, this ideal approach is problematic due to the

following reasons: (1) In most cases, the complete dose

details are not provided (e.g., electrode size, waveform

details, etc.); (2) investigators often adjusted dose, resulting

in hundreds of potential categories.

Ultimately, this review should serve as a road map for

further investigation of classical techniques and appreciation

of the origin of recent techniques. Even experienced

researchers may remain unclear about basic features in clas-

sical literature; for instance, did ES use direct current (DC)?

Form of Transcranial 
S�mula�on

Electrode Placement
(Electrode count)

Waveform

Electrosleep (ES)- 1902

Electroanesthesia - 1903

Transcerebral 
Electrotherapy (TCET)-

1969

NeuroElectric Therapy 
(NET)- 1972

Cranial Electrotherapy 
S�mula�on (CES)-

1978

Cranial 
Electros�mula�on 

Therapy (CET)- 1966

Transcutaneous Cranial 
Electrical S�mula�on -

~1960

Electronarcosis - 1903

(3): Placed on top of the eyes 
and mastoid.

(3): Placed above the eyes and 
over the mastoid.

(2): ~2cm2 Placed in the ears.

(2): Clipped on to the earlobes.

(2): Placed on the forehead.

(4):Two applied to each temple.

(4): Bilateral frontal and 
occipital area.

(3): Gold electrode [3cm 
diameter] placed between the 

eyebrows and copper 
electrodes [15cm plaque] 

placed in retro-mastoid region.

3-4 ms “ON” periods of 130-167 
kHz and 8ms “OFF” periods of 77-

100 Hz. 30-35 V. 200-350 mA. 
Biphasic

0.5Hz-100Hz s�mula�on over 
20minutes to an hour. 0-600μA. 

Biphasic

20-25 mA monophasic square 
wave pulses at 100 cps las�ng 0.3-

0.5 ms. 20-60 minutes

0.1-0.5 mA. Pulse frequency of 30-
100Hz and pulse width of 1-2 ms. 
10-20V supply.  Monophasic and 

Biphasic.

DC Only: 40 mA
AC Only: Sine(Biphasic)/Square 

(Monophasic),  0.02 – 10 kHz, 10 
mA

AC + DC: Same frequency 
parameters as AC Only. 2.5-5 mA

AC plus 2.5-5 mA DC. 
White Noise: 1-50 kHz with a 

superimposed DC-bias.

15/500/15,000Hz s�mula�on at 
4V containing 50ms bursts with 
16.7ms “off” periods. Typically 
Biphasic. Can be monophasic

Fig. 2.2 Electrosleep and

Electroanesthesia Dosage. These

are a mixture of low- and high-

intensity stimulation waveforms.

The year at which the form of

stimulation came about is written

with the stimulation method.

Each method is connected to an

electrode placement as well as a

waveform used

Form of Transcranial 
S�mula�on

Electrode Placement
(Electrode count)

Waveform

High Defini�on Transcranial 
Direct Current S�mula�on -

2009

Transcranial Random Noise 
S�mula�on (tRNS)- 2006

Transcranial Alterna�ng Current 
S�mula�on (tACS)- 2008

Transcranial Direct Current 
S�mula�on (tDCS)- 2000

(2): ~=25-35cm2 pads. 
Conven�on: Electrodes placed 
“over” target brain regions. For 

tDCS, Anode=ac�va�on,             
Cathode= inhibi�on

0.1-640 Hz with a random current 
level per sample at 1280 samples 

per second.

10-40 Hz at 0.4 mA or 100-250 Hz 
at 1 mA. 

1-2 mA, 5-20 minutes

1-2 mA, 5-20 minutes(2-64) High defini�on 
electrodes. Montages include 

4x1 ring configura�on. 

Fig. 2.3 Contemporary

Approaches Dosages. These are

primarily low-intensity

stimulation waveforms. The year

at which the form of stimulation

came about is written with the

stimulation method. Each method

is connected to an electrode

placement as well as a waveform

used

Form of Transcranial 
S�mula�on

Electrode Placement
(Electrode count)

Waveform

“Transcranial Electrical 
S�mula�on” - 1980

Electroconvulsive Therapy -
1933

Either bilateral or unilateral 
placement. 

Bifocal (2): Electrodes placed 
“over” target region.

Unifocal (2-13): Electrodes are 
placed around scalp and a single 

electrode is placed on the top 
por�on of the head.

800 mA ~200-300 Wa�s. 1-6 
Seconds. Biphasic sine wave or 

monophasic square wave

150-1840 V las�ng between 13 
– 48 microseconds. Occurs 

every 1-3 seconds. Monopahsic.

Fig. 2.4 “TES” and ECT

Dosages. These are primarily

high-intensity stimulation

waveforms. The year at which the

form of stimulation came about is

written with the stimulation

method. Each method is

connected to an electrode

placement as well as a waveform

used
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At the same time, the broad view taken in this review should

be a useful introduction to new investigators and clinicians.

More generally, we are interested in the narrative of tES

development with respect to current tES clinical studies.

Research into tES mechanisms in clinical outcomes has

been active for over a century. Some specific dose

approaches (with indications) generated increased interest

only later to be largely abandoned—the context for such

waxing and waning of enthusiasm for specific historical

approaches may be relevant for current clinical efforts.

Similarly, the history of tES development reflects parallel

developments in pharmacology including narcotics, which

again may provide perspective on current clinical trials [4].

Our intention is that this historical dose analysis of tES, with

requisite clarification and definition of dose terminology,

will provide context on current approaches and facilitate

rational investigation and adoption.

Historical Development

Developments from Electrosleep to Cranial
Electrotherapy Stimulation

Electrosleep (ES), in short, is the name for tPCS methods by

which the brain was stimulated in order to induce a sleep-

like state in the subject. The first studies on ES were initiated

in 1902 [5]; however, the first clinical report of ES was

published 12 years later [6]. Most of the research regarding

ES was conducted in Russia up until 1953, when clinical use

of ES began in Europe [7]. New approaches were developed

mostly in Europe, such as changing electrode position from

covering the eyes to locations around the eyes, presumably

to reduce optic nerve irritation [6]. ES dose waveform was

typically pulsed at 30–100 Hz, but at least one (unsuccess-

ful) case of use of DC current was documented [6]. After

1963, an increased use of ES in the United States was noted.

Three years later, the first symposium on ES and EA was

held in Graz, Austria [7, 8]. At this symposium it was

reasoned that ES does not actually induce sleep, rather it is

an indirect side effect of the relaxing effects of stimulation.

Therefore, the term electrosleep was changed to cranial

electrostimulation therapy [8]. This was the first of several

changes of the term “electrosleep” over the next few

decades, often with notable changes in dose. Some devices

that were used during this time were Jungbluth CET-1,

Tritronics 100, Somatron 500, Lafayette 72000, Lafayette

72200, and General Medical Industry 1-1007-1 [6].

In 1969, TCET was proposed as another alternative name,

which was adopted by the same authors [6]. In 1977, ES and

its derivatives went under review by the US Food and Drug

Administration (FDA) and in 1978 were classified as a Class

III device for the treatment of Anxiety, Insomnia, and

Depression [9]. However, such devices were renamed as

cranial electrotherapy stimulation [10]. The FDA status of

CES remains debated to the present day [9].

In 1972, a new method and device of ES called

NeuroElectric Therapy (NET) [11, 12] was developed in

England. Though NET preceded many modern CES devices

(see below) it may have influenced the doses they used

decades later. Another notable device, produced after the

name change to CET, was the Neurotone 101, which was

based on a Russian ES device brought to the United States.
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Class II(B) –
Biphasic 
Pulse with
delay

Class II(A) –
Biphasic 
Pulse

Class I 
Train(50/55)
(TON/TOFF)

Pulse Trains

Class II(D) –
Asymmetric
Biphasic 
Pulse with 
delay

Class I(B) –
Monophasic
Pulse with
DC offset

Class I(A) –
Monophasic 
Pulse

Class II(C) –
Asymmetric 
Biphasic 
Pulse

Magnitude SpectrumWaveform Notes

-LC1

-TCES1

-CES8

-CES3

-NET

-TCET
-CET
-NET4

-CES5

-CES7

-ES2,6

-EA2

-CET2,6

-TCET2,6

-ES2

-CET6

-EA2

Fig. 2.5 Different classes of tPCS are summarized including temporal

waveform (function), the associated magnitude spectrum (frequency

content), and clinical references including dose using “CES.” The

Fourier series were generated using the same parameters for T, τ, and
A across all classes and the same parameters for h, D0, Ton, and Toff
where applicable. Note n is a discrete function of 1/T (or Toff in the case
of Class III). In Class III, the CES case would haveD0 set to zero which

would lower the peak at zero. In Class II, hr ¼ (h + 1)/h, in Class III,

Tr ¼ Ton/Toff and in all classes, P ¼ A(τ/T). Data from [6, 13, 63]
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Although the Neurotone 101 is no longer in production, it

was the first device to be approved by the FDA as a CES

device [10] and all subsequent CES devices approved by the

FDA were through a 510 k process claiming equivalency,

either direct or descendent, to the Neurotone 101. This

equivalency is not reflected in identical dose of current

CES devices, which in fact are often claimed to be a novel

dose.

Modern CES is thus a historical descendant of ES even as

dose and indications have continuously evolved.

Developments from Electroanesthesia to
Limoge Currents and Other Related Methods

Electroanesthesia, in short, was intended to induce anesthe-

sia in the subject so that chemicals did not have to be used

presurgery. EA studies started in 1903 but were first known

as electronarcosis (EN) [6, 13]. Russian scientists used the

term “electroanesthesia” to describe local anesthesia while

“electronarcosis” described general anesthesia [6]. How-

ever, EA stopped being referred to as local, applied to the

periphery, and began to be known as general anesthesia, now

applied to the brain. Therefore, in this review, EA will refer

to general anesthesia. One of the earliest published claims of

success in regards to EA during surgery was made in 1914

by Leduc [6, 14]. Safety and tolerability concerns, and the

development of early chemical anesthetics, may have

contributed to quelling interest in EA. In the 1940s, research

on EA focused on chemical primers being used in conjunc-

tion with EA [6]. Soon after, research appeared to largely

halt again presumably due to severe side effects. For exam-

ple, severe side effects such as cardiac arrest, respiratory

arrest, and apoplexy were observed [15, 16]. A third wave of

research in EA initiated after a study was published in 1960,

proposing a new EA approach to reduce side effects: “. . .a
combination of pulsed and direct currents . . . the very slow

increase of current levels . . . and . . . the use of a generator

that minimized changes in electrode impedance resulting

from polarization [6]” [16].
Research into EA dosage continued and the term trans-

cutaneous cranial electrical stimulation was adopted around
1960–1963, with the intended use to “potentiate some

drug effects, especially opiates and neuroleptics, during

anesthetic clinical procedures. . .[with the goal of] drastic

reduction in pharmacologic anesthetic agent and reducing

post-operative complications” [13]. Even though the term

TCES was not adopted until the early 1960s, similar

protocols were used as early as 1902 by Leduc [13]. In

1951, Denier proposed that high-frequency trains of

90 kHz could be used to avoid muscular contraction [13].

Three years later, Knutson (1954) claimed that alternating

currents at 700 Hz should be applied, but this was abandoned

in 1958 due to cardiovascular complications [13]. In 1957,

investigators in the Soviet Union attempted to add a DC

component to Leduc’s currents but, as claimed by an Amer-

ican scientist Robert Smith, it resulted in a collection of

undesirable side effects [16]. In 1963, Aimé Limoge

modified the TCES dose and called it Limoge current [13].

In 1964, a study claimed pulsating currents are more effec-

tive than direct currents for the induction of EA [6]. Another

study suggested that the use of pure DC for EA required high

intensity of approximately 40 mA [6].

In 1965, IS was proposed by Russian scientists and

consisted of having two pairs of electrodes energized with

sine waves of slightly shifted frequencies [6]. Through pul-

sation the higher frequencies would create a lower fre-

quency, where the two frequencies intersect. This was done

because low frequencies were more desirable in inducing

EA, whereas higher frequencies were more desirable when it

came to patient comfort (e.g., reduced pain, sensation, etc.)

[6, 14]. In this way lower frequencies were indirectly com-

bined with high frequencies—an approach also hinted at in

some CES technologies. Even though power is modulation,

under the assumption that the time-constant in neuronal

membranes effectively filters out high-frequency signals

(>100 Hz [3]) then regardless of how they are combined

and modulated, these signals would be neurophysiologically

inactive.

In the development of EA, Fading has two different

meanings: decrease in anesthetic state [17] or increase in

tolerability. In the first case, fading indicated a decrease in

the subjects’ anesthetic state while the dosage was kept

steady [17]. Maintenance of anesthetic state was accom-

plished by either reduction of frequency or increase of cur-

rent [17]. Fading, more recently, has been used to increase

tolerability by incremental increase to the maximum dosage

under the premise that sensation at the skin adapts to current

flow. Indeed, fading is a common method used in many

contemporary tES approaches such as tDCS. TCES has

been studied to reduce postoperative analgesic requirements

[18], as are other contemporary tES approaches [19].

Contemporary tES is also concerned with the treatment of

a broad range of neuropsychiatric disorders, including pain

[4, 20, 21]. Historically, EA/TCES used current intensities

typically well above those used in contemporary tES. None-

theless, these relatively high-intensity EA/TCES approaches

provide insight into (upper) safety limits and approaches to

enhance tolerability, and broad indications of responsive

conditions when applied alone or with pharmacotherapy.

Direct Current Stimulation

Direct current stimulation has been used intermittently as a

component in both ES and EA. In 1957, a DC bias was added

to ES which is traditionally applied using only alternating

current (AC). The advent of TCES, around 1960–1963, in
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the third resurgence of EA research, also incorporated a

DC bias. In 1969, pure direct current stimulation was

investigated for inducing anesthesia [6]. However, it was

not until 1964 that preliminary studies heralding modern

tDCS were published.

In 1964, Redfearn and Lippold investigated polarizing

current for treatment of neuropsychiatric diseases [22],

their use of prolonged (minutes) or stimulation was

motivated by animal studies showing that prolonged direct

current stimulation could produce lasting changes in

excitability. Short-duration tDCS was investigated by Priori

and colleagues in 1998 [23]. Nitsche and Paulus established

that prolonged tDCS could produce lasting and polarity-

specific changes in cortical excitability [24] followed by

pilot clinical studies [25]. Transcranial micropolarization is

a technique investigated in Russia which is a modified ver-

sion of tDCS using small electrodes instead of pads [26]. In

2007, HD-tDCS was proposed as a focalized form of tDCS

[27]. HD-tDCS uses specially optimized electrodes [28],

arranged in arrays that can be optimized per indication

[29], including the 4 � 1 configuration [30].

Galvanic vestibular stimulation is being investigated for

effects on ocular and postural movement [31]. Alongside

GVS, caloric vestibular stimulation (CVS) is under investi-

gation due to similar areas being targeted by stimulation.

However, CVS does not utilize electricity, rather irrigation

of the ear canal using cold or warm water [32].

Electroconvulsive Therapy

Initially developed circa 1933, ECT [5, 33] used repetitive

high-intensity pulses to trigger seizures. A common term

used for ECT is electroshock therapy (EST). ECT was

cleared by the FDA for Depression in 1976 as a “pre-amend-

ment device” (“grandfathered” similar to the process for

CES). In 2011 the FDA summarized:

The ECT procedure was first conducted in 1938 [34].

Two Italian physicians, UgoCerletti and LucioBini, guided

by a theory holding an antagonistic relationship between

seizures and psychosis, became the first to use electricity to

induce a therapeutic seizure in humans [35]. They reported

on the first treatment of a patient using this method in 1939

[36]. Joining a number of other somatic-based therapies of

the era (prior to the advent of modern pharmacotherapy),

ECT became a popular intervention for psychiatric

conditions. Since that time, the use of ECT has waxed and

waned. In the 1950s and 1960s, with the development of

drug therapies for psychiatric conditions, and due to concern

for serious device-related adverse events, the use of ECT in

the United States declined [37]. However, in recent years,

interest in, and use of, ECT has experienced resurgence;

ECT use in the United States has been estimated at

100,000 individuals receiving this treatment annually [38].

Reflecting the greater proportion of women who suffer from

major depression, two thirds of patients who receive ECT

are women [39]. In clinical practice, ECT is generally con-

sidered after failure of one or more antidepressant medica-

tion trials, or when there is a need for a rapid and definitive

response (APA 2001; p. 23–24). ECT has been used to treat a

variety of psychiatric disorders. These disorders include:

Depression (unipolar and bipolar), Schizophrenia, Bipolar

manic (and mixed) states, Catatonia, and Schizoaffective

disorder. The evidence supporting the effectiveness of ECT

for each of these indications is variable.

Contemporary Approaches

Two contemporary forms of tES are transcranial alternating

current stimulation (tACS) and transcranial random noise

stimulation (tRNS) [2]. Both tACS and tRNS use relatively

low-intensity current and are being investigated for thera-

peutic effects [2]. A modified protocol for tACS is

transcranial sinusoidal direct current stimulation (tSDCS)

[40] where the stimulation is monophasic due to a DC bias

added to the sinusoid.

Another form of tES that was used by Marshall and

colleagues [41] consisted of monophasic trapezoidal pulses

with a DC bias, frequency of .75 Hz. The pulses used by Lisa

Marshall were investigated for their effects on learning. The

subject would learn the task before sleeping, and be tested on

the task the next morning. The stimulation would occur

4 min after stage 2 sleep occurred for the first time, without

reversion to stage 1, and stimulation continued at 5 min

intervals with a 1 min break throughout the night [41].

Transcranial Alternating Current Stimulation
The first mention of “TES” was 1980 in a study by Morton

and Merton [42]. “TES” uses single (isolated) high-intensity
pulses to typically activate motor cortex and stimulate motor

response. This early use of “TES” resulted in many contem-

porary investigators associating “TES” with only supra-

threshold low-frequency pulses. In this review, we use tES

in the broader sense and “TES” (quotes and capitals) to

specify the use of supra-threshold low-frequency pulses.

“TES” technique can be painful and was not investigated

for therapeutic applications, but remains used for diagnostic

purposes under anesthesia [43–45]. For the purposes of

experimental with low-frequency supra-threshold stimula-

tion in awake subjects, contemporary investigators often

use transcranial magnetic stimulation (TMS) instead, as it

is more tolerated for these purposes. “TES” continues to be

used for intraoperative evaluation in anesthetized subjects

and “TES” was first “cleared” by the FDA in 2002 for

monitoring.
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Noncranial Therapies

Noncranial electrical therapies are mentioned here only in

context of historical relevance to cranial therapies. The

advent of Limoge currents became the basis for the release

of transcutaneous electrical nerve stimulation (TENS) in

1974. Microcurrent electrical therapy (MET) was developed

approximately in 1984 and was incorporated into CES

devices such as the Alpha-stim 100 [10, 13]. Another

noncranial therapy, electroacupuncture, is indicated for

local anesthesia in combination with anesthetic primers

and combines EA (in this case local EA) and acupuncture

[46].

Dosage

This section aims to further clarify the stimulation dose

associated with select approaches. It is noteworthy that

even early in TES development it was recognized that: (1)

stimulation waveform along with electrode positions (stim-

ulation dose [1]) can be varied to change efficacy and safety;

(2) the value of current controlled stimulation in contrast to

voltage controlled stimulation; and (3) electrode design

including the use of a fluid/gel (electrolyte) buffer between

the metal electrode and skin increases skin tolerability [47].

Nonetheless, ad hoc and often poorly documented variations

in dose are coming in the literature, a matter that remains of

concern to this date [1]. Unless otherwise stated, we presume

that stimulation was current controlled.

Though we divide dose by category below, certain over-

arching developments can be noted for both electrode design

and waveforms. “Active” and “return” terminology for

electrodes reflect only the brain target of interest with

“active” being places nearer the target; evidently both

electrodes will affect brain function and indeed the position

of the return determines “active” current flow [48]. Early

approach to stimulation the brain involved two “active”
electrodes placed directly over the eyes with two “return”
return electrodes, presumably to facilitate active current

deliver through the optic foramina. Active electrode

positions around the eye (e.g., supraorbital) were explored,

as well as reducing the number of active electrodes (e.g.,

single electrode on the forehead) or using just one return

electrode. After 1970, approaches using electrodes on or

around the ears were explored (though much earlier

examples of ear electrodes are noted), with presumed current

flow to deeper brain structures [49]. In the 1980s, approaches

using tES showed that current could be delivered focally

using small closely spaced electrodes on the scalp (e.g., as

indicated by motor responses). After 2000, contemporary

approaches (e.g., tDCS, tACS, etc.) used reduced currents

and large-sponge electrodes [24] with an “active” electrode
placed “over” the nominal target, though the use of larger

electrodes and distant electrodes precludes focal stimulation

[27] of cortex or avoidance of deep brain structures [50]

though functional effects may be shaped [51]. Current

approaches using arrays of small high-definition electrodes

are intended to allow focal cranial stimulation.

In the context of waveform, a notable overarching pro-

gression was: (1) from basic waveforms (often limited to

existing stimulation hardware) to increasingly complex and

customized waveforms motivated by the perception that

increased efficacy, safety, or tolerability was needed; (2)

with complexity and (proprietary) uniqueness especially

developed in commercial devices (e.g., CES); (3) leading

to a reversion to the most basic waveform after 2000,

associated with a resurgence of clinical interest using

standardized and defined approaches. Early intended uses

focused on short-term effects motivated investigators to

explore increased intensities (e.g., sleep, anesthesia, etc.),

while interest in chronic diseases (e.g., depression) is con-

sistent with efforts using reduced (well tolerated) current

intensities and increasingly prolonged (repeated session)

use (Fig. 2.1).

Electrosleep and Derivative Techniques

The dosage for ES has evolved since it first was investigated

in 1902 [5]. Dosage used for ES consisted of electrode

placement over each eye and a return electrode over the

mastoid, with a waveform consisting of 100 Hz pulses

between 20 and 25 mA [8]. The pulse width was between

0.3 and 0.6 ms and stimulation duration lasted from 20 to

60 min [8]. In 1966, the name changed to CET and shortly

afterward a new dosage was developed. Due to patient

discomfort and the changing perception that penetration of

current into the brain (including deep brain structures) did

not require placement of electrodes directly on top of the

eyes [6, 52]. Under this CET electrode montage, the stimu-

lation waveform was pulsed at 30–100 Hz, pulse width of

1–2 ms, at 0.1–0.5 mA [52]. TCET was proposed as a new

name for ES/CET but under this new nomenclature the dose

for TCET was unchanged in regards to electrode placement

or waveform [6].

A notable change in dosage occurred with the advent of

NET and CES after 1970. In NET and CES, the number of

electrodes was reduced from 3 to 2 [10, 53, 54]. The elec-

trode placement for NET was in the subjects’ ears [53]—an

approach later adopted by some CES devices with electrodes

clipped onto the ears [10]. The waveform used in NET, and

also in some later CES devices, was 0.5–100 Hz stimulation

at up to 600 μA over a period of 20 min [10, 53]. The other
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variant for CES devices uses two electrodes placed on top of

the forehead. The waveform for this variant of CES uses 15,

500 or 15,000 Hz at 4 V with 50 ms pulses and “off” periods
of 16.7 ms [49, 54, 55].

Electroanesthesia and Derivative Techniques

The dose for EA evolved since the early 1900s. An early

electrode placement for EA/EN consists of four electrodes

with either two electrodes applied to each temple or to the

bilateral frontal and occipital areas [6]. There are a wide

range of frequencies and current intensities that were

evaluated. As noted, EA has been tested with pure DC

requiring current approximately 40 mA to induce EA [6].

Under AC-only conditions, the frequency ranged from 10 to

20 kHz with intensities approximately 10 mA; higher current

intensities were claimed to be needed with higher

frequencies and currents of 500 mA and frequencies around

200 kHz have been used. When biased by DC, AC

frequencies typically remained in the same range with the

AC component ranges from 2.5 to 5 mA with the DC

component also ranging from 2.5 to 5 mA. In some

instances, waveforms with a high-frequency “ON” periods

were incorporated into TCES. TCES uses three electrodes

rather than the four in EA; the electrodes are positioned with

a single electrode between the eyebrows and two return

electrodes on the retromastoid region [6]. TCES waveform

consists of frequency trains. The high-frequency portion of

the train is “ON” for 3–4 ms at 130–167 kHz and “OFF” for
8-ms periods. The low-frequency portion (“ON”/”OFF”)
was ~77–100 Hz and the overall waveform uses

200–350 mA with 30–35 V [13] (Fig. 2.3).

Transcranial Direct Current Stimulation/
Transcranial Random Noise Stimulation/
Transcranial Alternating Current Stimulation

Developed over the last decade, tDCS, tRNS, and tACS are

three different distinct forms of “contemporary” tES as far as

waveform, but all share the same approach to electrode

number and shape. Though each applies a distinct wave-

form, in all cases the duration of stimulation is typically

20 min with a peak current of a few mA. Conventionally,

two electrodes are used with one positioned “over” the target
region and the other elsewhere on the scalp (often the con-

tralateral [40, 56]). Electrodes are typically saline-soaked

sponge material wrapped around a conductive rubber elec-

trode, though gel may also be used. In tDCS, the (positive)

anode and (negative) cathode are distinguished for their

actions on cortical excitability: 1–2 mA is applied over

5–20 min [2]. For tACS, a single sinusoid at 10–40 Hz

with a peak intensity of 0.4–1 mA has been tested [2, 40,

56]. The waveform parameter for tRNS includes: “a fre-

quency spectrum between 0.1 and 640 Hz. . . [and]. . . a

normally distributed random level of current generated for

every sample at a sampling rate of 1,280 samples per second

with no overall DC offset.” [2, 57].

High-Definition Transcranial Direct Current
Stimulation

High-definition transcranial direct current stimulation shares

the same waveform with tDCS, 1–2 mA at 5–20 min; how-

ever, the large sponge electrodes used for tDCS (as for

tACS/tRNS) are replaced with an array of smaller

electrodes. The electrode montage is then optimized for

brain targeting; for example, the 4 � 1-Ring montage uses

a center electrode which determines the polarity of stimula-

tion (anode or cathode) and four return electrodes at

~4–7 cm radius. More broadly, HD-tES spans all efforts to

focalize prior diffuse tES protocols by using arrays of HD

electrodes to rationally guide current flow [29] (Fig. 2.4).

Transcranial Electrical Stimulation

“Transcranial electrical stimulation” uses high-intensity

pulses (150–1,840 V, presumed to be voltage controlled)

lasting between 13 and 48 μs at an intermittent frequency

of 1–3 s or less [43, 45, 58, 59]. Typically, stimulation is

applied using a bifocal (and bipolar) montage, but a

“unifocal” montage has also been explored with an active

electrode over the target a “ring” of return electrodes, either

as a single band or 12 separate electrodes, around the width

of the scalp [45, 58, 59].

Electroconvulsive Therapy

The waveforms for ECT are high-intensity, ~800 mA, with

trains lasting 1–6 s per cycle. The electrodes are placed

either unilaterally or bilaterally on the cranium and current

intensity is typically increased by varying the number of

pulses per train, pulse duration, or intensity until a seizure

is triggered [5, 60]. Modern efforts to refine dose have

focused on minimizing memory loss, for example through

focused stimulations [61, 62] (Fig. 2.5).

Conclusion

The field of electromedicine has evidently evolved

through the past 100 years. Early technology evaluated

very basic waveforms, continued on to increasingly

complicated waveforms (i.e., pulse trains; see Fig. 2.5),
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returning to more defined and simple waveforms at the

turn of the century (i.e., tDCS and tACS). Although

techniques and protocols have constantly been adjusted

(with many waxing and waning in popularity), it is not

prudent to globally conclude that early approaches were

ineffective or that they should be automatically ignored;

rather, both experience with efficacy (even when anec-

dotal or not fully documented by modern standard) as

well as findings on safety (which were significant enough

to warrant dose changes) should be considered to inform

ongoing efforts. In this sense, the history on electrical

stimulation may guide ongoing rational advancement.

Reporting the stimulation dosage used as well as the

specific device used is and continues to be important for

reproducibility. Descriptions of waveforms can at times

be convoluted and we proposed ongoing efforts to care-

fully define the dosages and devices as well as using a

form of standardized terminology (such as the one stated

in Fig. 2.5) can be extremely useful in furthering research

at a faster pace. The focus on terminology and dose in this

review is intended to disambiguate the historical narra-

tive, which is necessary if past experience with specific

dose is to inform ongoing efforts.
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Introduction

Within the family of neuromodulation procedures, periph-

eral nerve stimulation (PNS) has a unique place. Despite

several decades of clinical use, PNS struggles to become a

widely used and, to some extent, legitimate counterpart to its

more established siblings, which include deep brain (DBS)

and spinal cord stimulation (SCS). PNS is defined as electric

stimulation performed on the peripheral nervous system and

applied to a specific nerve [1]. Electrical current can be

delivered to nerves transcutaneously (transcutaneous electri-

cal nerve stimulation: TENS), percutaneously with a tempo-

rary electrode (the so-called percutaneous electrical nerve

stimulation: PENS), and with help of surgically or percuta-

neously implanted electrodes (PNS).

Historically, the first published report of PNS for

treatment of neuropathic pain described procedure

performed on October 9, 1965 when Drs. Wall and Sweet

implanted electrodes around the median and ulnar nerves of

a 26-year-old woman with a clinical presentation

consistent with complex regional pain syndrome (CRPS).

Electrical stimulation of the median nerve provoked pleasant

paresthesias and modulated pain in the medial three fingers

[2]. During that same year, Drs. Melzack andWall published

the seminal “gate-control” theory of pain in their article in

Science, postulating that innocuous sensory information may

suppress the transmission of pain [3]. This was the scientific

foundation for the development of a new treatment modality,

coined neuromodulation, which subsequently grew in its

number of indications and types of procedural applications.

Soon thereafter, the famous 1969 book “Pain and the

neurosurgeon” by White and Sweet was published and

detailed a description and an X-ray image of a PNS device

implanted on the ulnar nerve of a patient with post-traumatic

neuropathy [2]. Shortly after, dozens of clinical reports

detailed various aspects of PNS in the 1970s thru 1990s,

and PNS has remained relatively unchanged since: the target

nerve was exposed, and a paddle-type electrode lead was

placed in direct contact with the nerve trunk [4]. To facilitate

this procedure, a specially designed paddle lead was created;

it had an integrated mesh attached to the paddle, allowing

the surgeon to wrap the electrode around the nerve, rather

than to struggle with suturing it in situ.

Introduction of a percutaneous PNS insertion technique

in the late 1990s [5] has since revolutionized the PNS field.

Although the approach initially appeared to be most appli-

cable to craniofacial stimulation, it gradually spread to use

in the lower parts of the body, including the extremities,

abdomen, chest wall, upper and lower back, groin area,

and neck. The next development was introduction of

the peripheral nerve field stimulation (PNFS) concept

(sometimes called subcutaneous nerve stimulation, subcuta-

neous target stimulation, or peripheral field stimulation).

Considered a variation of PNS, PNFS targets more distal

neural structures, including unnamed nerve branches

and subcutaneous nerve endings [1]. More recently, the

PNS approach was augmented by addition of ultrasound

K.V. Slavin

Department of Neurosurgery, University of Illinois at Chicago, 912

South Wood Street, M/C 799, Chicago, IL 60612

e-mail: kslavin@uic.edu

A.G. Carayannopoulos

Spine Center, Department of Neurosurgery, Lahey Clinic, 41 Mall

Road, 7 Central, Burlington, MA 01805

e-mail: Alexios.G.Carayannopoulos@Lahey.org

M. Plazier

Department of Neurosurgery, University Hospital Antwerp,

Wilrijkstraat 10, Edegem, Antwerp 2650, Belgium

e-mail: Mark.plazier@uza.be

S. Vanneste

School for Behavioral and Brain Sciences, University of Texas at

Dallas, 1966 Inwood Rd, Dallas, TX 75235, USA

e-mail: sven.vanneste@utdallas.edu

D. De Ridder (*)

Department of Surgical Sciences, Section of Neurosurgery,

Dunedin Public Hospital, 201 Great King Street, Dunedin,

Otago 9016, New Zealand

e-mail: dirk.deridder@otago.ac.nz

H. Knotkova and D. Rasche (eds.), Textbook of Neuromodulation,
DOI 10.1007/978-1-4939-1408-1_3, # Springer Science+Business Media, LLC 2015

19

mailto:kslavin@uic.edu
mailto:Alexios.G.Carayannopoulos@Lahey.org
mailto:Mark.plazier@uza.be
mailto:sven.vanneste@utdallas.edu
mailto:dirk.deridder@otago.ac.nz


guidance, which helps in visualization of peripheral nerves

during percutaneous lead insertion [6]. Finally, progress in

PNS was facilitated by technical innovations of several new

companies, each of which came up with surgical techniques

specifically developed for PNS applications.

The Spectrum of Peripheral Nerve Stimulation

Transcutaneous Electrical Nerve Stimulation

TENS is an external neuromodulation modality that involves

delivery of electrical current through intact skin, over the

course of a nerve. Generally, it is used as a noninvasive

neuromodulation approach, in conjunction with modalities

used in physical therapy. It often serves as an alternative

or prelude to more invasive interventions. Ostensibly, it

is by far the most common application of peripheral

neuromodulation in contemporary medical practice.

Recent reviews have analyzed the strength of evidence in

the application of TENS to the treatment of neuropathic pain

[7] and cancer pain [8]. Additionally, acupuncture-like

application of TENS has also been reviewed in detail of

late [9]. Outside of pain practice, posterior tibial nerve

stimulation for the treatment of overactive bladder [10] and

fecal incontinence [11] are the most commonly used TENS

indications in patients. This modality has also been applied

to stimulation of the phrenic and vagus nerves in the treat-

ment of persistent hiccups [12] and seizures [13], and stimu-

lation of the trigeminal nerve in treatment of epilepsy [14]

and depression [15]. Trigeminal TENS has also been tried

for treatment of trigeminal neuralgia [16]. In the mid-1970s,

several groups used TENS for selection of candidates to

undergo permanent PNS implants; however, no difference

was found in the long-term success rate among those who

did and those who did not respond to TENS prior to PNS

procedure [17, 18].

Percutaneous Electrical Nerve Stimulation

PENS treatment is a technique performed with bipolar

needle-like temporary electrodes, which are inserted into

the tissues (as opposed to TENS where electrical stimulation

is delivered through the skin) and then removed at the end of

the session. This relatively noninvasive neuromodulation

approach has been used in the treatment of a variety of

painful conditions including low back pain, sciatica, diabetic

neuropathy, acute herpetic pain, and headaches (for detailed

review see PENS section in [4]).

PENS treatment is not an accepted means of PNS screen-

ing. It may have value for the treatment of cancer related

pain, whereby permanent implantation is not possible [19] or

in some cases of facial pain, whereby trigeminal neuropathy

does not respond to medical treatment [20]. PENS equip-

ment has recently become commercially available

(NeuroStimulator PENS therapy, Algotec Ltd., West Sussex,

UK) but to this date, has not been approved for clinical

use in the USA. Interestingly, the original illustration

of the “gate-control” theory of pain came from Drs. Wall

and Sweet, who used PENS to suppress pain sensation by

inserting stimulating electrodes into their own infraorbital

foramina [21].

Peripheral Nerve Stimulation

PNS requires implantation of an electrode lead across or

along a nerve trunk to provide stimulation-induced

paresthesias. When originally approved by the US Food

and Drug Administration (FDA), this old modality was

defined as a way to electrically stimulate a peripheral nerve

in patients to relieve severe intractable pain. The FDA used

the following definition for PNS devices: “An implanted

peripheral nerve stimulator for pain relief is a device that is

used to electrically stimulate a peripheral nerve in a patient

to relieve severe intractable pain” [22]. This definition later

added the following statement: “The stimulator consists of

an inplanted (sic) receiver with electrodes that are placed

around a peripheral nerve and an external transmitter

for transmitting the stimulating pulses across the patient’s
skin to the implanted receiver” [22], which referred to the

radiofrequency (RF) coupled systems that were used in the

past, including the original report of White and Sweet [2].

By limiting approved PNS devices to RF-coupled

systems, current FDA approval effectively excludes all

currently used implantable pulse generators [23] (these

include prime-cell and rechargeable generators by

Medtronic, Minneapolis, Minn.; St. Jude Medical, St. Paul,

Minn.; and rechargeable generators by Boston Scienti-

fic, Natick, Mass.) In a surprising twist of techno-

logical development, a new, non-RF-coupled device, which

satisfies FDA requirements, was recently introduced

(StimRouter, Bioness, Valencia, Calif.) specifically for

PNS applications [24].

The first decade of the twenty-first century has witnessed

a dramatic increase in the use of PNS, not just for the

treatment of chronic, intractable pain but also for the treat-

ment of refractory epilepsy [25], treatment-resistant depres-

sion with vagal nerve stimulation [26] (VNS Pulse and

Demipulse, Cyberonics, Houston, Tex.), diaphragmatic pac-

ing by phrenic nerve stimulation for respiratory failure treat-

ment [27] (Breathing Pacemaker System, Avery Biomedical

Devices, Comack., N.Y.), reduction in apnea with implant-

able hypoglossal nerve stimulation systems [28] (Inspire II,

Inspire Medical, Maple Grove, Minn.; HGNS, Apnex

20 K.V. Slavin et al.



Medical Inc., St Paul, Minn.; and Aura6000, ImThera Medi-

cal, San Diego, Calif.), somatic nerve stimulation of the

extremities in patients after stroke [29] (NESS L300,

Bioness; ActiGait, Neurodan, Aalborg, Denmark), and

finally autonomic stimulation for urinary and gastrointesti-

nal disorders [30] (InterStim, Medtronic).

A renewed interest in PNS treatment modality has been

supported by ongoing technological advances in the field as

well as adoption of minimally invasive neuromodulation

techniques by non-neurosurgical colleagues, including inter-

ventional pain physicians.

PNS/PNFS Techniques

Two peripheral neuromodulation techniques are used by

physicians for various types of neuropathic pain: (1) PNS,

whereby leads are implanted in the subcutaneous tissue near

a specific nerve, which has sensory distribution over the

painful area; (2) PNFS, whereby leads are implanted within

an area of pain perception [1, 31]. The aim of PNS is to

produce paresthesias along the territory of the stimulated

nerve, while the aim of PNFS is to distribute paresthesias

in an electrical field around the lead’s active electrodes,

without achieving a clearly defined nerve distribution. Gen-

erally, this results in concentric stimulation-induced sensa-

tion in a specific area of precise painful zone, without

radiation.

Implantation of a peripheral nerve stimulator is

performed in two stages, which are similar to spinal cord

stimulation. During the first stage, an electrode lead is

inserted in the vicinity of the targeted nerve branch. This is

followed by a trial of stimulation that lasts several days or

weeks. If the trial is successful, the second stage of surgery

involves insertion of a permanent electrode, which is

anchored in place, usually to the underlying fascia, with

subsequent tunneling of the electrode lead or an appropriate

extension cable to an implantable pulse generator (IPG).

Indications and Patient Selection

Patient selection in PNS is generally consistent with

guidelines used in the family of neuromodulation

procedures. PNS is indicated for cases of chronic, severe,

disabling neuropathic pain that has been refractory to medi-

cal treatments, which is associated with a clear diagnostic

impression, and which occurs in the absence of correctable

pathology. Additionally, patients are expected to be familiar

with the modality and willing to use it, have a favorable

neuropsychological profile, and respond positively to a trial

of PNS before the permanent device is implanted. The usual

contraindications, such as short life expectancy, active

infection, uncorrectable coagulopathy or thrombocytopenia,

and generally poor medical condition, which would preclude

patients from undergoing elective surgery and/or anesthesia,

should all be taken into consideration.

The most common indications for PNS in the extremities

are chronic pain due to peripheral nerve injury, persistent

pain from compressive neuropathy (following adequate

decompression), complex regional pain syndromes (CRPS)

type 1 (formerly known as reflex sympathetic dystrophy)

and type 2 (formerly known as causalgia), and painful

peripheral neuropathy. For PNS (of PNFS) of the chest

wall, abdomen, neck, upper and lower back, groin area,

and other parts of the trunk, the most common indications

are postsurgical neuropathic pain, post-infectious (particu-

larly post-herpetic) pain, and posttraumatic neuropathy.

In the last few years, most patients undergoing PNS

below the head and face carried the diagnosis of failed

back surgery syndrome (FBSS). At one point, this category

of patients was dominated by pain from peripheral nerve

injury and CRPS. This shift reflects the growing prevalence

of back pain in the general population and is also likely

secondary to recent growth in the number of spinal

interventions, as well as the general ineffectiveness of

other treatment modalities, including SCS, in management

of axial back pain or paraspinal lumbar pain.

For extremity pain, patients with pain limited to the

distribution of a single nerve are better candidates for PNS,

whereas patients with pain in the trunk, chest, abdomen,

generally respond better to PNS/PNFS. Pure sensory nerves

tend to be better targets for PNS than mixed motor/sensory

or pure motor nerves, whereby stimulation may also provoke

undesired motor phenomena.

Neuropathic Limb Pain
Traditionally, complex regional pain syndromes from to an

injury to a nerve (CRPS Type 2) or to a tissue (CRPS Type 1)

have been the main indications for use of PNS in a limb [32].

Selection of PNS for patients with CRPS depends on

chronicity as well as severity of pain, failure of less invasive

treatment approaches, and mediation of pain by primary

sensory nerves, since mixed and predominantly motor

nerves may not tolerate stimulation [33]. Historically, PNS

electrode lead implantation in the limbs was done by an open

surgical approach due to the proximity of nerves to vessels

and the deep course of nerves in the soft tissues. However,

the risk of perineural scarring made the open approach less

attractive. At the same time, introduction of ultrasound

guidance has gained acceptance, as it allows one to use

minimal access techniques for percutaneous electrode inser-

tion [34, 35]. The variable course and depth of the nerves to

be stimulated, as well as proximity to vessels, makes ultra-

sound guidance particularly helpful. Well documented class

III evidence from two studies on limb neuropathic pain
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suggests that PNS could provide good relief for CRPS,

which is limited to the distribution of one major nerve in

60 % of patients [32, 36].

Neuropathic Facial Pain
Post herpetic neuropathy, incidental trauma, and iatrogenic

injury to the face are major causes of trigeminal neuropathic

pain (TNP). PNS in the face is indicated for the management

of TNP with clear anatomic distribution within one or sev-

eral of the trigeminal branches. PNS of supraorbital,

infraorbital, and mandibular branches of the fifth cranial

nerve, alone or in combination, has been published

[37–39]. In one recent case series, TNP was successfully

treated with PNS with up to a 2 years follow-up [40].

Neuropathic Trunk Pain
Case reports and small series have documented successful

application of PNS and PFNS to chronic neuropathic pains

of the neck [41], chest wall [42], abdominal wall [43, 44],

and low back [45–48]. Post-herpetic neuralgia and postoper-

ative pain due to thoracic and abdominal surgeries were the

common etiologies of neuropathic pain in these patients.

Among newly introduced developments are the “cross
talk” concept [49, 50] for low back PNS as well as “hybrid”
stimulation concept that combines spinal cord stimulation

with PNFS [51–55].

The largest PNFS series was based on an Austrian nation-

wide retrospective study, which analyzed 111 patients with

non-cancer pain with successful trial and subsequent implan-

tation with a permanent neurostimulation system [56]. Of

these, 97 had pain in the trunk (lower back, neck, chest wall)

with an impressive reduction in the average pain intensity,

measured by the numerical rating scale before and after the

implantation. This difference was particularly significant in

patients with low back pain and failed back surgery syn-

drome [56] (P < 0.0001). Out of 111 patients, 27 (24 %)

developed complications, including 7 infections (6 %), 14

lead migrations (13 %), and 6 (5 %) lead fractures; all of

these developed within 6 months after implantation [56].

Another recent study showed that peripheral

neuromodulation is a safe and effective treatment option

for intractable chronic pain conditions. Results of a prospec-

tive, observational Australian study of 100 consecutive

patients receiving PNFS for the treatment of chronic cranio-

facial, thoracic, lumbosacral, abdominal, pelvic, and groin

pain conditions included 16 adverse events without any

report of long term complications [57]. The frequency of

adverse events were as follows: lead infection—1, hardware

erosion—7, hardware migration—2, leads too superficial—

3, leads too tight—1, hardware failure—2, with a total rate

of complications reaching 14 %, with some patients having

more than one complication [57]. The greatest reduction in

pain was observed in the abdominal PNFS group, in which

there was an average drop of 7.0 � 1.0 pain scale points

(P < 0.007). A statistically significant reduction in pain was

observed in the lumbosacral group, with a reduction of

3.3 � 2.3 pain scale points (P < 0.000) [57].

With ongoing accumulation of clinical and research data

in the field of PNS, more in-depth understanding on the

mechanisms of action, technical details, and complications

will become available for review [58]. Further research in

PNS will allow new indications, new targets, and new

devices. For example, development of a dedicated PNS

system for post-amputation pain with special cuff-like

electrodes is now undergoing clinical trials [59] (Electrical

Nerve Block, Neuros Medical, Willoughby, Ohio). A single

piece ultra-compact electrode/generator combination

(BION, Boston Scientific) is currently under evaluation for

the effectiveness for chronic cluster headache [60]. In a very

different approach, intramuscular nerve stimulation with a

dedicated device (IMN, SPR Therapeutics, Cleveland, Ohio)

is being tested for stimulation of the deltoid muscle for

refractory shoulder pain in hemiplegic patients [61]. There

are multiple recent reports of pioneering PNS applications

including the use of splanchnic nerve PNS for chronic pan-

creatitis pain [62, 63], paravertebral plexus PNS for thoracic

neuropathic pain [64], inguinal and genitofemoral PNS for

postoperative testicular pain [65], and vagus nerve stimula-

tion for migraines [66].

With recent regulatory approval of PNS in Europe for the

treatment of chronic lower back pain and intractable chronic

migraines, clinical interest in this modality will continue to

grow and is expected to stimulate accrual of objective evi-

dence in terms of safety, efficacy, best indications, and

optimal stimulation parameters. All of these will be neces-

sary for regulatory approval worldwide and for greater

benefit to the patients who are still suffering from chronic

neuropathic pain.

Peripheral Nerve Field Stimulation of the C2 Nerve
Electrical stimulation of the occipital branch of the C2 nerve

takes a special place in PNFS, because of its seemingly

widespread effects, most of which are not fully explained,

even though hypotheses have been proposed of its hypothet-

ical working mechanism [67].

The greater occipital nerve is a branch of the second

cervical spinal nerve which leaves the spinal cord at the

level of the second cervical vertebral body. It provides

sensory innervation of occipital area of the scalp up to the

vertex of the head. The main branches of the nerve arise in

the subcutaneous tissue in a small area just underneath the

occipital protuberance [68]. It usually has medial and lateral

branches which spread and divide into smaller branches in

the subcutaneous area from this point on. The greater occip-

ital nerve afferents enter the C2 segment of the spinal cord at

the level of the nucleus caudalis of the trigeminal nerve
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forming the trigeminocervical complex [69]. The nucleus

caudalis projects to the thalamus, which relays sensory

input to the cortex. Furthermore, animal studies have

shown connections between neurons of the C2 spinal cord

and the hypothalamus [70], the thalamus [71], the

periaqueductal grey [71], the amygdala [70], anterior cingu-

late cortex [72], and posterior insula [72]. Thus, the C2

neurons in the spinal cord are directly connected to most

areas of the pain matrix, and both to the medial and lateral

spinothalamic pain pathways. C2 PNFS can thus theoreti-

cally modulate both the discriminatory (pain intensity, local-

ization, etc.) and affective (attention to pain, unpleasantness,

distress, etc.) components of the pain. This was also

demonstrated in a recent fMRI study, showing that

depending on the stimulation pattern (burst vs. tonic) and

frequency, different brain areas are modulated [73]. For

example burst stimulation exerts a BOLD activation of the

dorsal anterior cingulate cortex, an activity which is related

to unpleasantness, whereas tonic stimulation seems to exert

a BOLD deactivation in a healthy volunteer [73]. But it also

influences the thalamus, somatosensory cortex, and

periaqueductal grey in a different way depending on the

stimulation design [73]. PET scans performed during C2

stimulation in patients revealed significant changes in the

regional cerebral blood flow in the dorsal rostral pons, ante-

rior cingulate cortex, and the cuneus, correlated to pain

scores. Changes in the anterior cingulate cortex and the left

pulvinar correlated to paresthesia scores [74]. As these

structures are well known to be involved in the brain pain

matrix, these data might suggest that stimulation of the

greater occipital nerve results in a modulation of brain activ-

ity in pain related cortical and subcortical structures.

Indications for C2 PNFS

Headache
Introduction of percutaneous insertion technique in the field

of PNS allowed treatment of the craniofacial region [31].

PNS of occipital nerves has been successfully used for

treatment of chronic headaches due to occipital neuralgia,

cluster headache, and migraine [58]. In addition, occipital

PNS was recently reportedly successful in the management

of chronic headaches [75] as well as a complicated case of

occipital neuralgia [76].

Headache: Occipital Neuralgia
Occipital neuralgia, or Arnold’s neuralgia, has been one of

the first clinical indications in which greater occipital nerve

stimulation has been used. In this pathology, patients suffer

from an aching, burning pain at the occipital nerve area

which can be triggered by neck movements and touching

trigger points at the occipital scalp. PNFS seemed to have a

strong effect in pain reduction in this syndrome [17]. Further

publications confirmed these results in a group of 17 patients

with a follow-up of 1.5–6 years. Percutaneous cylindrical

leads were placed on a horizontal line at the level of the

occipital protuberance. Approximately two-third of the

patients experienced a pain relief described as excellent

and one-third described as good [5]. A more recent publica-

tion describes similar results in a group of 14 patients;

however, 4 patients did not pass the trial phase of their

study [77]. However, the results seem to be reproducible in

various studies [78–82] (see Table 3.1 for overview).

Headaches: Chronic Migraine
The main developments in occipital PNS came from its use

in migraine headaches. Despite disappointing results of the

first two multicenter prospective randomized studies

investigating occipital PNS in patients with intractable

migraines [93, 95], the third multicenter double-blind, con-

trolled study aimed to assess safety and efficacy of occipital

PNFS for the management of chronic migraine. This spon-

sored study showed a significant difference between the

active and control groups in essentially every monitored

indicator [92], including a decrease in days of headache

(22.5 vs. 3.4), improvement in MIDAS scores (64.6 vs.

20.4), improvement in Zung Pain and Distress Scales (13.3

vs. 5.5), improvement in visual analogue scale of pain sever-

ity (14.1 vs. 7.0) and improvement in quality-of-life

measures. Furthermore, there was only a 1 % rate of serious

device and procedure-related events in the entire cohort of

157 patients [92]. Based on these results, the authors

concluded that occipital PNS is safe and effective in treat-

ment of headache pain and disability associated with chronic

migraine [92].

These studies were initiated after some evidence derived

from smaller scale studies suggesting C2 PNFS could benefit

migraine patients. In a publication of Oh et al. patients were

included suffering from both occipital neuralgia and

transformed migraine. The results were positive in nine out

of ten patients at 6 months. Pain relief was rated as good to

excellent [79]. Other studies achieved similar results [74, 84,

91]. A recent review by Young et al. provides an overview of

these results [96] (see Table 3.1).

Simultaneous neuromodulation of occipital and supraor-

bital [97] or occipital and auriculotemporal nerve [98] has

been used for challenging cases of severe migraine. PNFS of

occipital nerves alleviates headache by acting on the

trigeminocervical nucleus complex in the brainstem. In a

multicenter retrospective study of 31 patients with various

type of headache, 56 % had no headache after 1 year of

peripheral neuromodulation, and 47 % stopped taking medi-

cation [99]. These results indicate that this treatment might

have beneficial effects on the overall quality of life in
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chronic migraine patients and that the onset of beneficial

effects can be expected after a period of 3 months of

stimulation.

Headaches: Cluster Headache
Recently, a group from Belgium presented results of long-

term follow-up (mean 36.82 months) of 15 chronic cluster

headache patients, who were resistant to drug treatment,

implanted with occipital stimulators [100]. This approach

resulted in sustained disability reduction. Results indicated

that 60 % became pain-free for prolonged periods [100].

PNS of occipital nerves in patients with cluster headache

appears to stimulate metabolic normalization in the pain

neuro-matrix, seen on PET scan [101]. Frequency, duration

and severity of the cluster attacks were reduced in 90 % of

the patients with refractory chronic cluster headache in a

different series of ten patients [102]. Refractory cases of

cluster headache may require trigeminal peripheral

neuromodulation in addition to occipital PNS [97].

Burns et al. published their results on eight patients, with

a 26 months follow-up period with an improvement in

severity and frequency in six out of eight patients in the

Lancet [87, 103]. Magis et al. describe similar results and a

difference in the nociceptive blink reflex after stimulation

[85, 104]. These studies teach us that the clinical beneficial

effect starts after weeks, as well as the wash-out of the

beneficial effects of stimulation after switching of the

stimulator.

Fibromyalgia
Fibromyalgia is a disease which consists of chronic pain in all

four limbs of the body, without any abnormalities on clinical,

physical, and technical examinations. The syndrome is

accompanied by other symptoms like fatigue, sleeping

disorders, irritable bowel syndrome, and headaches [105,

106]. It has a prevalence of up to 4 % and the socioeconomic

burden is high. Berger et al. report a mean total healthcare

cost of $ 9,573 per patient per year in the USA [107, 108].

Thimineur and De Ridder published results on a group of

12 patients suffering from chronic migraine and fibromyal-

gia, treated with PNFS of the occipital branch of the C2

nerve. They implanted percutaneous cylindrical leads at a

horizontal line underneath the occipital protuberance.

Patients reported a reduction in the visual analogue scale

Table 3.1 Occipital nerve stimulation for headache syndromes

Study Indication Responders Effect

Melvin et al. (2007) [83] Occipital headache (n ¼ 11) 11/11 67 %

Popeney et al. (2003) [84] Migraine (n ¼ 25) 20/25 88.7 % improvement MIDAS

Oh et al. (2004) [79] Occipital neuralgia (n ¼ 20) 18/20 90 %

Weiner et al. (1999) [5] Occipital neuralgia (n ¼ 13) 13/13 100 % good to perfect

Matharu et al.(2004) [74] Migraine (n ¼ 8) 8/8 100 % good to perfect

Kapural et al. (2005) [80] Cervicogenic headache (n ¼ 6) 6/6 70 %

Rodrigo-Royo et al. (2005) [82] Occipital neuralgia (n ¼ 4) 4/4 100 %

Slavin et al. (2006) [77] Occipital neuralgia (n ¼ 10) 10/10 >50 %

Magis et al. (2007) [85] Cluster headache (n ¼ 8) 7/8 50 %

Schwedt et al. (2007) [86] Cluster headache (n ¼ 3) 15/19 52 %

Hemicrania (n ¼ 6)

Migraine (n ¼ 8)

Post-trauma (n ¼ 2)

Burns et al. (2007) [87] Cluster headache (n ¼ 8) 6/8 64 %

Picaza et al. (1977) [17] Occipital neuralgia (n ¼ 6) 3/6 100 % good to perfect

Schwedt et al. (2006) [88] Hemicrania Continua (n ¼ 2) 1/2 70 %

Ghaemi et al. (2008) [89] Post cervical fusion pain (n ¼ 1) 1/1 90 %

Amin et al. (2008) [90] Supraorbital neuralgia (n ¼ 10) 10/10 77 %

Brewer et al. (2012) [91] Migraine (n ¼ 12),

Cluster headache (n ¼ 5),

Miscellaneous headaches (n ¼ 8)

5/10, 4/5, 5/8 18 % decrease of headache,

27 % decrease in severity and

50 % decrease in MIDAS

Silberstein et al. (2012) [92] Chronic Migraine (n ¼ 105) NA 22.5 % decrease in headache days,

64.6 % decrease in MIDAS scores,

14.1 % improvement in VAS of

pain severity

Saper et al. (2011) [93] Chronic migraine (n ¼ 110) 43/110 >50 % decrease in headache days

or/plus 3 or more points decrease

in VAS

Burns et al. (2009) [94] Cluster headache (n ¼ 14) 10/14 52 %
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for bodily pain of approximately 60 %. Besides these

findings the authors report a decrease in fatigue and depres-

sive mood as well as an increase in life quality [109]. Plazier

et al. describe their results in a group of 11 patients,

implanted with a cylindrical lead at the occipital nerve

area. A double-blinded placebo controlled crossover design

was applied for 10 weeks. A significant decrease in pain

could be reported between the active stimulation scores and

the sham stimulation (approximately 40 %). At 6 months

these results remained stable. Besides the decrease in visual

analogue scale a significant decrease in pain catastrophizing

behavior could be found [110].

Pain catastrophizing behavior defines the emotional

aspects of the total pain experience. As these scores get

higher, patients get more distressed, worried, and occupied

by their pain. Negative correlations between pain

catastrophizing and life quality have been described [111,

112]. This might suggest that the overall beneficial effects of

this form of stimulation on fibromyalgia might partially be

caused by decreasing pain catastrophizing behavior.

The various functional imaging as well as source

localized EEG studies (Plazier et al., unpublished data)

reveal activity changes in various brain regions involved in

catastrophizing behavior [73, 74, 101, 113–116].

In an ongoing sponsored trial the effects of this form of

stimulation on the symptoms of fibromyalgia are being

evaluated. Ad interim analysis reveals similar findings to the

previously mentioned studies (Plazier et al., unpublished data).

Peripheral Pain
A case report shows that C2 PNFS might be capable of

suppressing neuropathic pain in the setting of failed back

surgery syndrome (FBSS) [117]. In summary, a subcutane-

ous C2 electrode was inserted under local anesthesia, and

attached to an external pulse generator in a patient with

FBSS. Classical tonic stimulation, consisting of 40 Hz stim-

ulation, a placebo and a burst stimulation, consisting of

40 Hz burst mode, with five spikes delivered at 500 Hz at

1,000 μsec pulse width and 1,000 μsec interspike interval

were tested. All stimulations were performed subthreshold

for paresthesias. Burst mode was superior to placebo and

tonic mode, and she received a fully implanted C2 electrode

connected to an IPG via an extension wire. The burst design

was capable of both suppressing the least and worst pain

effectively, and she has remained almost pain-free for over

3 years.

Its mechanism is unclear but has been suggested to be

related to similar mechanisms involved in fibromyalgia

related pain suppression by ONS.

C1–C3 cells represent 45 % of all spinothalamic

neurons and relay information from all levels of the cord

to periaqueductal grey and/or thalamus [118] via a

calbindin positive pathway [119]. C1–C3 spinothalamic

tract neurons process sensory information from wide-

spread regions of the body [120]. Upper spinal

cord stimulation at C1–C3 modifies firing rate of

>90 % of lumbosacral spinothalamic cells [121], and

may therefore modulate transmission of noxious stimuli

from lumbosacral origin, analogous to what has been

proposed for the modulation of widespread bodily pain in

fibromyalgia [67, 109].

Tinnitus
C2 nerve stimulation has been performed for suppressing

tinnitus, using both TENS [122] and implanted electrodes

[123]. The concept is based on well described somatosensor-

y–auditory interactions [124]. Several studies have

demonstrated the interactions between the somatosensory

and auditory system, either at the dorsal cochlear nucleus

(DCN) or at the inferior colliculus [125]. The aim of somato-

sensory stimulations is to decrease dorsal cochlear nucleus

activity, as increased DCN activity has been implicated in

tinnitus [126, 127]. The DCN receives auditory input from

the cochlear nerve and somatosensory input, directly from

the ipsilateral dorsal column and spinal trigeminal nuclei

[128–130] or indirectly via the dorsal raphe and locus

coeruleus [131]. The pinna and the neck are innervated by

the upper cervical nerves (C1–C3), which project to spinal

trigeminal nuclei [132–134]. C2 electrical stimulation

produces a pattern of inhibition and excitation, of the princi-

pal cells [135] in the ventral and dorsal division of the

cochlear nucleus [136–138], and can hereby suppress or

enhance responses to sound [136, 137]. Not only C2 electri-

cal stimulation can modulate the DCN. Electrical stimula-

tion in the cat spinal trigeminal nuclei also yields strong

inhibition and weak excitation of DCN principal cells [138,

139]. Thus both C2 and trigeminal stimulation can be pro-

posed as treatments for tinnitus. For C2 electrical stimula-

tion, noninvasive electrical stimulations using TENS have

shown that it is possible to change the tinnitus percept [140,

141]. In a large study of 240 patients, only 17.9 % (N ¼ 43)

of the patients with tinnitus responded to C2 TENS. They

had an improvement of 42.92 %, and only 6 of 240 patients

had a reduction of 100 %. The first uncontrolled data do

also show that similar results can be obtained by implanting

wire electrodes subcutaneously in the C2 dermatome, as

can implants on the spinal cord at the C2 level [123]. It

can be expected that only very few people will respond

to implants of the C2 or trigeminal dermatome, analogous

to the amount of responders to TENS. A recent fMRI

study demonstrated that subthreshold and suprathreshold

stimulations are possible and evoke similar BOLD activation

patterns in the brain [73], suggesting that placebo-controlled

studies are feasible.
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Device Choice

Traditionally, equipment used in PNS was originally

designed for SCS. There was a wrap-around design of initial

custom made electrode leads used in PNS for phrenic and

vagal nerve stimulation for the treatment of diaphragmatic

palsy, epilepsy, and depression. Subsequent introduction of

the “multi-button” electrode design for PNS never went into

mass production. These were designed to specifically stimu-

late separate fascicles of a large mixed nerve, such as sciatic,

but for variety of reasons, the standard paddle electrodes

already available for SCS applications became the preferred

PNS delivery device. To overcome formation of scar tissue

between the nerve and the electrode, paddles were then

modified by attaching an integrated Dacron mesh, which

could be wrapped around the nerve [142]. However, the

open surgical approach with nerve exploration required for

implantation of these electrodes meant this technique was

mostly abandoned with the advent of percutaneous PNS

techniques.

Although percutaneous placement now dominates the

field of PNS, some neuromodulators still use paddle leads

for PNS because of several important benefits of paddle

leads. First, modern paddles have several rows of electrode

contacts (between 1 and 5 rows), separated by a preset

distance. This facilitates multiple stimulation paradigms in

the longitudinal, transverse and oblique directions, with

electrode contact configuration that matches the course of

sensory fibers inside the nerve trunk. Second, the paddle

structure ensures unidirectional stimulation, whereby elec-

trical energy gets directed toward the nerve, while the

surrounding tissue gets shielded by the insulation of the

paddle’s backing. Thereby, paddle leads consume less

energy to produce the desired effect and may be associated

with longer implantable pulse generator (IPG) battery life.

Third, the use of paddle electrodes in PNS, similarly to SCS

experience, is associated with a lower migration rate.

The invasiveness of paddle insertion and need for highly

refined surgical skills to expose peripheral nerves were

among the reasons for the lack of widespread acceptance

of paddle-based PNS. Additionally, there have been multiple

reports of perineural fibrosis following long-term PNS with

paddle leads, which has raised concern about their safety and

appropriateness, even though this phenomenon occurred in a

very small percentage of patients. Nevertheless, percutane-

ous lead insertion for PNS/PNFS application has become so

widespread that, by some estimates, this application

accounts for between 25 and 50 % of the devices implanted

in the USA in 2011.

Currently, percutaneous electrode leads are generally

chosen when the nerve of interest is located in a predictable

area, when stimulation may be delivered without direct

contact with the nerve, and whenever the painful area may

require coverage with one or more leads, whereby

stimulating paresthesias are concordant with the pain distri-

bution. Additionally, insertion of percutaneous PNS leads

may be facilitated by the use of ultrasound guidance, which

helps in localizing the nerve pathway and depth while

avoiding adjacent vascular structures.

The choice of power source for PNS is usually deter-

mined by stimulation energy requirement. In the past

(and even now in the USA), the only approved devices for

PNS applications were radiofrequency (RF)-coupled

systems. In such systems, the power source is external

and delivers energy by means of a RF link between a

transmitting antenna and an implanted receiver, which is

connected to the electrode-leads either directly or via

extensions. Once popular, these RF-coupled systems are

rarely, if ever used today.

Initial IPGs were powered by a prime cell battery, which

meant that the entire device had to be replaced when the

battery became depleted. Such depletion could occur within

a year after implantation, if high power settings were used in

stimulation, or if stimulation was used continuously. The

need for frequent IPG replacement was eliminated by the

introduction of rechargeable technology. Today, recharge-

able IPG devices dominate the neuromodulation market-

place. However, in some parts of the world, this

technology is not available due to a lack of regulatory

approval or the high cost of rechargeable IPGs. In PNS

applications, use of rechargeable technology makes great

sense since the low profile and smaller size of rechargeable

IPG leads to less discomfort and better cosmoses for this

patient population.

Of interest, several old PNS designs, including wrap-

around electrode leads and RF-coupled power sources have

been reincarnated with modern PNS applications. Two new

companies have put their main focus on PNS-oriented

devices. One company uses specially designed coil-like

electrode leads, which are designed to be wrapped around

peripheral nerves while delivering high-frequency electrical

stimulation to eliminate pain of amputation neuroma [59].

Another company developed an RF-coupled implantable

system whereby the electrode lead itself serves as an antenna

linked to an external miniature power source, which is taped

to the skin above it [24].

Procedural Details

Techniques used for PNS implantation depend on both the

stimulation target and the choice of hardware. For direct

stimulation of a specific peripheral nerve, the electrode

lead may be implanted through open exploration of the

nerve segment or by percutaneous placement in the vicinity

of the nerve. In both scenarios, anatomical knowledge of the

nerve course is important.
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For percutaneous placement, electrode insertion may be

facilitated by fluoroscopy (to define known skeletal

landmarks) or ultrasound (to directly visualize the nerve

and adjacent vascular bundle). Identification of the surgi-

cally accessible segment of the nerve, where branching is

minimal, is important. Additionally, it is critical to plan

electrode lead position, entry, and tunneling path in advance,

to avoid major joints, since repetitive movement of the lead

or extension cable may result in material fatigue or fracture.

Furthermore, constant manipulation of metal wires and

external plastic insulation may damage the equipment. Sur-

gical experience is essential for implanting paddle electrodes

for PNS, as is a great familiarity with intraoperative ultra-

sound, for PNS targeting.

Conversely, detailed knowledge of peripheral nerve anat-

omy is not as essential for PNFS applications. Here, the

electrode leads are implanted either in the middle of the

painful area, or on its edges. Traditionally, it was thought

that one cylindrical electrode could cover an area the size of

a business card (or a credit card) if the electrode was placed

medially. Any larger treatment area, within a 10–12 cm

limit, should be treated with two leads placed on the periph-

ery of the painful region. More recently, this initial place-

ment paradigm has evolved subsequent to the introduction of

the “cross talk” approach, which postulates that very large

areas can be covered with separate electrode leads placed far

from each other [50]. This approach has been validated with

theoretical modeling and in small clinical series, but thus far

has not received widespread acceptance.

For both PNS and PNFS applications, the ideal depth of

the electrode is just above the deep subcutaneous fascia.

Placing leads in the epifascial plane has limited the develop-

ment of muscle spasms, which would occur when the elec-

trode was placed too deep. Additionally, this has limited the

risk of lead erosion, which would occur if the lead were

placed too superficially.

Depth of electrode placement is important in selection of

an appropriate anchoring device. Some commercially avail-

able anchors have a high profile, which may lead to discom-

fort or visible deformation of the skin, and in turn, may lead

to erosion over time. Anchoring electrode lead(s) in place is

an important step in device implantation given the high

mobility of soft tissues in PNS/PNFS applications. Improper

anchoring may result in even higher migration rate than seen

in SCS, where leads are relatively immobile in the epidural

space or in DBS, where leads are skull mounted.

Whichever anchor or anchoring technique is used, it is

generally recommended to use non-absorbable sutures and

to fix the lead to a hard tissue, such as thick deep fascia.

Additionally, it is recommended to use “strain relief” loops,
which are intended to minimize lead displacement during

the patient’s body movement. These loops should be placed,

if possible, next to the anchor (between the anchor and the

generator) and next to the IPG, minimizing the chance of

electrode migration and/or fracture.

The location and depth of IPG implantation should also

be preplanned. Position of the IPG in PNS cases is usually

dependent on the location of pain and electrode leads. Plac-

ing the IPG over bony prominences (edge of the rib cage,

iliac crest, scapula, etc.), or too close to the midline, should

be avoided to prevent patient discomfort. Placing the IPG

too deep in the soft tissues may interfere with the ability to

recharge the device. Alternatively, placing the IPG too

superficially, immediately under the dermis increases the

risk of poor wound healing, device erosion, and implant

site pain.

Occipital Nerve Stimulation Techniques

The implantation and trial and permanent implantation

phase of occipital nerve stimulation does not, technically,

differ from the above mentioned. The electrode(s) are nor-

mally located in an area just underneath the occipital protu-

berance. This is the region where the main branches of the

greater occipital nerve can be found [68]. Both techniques

with paddle leads and percutaneous leads have been

published [143]. Weiner et al. published their technique

with introduction of the lead with a Tuohy needle [5] The

lead is positioned in the subcutaneous tissue in a horizontal

line between the two pinnae of the ears. If the lead is placed

to low or to deep, it might stimulate the cervical muscle

tissue. This will cause undesirable effects [144].

The lead can be anchored to the muscle fascia, or perios-

teum tissue, or be tunneled in a steep angle to prevent lead

migration. Trial can be performed by connecting the lead to

an extension cable and externalize the contacts of this cable.

After successful stimulation, the extension cable can be

removed and a full system can be implanted with the IPG

at the desired site of the body. In some indications where the

onset of effects might take long periods, like chronic

migraine, the IPG can be implanted directly.

PNS Complications

Complications of all neuromodulation techniques are gener-

ally divided into ten main groups [145]. Some occur primar-

ily with intrathecal pumps and other means of chemical

neuromodulation; some others are specific to the central

nervous system and apply to the electrical stimulation of

spinal and cerebral structures. Several categories, however,

are applicable to PNS including infection, hemorrhage,

injury to nervous tissue, placement of device in the wrong

compartment, hardware migration, erosion, and device mal-

function, which includes lead fracture and disconnection.
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Through advancement in technology, many initial PNS

complications are rarely seen today, while others remain

essentially unchanged.

In the early stages of PNS practice, electrodes were

custom-made. Some wrap-around electrodes had Silastic

backing [146] with platinum wires facing the nerve being

stimulated. In some circumstances, this backing

accumulated a significant amount of fluid, which subse-

quently affected electrical impedance, leading to loss of

electrical conductivity [146]. Later, as cuff electrodes were

designed to be more biocompatible, the principal complica-

tion was nerve injury secondary to development of fibrosis

and possible ischemia, which was caused by electrodes

strangling the nerve within the soft tissues. Reporting of

multiple incidents of this complication significantly

contributed to abandonment of this device [18, 33, 147].

Furthermore, despite meticulous dissection and secure

anchoring, some cuff electrodes became displaced,

necessitating electrode revision.

The migration incidence increased with introduction of

the percutaneous PNS technique, whereby tissue friction is

minimal and the only thing that holds the electrode in place

is the anchor and the so-called “strain relief loop,” which is

commonly placed next to the anchoring site. Most surgeons

who have revised percutaneous PNS electrode would agree

that these electrodes easily migrate, and the tissue reaction

around them is minimal. Migration is unlikely to happen in

lateral (relative to the electrode axis) electrode placement.

Most commonly, migration occurs secondary to the elec-

trode pulling out from its original lead position. Sometimes,

if the anchor is completely incompetent, or if the patient

presents with hypermobility over the electrode path, migra-

tion can be dramatic. In addition to this “pull-out” phenom-

enon, the electrode lead may also migrate “in”, shifting more

distally along the electrode path. If migration is suspected,

simple plain films compared to original images at time of

electrode placement can help to differentiate. Thereby, it is

important to obtain and save radiographic images of initial

electrode lead position at time of original implantation.

Incidence of migrations is variable, and ranges from 0 to

100 % depending on series [143, 148, 149]. Revision of

malpositioned or migrated electrodes, which are still func-

tioning, is relatively easy. A simple technique allows for

repositioning without reopening the generator pocket

[150, 151]. However, it is important to have the generator

pocket prepped and ready for exploration should the elec-

trode lead turn out to be damaged or otherwise unsuitable for

reinsertion.

Electrode leads may break at any time after implantation.

Breakage (fracture) is usually secondary to kinking in the

electrode’s lead insulation. The lead insulation of internal

wires may break due to repetitive movement that involves

repetitive stretch or compression of the device, resulting in

material fatigue and eventual failure. This issue should be

considered when choosing the path of electrode lead place-

ment and generator location. Crossing large joints and

tunneling greater distances is associated with higher rate of

fractures and migrations.

Both infection and hemorrhage have occurred with PNS

devices, but incidence is rare. Since most devices are placed

in superficial locations, hemostasis is generally obtainable

and hematoma formation is rarely symptomatic. Infection,

on the other hand, may occur soon or late post-implantation.

Surgical infection may result from poor surgical technique

or insufficient dissection of anchors and connectors,

resulting in excessive tissue tension, which prevents wound

healing. In our series of 40 patients with PNS implants that

were followed for longer than 30 months, there were two

infections [23]; in each case, the device had to be removed.

Infection was managed with systemic antibiotics specific to

antibiotic sensitivities, once established. PNS systems may

be reimplanted several months after infection is eradicated,

as long as the cause of infection is understood and addressed.

Placement of the PNS device in the wrong compartment

is a theoretical concern, since most PNS electrodes are

inserted in a subcutaneous epifascial plane. However, since

the proximity of electrode lead to the nerve being stimulated

is extremely important in obtaining adequate paresthesias

and maintaining stimulation parameters within reasonable

range, various techniques have been suggested to improve

the placement accuracy. Most PNS implanters rely on use of

fluoroscopy for localization [152], but now multiple reports

suggest ease of use of intraoperative ultrasound for localiza-

tion of the nerve trunk and the surrounding structures

[6, 153, 154]. Insertion of electrodes too deep into soft

tissues can cause unpleasant muscle spasms during stimula-

tion [144]; insertion too superficially may result in lead tip

erosion [155].

Overall, most PNS complications are minor and rarely, if

ever, require hospitalization. Recently, we analyzed our

institutional experience with PNS. Among nearly 100 PNS

cases since April 2000, we identified 40 patients who

underwent original PNS trial at our institution, who were

then followed up for 30 months or longer [23]. The

remaining patients had either shorter follow-up, or had

their initial surgery at another institution. Out of 40 patients,

8 did not sufficiently improve during the trial and 32

proceeded with permanent implantation. In a long-term

follow-up series, 27/32 patients underwent subsequent

operations (including 12 battery replacements) but only

1/32 had an infection requiring hospital admission. Out of

15 reoperations, there were 6 revisions (1 for electrode

erosion 4 weeks after implantation, 4 for electrode migration

at 1, 3, 5, and 9 months after original implantation, 1 for

device disconnection), and 9 device removals (2 from

infections at 1 and 49 months, due to a loss of effectiveness
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at 9, 10, and 25 months, and 4 due to improvement of

symptoms at 13, 17, 21, and 56 months after original implan-

tation) [23]. This experience illustrates the well-known

observation about the high rate of complications but rela-

tively minor morbidity associated with PNS [143, 149].

Outcomes

The long-term outcome of more recently introduced PNFS is

still unknown. The large series from Australia and Europe,

some of which were used for getting regulatory approval on

these continents, discussed outcomes of 3 months in a het-

erogeneous cohort of 111 patients (the Austrian multicenter

study [56]) and 7 months in 13 patients (the Australian

experience [156]). All published studies documented consis-

tently observed more than 50 % reduction in pain level in

every group of PNS/PNFS patients.

In traditional PNS cases, much longer follow-up has been

summarized in multiple publications. An average follow-up

of more than 10 years in a combined German–Israeli experi-

ence of Dr. Waisbrod showed that among 46 implanted PNS

patients, good results were observed in 22/30 (73 %) of

lower extremity implants and in 10/12 (83 %) of upper

extremity implants [157]. The patients with postsurgical

nerve injury and entrapment neuropathy exhibited signifi-

cant improvement in >80 % of cases, while those with pain

after traumatic injections had 50 % success rate, and those

with pain after nerve graft—0 %. Even longer follow-up

(more than 20 years) was reported in the Belgian study of

Drs. Van Calenbergh and Gybels where patients implanted

in the 1980s continued to enjoy>50 % improvement in pain

intensity when using their PNS devices [158].

Conclusions

The peripheral neuromodulation approach includes the

following three modalities: (1) PNS, which requires

implantation of stimulating electrode leads over the

affected peripheral nerves; (2) percutaneous PNS, which

involves insertion of stimulating electrode leads in the

vicinity of the nerve with proper guidance; (3) PNFS that

stimulates smaller nerves and nerve endings in the region

of pain. Peripheral neuromodulation is an effective way

to control chronic, disabling, neuropathic pain of various

etiologies, which is refractory to medical treatment.

Peripheral neuromodulation is expected to be more

widely accepted (and properly covered by regulatory

agencies and payers) once there is more prospective

data showing long-term clinical efficacy and cost-

effectiveness.

Although commonly used in clinical practice, periph-

eral nerve stimulation (PNS) for treatment of chronic

neuropathic pain is mostly performed using devices

developed and marketed for spinal cord stimulation

applications. This may be one reason why PNS is marked

by a relatively high complication rate, since the anatomy

of peripheral nerves and surrounding soft tissues is quite

different from the epidural spinal space, for which the

current devices are designed. Based on literature data and

analysis of the authors’ experience with PNS, despite the

high rate of complications, morbidity associated with the

PNS approach is low, and most problems may be resolved

with simple revision surgeries performed on an outpatient

basis. Reduction in the complication rate is expected to

occur when the hardware used in PNS procedures is

appropriately adapted and designed for PNS applications.

Introduction of dedicated PNS/PNFS devices will not

only reduce complication rates, but will also likely

improve reliability and sustainability of optimal

outcomes. Based on the authors’ observations and

expectations, the next decade will bring both technical

advances and clinical experience in the PNS/PNFS arena.
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Spinal Cord Stimulation 4
Kliment Gatzinsky

Introduction

Spinal cord stimulation (SCS) uses modern implantable

technology to deliver long-term electric stimulation to the

nervous system and reflects a transition away from ablative

procedures towards reversible neuromodulation for pain

treatment. Electrodes are implanted into the epidural space

of the spinal column (lying outside the dura mater) for

stimulation and activation of the dorsal columns of the spinal

cord in order to block transmission of painful stimuli via

the spinothalamic tracts to the brain. SCS is today the

most commonly used interventional neuromodulation

technique with estimated more than 30,000 stimulators

implanted annually. The therapy reflects major advances in

neuromodulation technology and methodology and is fully

reversible. SCS does not cure chronic pain, but it can provide

effective pain relief, either alone or in addition to medication

and other treatments.

Mechanisms of Action of Spinal Cord
Stimulation

Spinal cord stimulation as a treatment option for pain was first

introduced by Norman Shealy in 1967 [1]. It was a spin-off of

the gate control theory presented by RonMelzack and Patrick

Wall in the early 1960s, in which it was suggested that

physical pain is not a direct result of activation of pain

receptor neurons, but rather its perception is modulated by

interaction between different neurons [2]. The experience of

pain, according to the gate control theory, depends on a

complex interplay between the peripheral and central nervous

system (PNS and CNS) as they each process pain signals.

Upon injury, pain messages originate in nerves associated

with the damaged tissue and flow along the peripheral nerves

to the spinal cord and on up to the brain where the pain is

perceived. Before reaching the brain these pain messages

encounter “nerve gates” in the spinal cord that open or close

depending upon a number of factors (possibly including

instructions coming down from the brain). When the gates

are opening, pain messages “get through”more or less easily

and pain can be intense. When the gates close, pain messages

are prevented from reaching the brain, and may not even be

experienced. In the original theory on how SCS acts to reduce

pain it was proposed that electric stimulation of A-beta fibers

in the dorsal columns of the spinal cord modulates the dorsal

horn “gate,” thereby reducing the input of pain signals from

the periphery via A-delta and C-fibers. The therapy has there-

fore often been called dorsal column stimulation.

The exact neurophysiologic mechanisms of action of SCS

have, however, proven to be more complex than initially

suggested and are still not well understood [3]. The gate

control theory does not explain the mechanisms of action

of SCS accurately, as SCS principally modulates neuro-

pathic pain without having an adequate effect on nociceptive

pain. Current knowledge of SCS mode of action is predomi-

nantly derived from experimental animal models [4–6]. Data

from these studies indicate that possible mechanisms, except

for the gate control, include:

• Orthodromic supraspinal impulses that may activate

descending inhibitory tracts [7].

• Modulation of the sympathetic nervous system [8].

• Upregulation and downregulation of neuromodulators

and neurotransmitters [3].

More recent data suggest that it might be appropriate to

use a more level-based approach when classifying the

mechanisms by which SCS exerts its effects in pain relief.

Three main levels emerge:

• Local effects at the spinal level

• Central effects at cerebral level

• Peripheral effects on vasculature in organs and tissue

affected by ischemia
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Local Effects at the Spinal Level

In neuropathic pain states, recent experimental data strongly

suggests that SCS alters the neurochemistry locally at the

segmental level in the dorsal horn where injured nerve fibers

enter the spinal cord [9, 10]. This change induces an attenua-

tion of the hyperexcitability of predominantly wide dynamic

range (WDR) neurons, which are involved in transmission of

pain signals [11, 12]. Specifically, there is some evidence for

increased release of gamma-aminobutyric acid (GABA),

acetylcholine, and serotonin (5-hydroxytryptamine [5-HT])

[13–17], and suppression of levels of some excitatory amino

acids, including glutamate and aspartate [18]. Both anti-

dromic and orthodromic signals are involved in the activation

of the segmental modulating circuits. Possible mechanisms

of action of SCS on neuropathic pain at the spinal level are

summarized schematically in Fig. 4.1.

Caution is, however, warranted in uncritical translation of

animal data to the bedside situation, because some behav-

ioral signs interpreted as “pain” in animal models may be

misleading [4]. We still need animal studies to generate

basic data, but these findings should ideally also be con-

firmed in humans.

Effects at Cerebral Level

In addition to the demonstrated local spinal mechanisms

involved in SCS-induced pain relief, investigation of possi-

ble functional alteration at supraspinal levels has attracted

increasing interest during the last few years. Brain activa-

tion/attenuation during and after SCS treatment has been

analyzed by means of positron emission tomography (PET)

[19] and functional magnetic resonance imaging (fMRI)

[20, 21]. H2
15O PET investigation of patients with various

types of neuropathic pain disorders has shown significant

increase in regional cerebral blood flow after SCS treatment

which induces pain reduction [19]. These changes were

identified in: (a) the thalamus contralateral to the painful

limb and in the bilateral parietal association area which

would regulate the pain threshold; (b) the anterior cingulated

cortex and prefrontal areas which would control the emo-

tional aspects of intractable pain. Similarly, fMRI in patients

with failed back surgery syndrome (FBSS) presenting with

chronic neuropathic pain (see Sect. “FBSS”) has shown that

pain relief obtained by short-term SCS correlated with deac-

tivation of the cerebello-thalamocortical circuit which is

supposed to function as an integrator of afferent input within

a distributed network of pain processing [22]. These findings

suggest an important role of central effects on the “pain
matrix” in response to SCS.

Peripheral Effects on Vasculature

SCS is not only effective in reducing neuropathic pain

but may also relieve pain resulting from ischemia in the

extremities, as well as from cardiac ischemic disease which

paradoxically are conditions of nociceptive nature [23]. The

mechanisms involved in SCS-induced alleviation of ische-

mic pain are fundamentally different from those active in

neuropathic pain with effects mainly on the peripheral vas-

culature with vasodilation and increased blood flow in the

affected tissue. Possible mechanisms involved in the effect

of SCS on pain of ischemic origin are discussed in greater

detail in Sect. “SCS for treatment of painful ischemic

disorders.”

Indications for Spinal Cord Stimulation

The primary purposes of SCS are to improve quality of life

and physical function in the long term by reducing the

severity of pain and its associated characteristics. The

Fig. 4.1 Schematic presentation of spinal mechanisms and

transmitters possibly involved in the spinal cord stimulation (SCS)

effect in neuropathic pain based on current knowledge derived predom-

inantly from experimental animal (rat) models of mononeuropathy.

Antidromic activation of dorsal columns (DC) is, via collaterals,

destined to the dorsal horns, establishing contact with a multitude of

neurons, among them wide dynamic range (WDR) neurons and

GABAergic interneurons. A stimulation induced release of gamma-

aminobutyric acid (GABA), binding preferentially to GABA B

receptors, may result in a decreased release of glutamate. Additional

effects involve increased release of acetylcholine (Ach) binding to

muscarinic M4 receptors and adenosine (Aden) binding to A1

receptors. These changes induce an attenuation of the hyperexcitability

of predominantly WDR neurons, which are involved in transmission

of pain signals. An additional important mechanism is activation of

descending controls via serotonergic (5-HT) and noradrenergic (NE)

pathways contained in the dorsolateral funiculus (DLF) originating in

supraspinal, brainstem centers. Many of the mechanisms of action are

still unknown (X). NE ¼ norepinephrine; STT ¼ spinothalamic tract

(Adapted from Meyerson and Linderoth [4])
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patient’s diagnosis is the main determinant for the appropri-

ateness of SCS. Careful selection of indicated patients

is, therefore, a key component of treatment success for

SCS [24–26]. Based on clinical experience and available

evidence of effectiveness, indications that are particularly

suitable include:

• Chronic radiating neuropathic pain of peripheral origin

including FBSS

• Pain in complex regional pain syndrome (CRPS)

• Ischemic pain conditions due to occlusive or vasospastic

arterial disease, such as in lower extremity claudication

and intractable, refractory angina pectoris

Spinal Cord Stimulation for Treatment
of Peripheral Neuropathic Pain

The main indications for SCS are various forms of neuro-

pathic pain and “mixed pain conditions” with a significant

neuropathic component. Currently there is no “gold stan-

dard” for defining and classifying neuropathic pain [27–29].

According to the recent update in pain terminology from

2011, the International Association for the Study of Pain

(IASP) defines neuropathic pain as “pain caused by a primary

lesion or disease of the somatosensory nervous system.”
Neuropathic pain is a clinical description and not a diagnosis.

It is mediated by N-methyl-D-aspartate (NMDA) and other

neurotransmitting receptors [30]. Although the IASP defini-

tion does not specify type of lesion, it is generally understood

that the lesion must involve the somatosensory pathways

with damage to small fibers in peripheral nerves or

to the spinothalamocortical system in the CNS. Current

classifications are based on underlying disease (such as dia-

betic neuropathy or multiple sclerosis) or site of lesion (such

as peripheral nerve or spinal cord). Recent advances in the

understanding of the mechanisms involved in neuropathic

pain have, however, fuelled interest in the development of a

more mechanism-based classification [31]. Although not

without difficulties, such an approach in the future is desir-

able, as it has potential for optimizing the management of

patients with neuropathic pain. According to the mechanism-

based approach [32], peripheral and central sensitization

plays an important role in the generation of neuropathic pain.

Characterization of Neuropathic Pain

• Positive (e.g., spontaneous pain, allodynia, hyperalgesia)

and negative (e.g., hypoalgesia) sensory symptoms and signs

• Typically described by terms like burning, tingling,

shooting, and electric

• After-sensations—after a normally painful/non-painful

stimulus

• Motor symptoms and signs may also be present,

depending on the etiology

The accumulated knowledge and experience has shown that

SCS is effective for treatment of neuropathic pain of PNS

origin but generally not for pain emanating from the CNS.

Consequently, SCS is not effective in post-stroke pain or

pain after complete, transverse spinal cord injury (although

SCS sometimes can be beneficial in partial injuries with

segmental pain) or due to multiple sclerosis. The most com-

mon indications are painful radiculopathy with or without

axial pain, e.g., FBSS, and pain after peripheral nerve injury,

e.g., CRPS type II (see below). Other indications include

phantom/stump pain [33] and painful diabetic neuropathy

[34]. Indications for SCS in treatment of neuropathic pain

depend on defined patient selection criteria based on a body

of clinical evidence and recommendations. Multidisciplin-

ary clinical evaluation plays a fundamental role in patient

selection. Selection criteria include:

• Confirmed diagnosis of neuropathic pain

– Pain localized in an area, e.g., along a dermatome,

without major sensory deafferentation (large myelin-

ated fibers largely intact)

– Decrease in success rate in cases where there is sen-

sory loss. In patients with a marked deafferentation it

is sometimes impossible to produce adequate stimula-

tion and SCS is then invariably ineffective [35].

Examples are the pain syndromes after total brachial

plexus avulsion and complete transverse spinal cord

injury.

– Pain as a direct consequence of peripheral nerve injury

– Lemniscal pathway must be preserved so that SCS can

induce paresthesia covering the painful region.

• Chronic (>6 months)

• Unresponsive to conventional treatment (i.e., failure of

first- and second-line treatment and/or unacceptable side

effects)

• Absence of contraindications

– Sepsis/ongoing infection

– Drug abuse

– Pain due to nociception (e.g., pain related only to

physical activity or certain movements)

– Major cognitive, psychiatric and personality disorders

– Patients who have not received an adequate course of

optimum conservative care

– Coagulopathy

– Active malignancy

– Problems in understanding the technical aspects of the

stimulation—insufficient compliance with the therapy

– Inadequate resources for appropriate aftercare
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Each patient considered a candidate for SCS must be

screened and evaluated individually. The fundaments for

patient selection are:

• Patient history

– Pain history, including detailed drawing of pain

distribution

– Treatment history

– General medical and psychological history

– Patient questionnaires

• Neurological examination

– Bedside examination with a focus on somatosensory

functions

• Laboratory tests

• Psychological evaluation by a psychologist or a pain-

oriented psychiatrist

Additional neurophysiological testing can be performed

if considered necessary for adequate diagnosis of neuro-

pathic pain.

Failed Back Surgery Syndrome

Patients diagnosed with FBSS constitute the largest group

which may present with neuropathic pain considered for

SCS treatment. This is actually not a syndrome but rather a

misnomer that describes a subset of patients who have new

or persistent pain after spinal surgery. The condition may

better be included in the wider designation chronic back

and leg pain (CBLP) which also comprises conditions such

as degenerative disk disease, epidural fibrosis, and

arachnoiditis in patients without previous spinal surgery

[36, 37]. The incidence of FBSS varies widely among dif-

ferent studies, ranging from 10 to 40 % of spinal surgery

patients [37]. The likelihood for developing the condition is

considered greater with repeated surgery, and it is more

prevalent in regions where spinal surgery is more common.

Since the pain is usually of both nociceptive and neuropathic

origin, problems are often encountered in finding an ade-

quate therapy for treating patients diagnosed with FBSS.

Despite previous anatomically successful spinal surgery,

many of these patients show persistent or recurrent

dermatome-based neuropathic pain (radiculopathy) down

the legs with or without back pain. If considered not being

candidates for additional spinal surgery and being refractory

to physiotherapy, pharmacotherapy, or noninvasive periph-

eral stimulation therapies, such as transcutaneous electrical

nerve stimulation (TENS), patients with predominantly

radiculopathy symptoms may be referred for SCS. Patients

presenting with a predominant or isolated back pain are

usually not good candidates for SCS since these patients

mainly present with nociceptive pain, which responds poorly

to traditional SCS.

Spinal Cord Stimulation for Treatment
of Complex Regional Pain Syndrome

Complex regional pain syndrome is a chronic systemic dis-

ease characterized by severe pain, swelling and changes in

the skin following an injury which initially often appears

regionally in an arm or a leg [38, 39]. The symptoms worsen

over time and often spread to other parts of the body. The

abnormal clinical findings associated with CRPS usually

exceed the expected clinical course of the inciting event

(often a relatively mild trauma or minor surgery) in both

magnitude and duration [40]. Vasomotor dysfunction and

impairment of motor function are often seen. IASP has

proposed dividing CRPS into two types based on the nature

of the inciting event, i.e., the absence or presence of a nerve

lesion following the injury [41]:

• Type I, formerly known as reflex sympathetic dystrophy,

Sudeck’s atrophy, or algoneurodystrophy, does not have
demonstrable nerve lesions and consequently does not

fulfill the strict criteria for classification as neuropathic

pain. The majority of patients diagnosed with CRPS are

being of this type.

• Type II, formerly known as causalgia, has evidence of

nerve damage. Type II CRPS tends towards the more

painful and difficult to treat aspects of CRPS. Although

the “cause” of the syndrome is the known or obvious

injury, the mechanisms behind the development of

CRPS Type II are as unknown as the mechanisms of

type I.

CRPS is a multifactorial disorder associated with

dysregulation of both CNS and the autonomic nervous sys

tem resulting in multiple functional loss, impairment, and

disability [42, 43]. Although some studies have suggested

that dysfunction of the sympathetic nervous system is

involved in the pathophysiology [44, 45], more recent data

indicate that wind-up (the increased sensation of pain with

time) and CNS sensitization are key processes that appear

to be involved in the induction and maintenance of CRPS

[46, 47].

No specific test is available for diagnosis of CRPS. The

condition is diagnosed primarily through clinical observa-

tion of the symptoms that are shared by both types of the

disorder (see above). However, thermography, sweat testing,

X-rays, electrodiagnostics, and sympathetic blocks can be

used to help building up a picture of the disease in addition to

the typical clinical findings [48]. A delay in diagnosis and/or

treatment can result in severe physical and psychological

problems. Although some patients improve without treat-

ment, early recognition and prompt treatment provide the

greatest opportunity for recovery. The general strategy in

CRPS treatment is multidisciplinary, with the use of

different types of medications combined with distinct physi-

cal, psychosocial, and behavioral therapies [49]. If these
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treatment strategies do not work, patients can be referred for

SCS which by large has replaced ablative surgical, chemical,

or radiofrequency sympathectomy as second line therapy for

this disorder [50]. Exclusion criteria include evidence of

active, uncontrolled psychiatric disorder or inability to com-

ply with the therapy [51].

Spinal Cord Stimulation for Treatment of Painful
Ischemic Disorders

Spinal cord stimulation as a therapy in ischemic disorders

started in Europe in the 1970s. While using SCS in a patient

with painful ischemic ulcers in the lower extremities, Cook

et al. in 1976 noted that following the application of SCS, the

patient’s pain was alleviated [52]. In addition, the perfusion

to the lower extremities improved noticeably and the

patient’s ulcers began to heal. This observation led the

authors to postulate a direct effect on peripheral vascular

tone by SCS, which laid the basis for the use of SCS as a

treatment option in ischemic conditions. In several European

countries, SCS is frequently used to treat patients with pain-

ful ischemic disorders that are therapeutically refractory to

standard treatment intended to decrease metabolic demand

or following revascularization procedures. The most com-

mon indications are peripheral occlusive arterial disease and

refractory angina pectoris [53–55]. Other indications include

Raynaud’s syndrome [56] and syndrome X [57].

Despite its use for more than 30 years, the mechanisms of

SCS in painful ischemic disorders are yet not fully under-

stood. It is evident that several different mechanisms are

active when SCS is used to treat pain conditions of varying

causes [3]. The active mechanisms in ischemic pain therapy

seem to differ fundamentally from those relevant for the

suppression of neuropathic pain. The postulated beneficial

effects of SCS in peripheral occlusive arterial disease, which

clinically mainly presents as painful, atherosclerotic critical

ischemia in the legs, could be attributed to an improvement

in the microcirculatory status of the limb [8]. The exact

mechanisms of these circulatory changes are not known

but seem to involve both an inhibitory modulation on the

sympathetic nervous system as well as antidromic vasodila-

tion mechanisms, thereby augmenting blood flow in the

limbs [8].

In addition to its use in peripheral vascular disease, SCS

has been reported to be successful in reducing pain due to

myocardial ischemia. The use of SCS for chronic intractable

anginal pain (refractory angina) was first described in 1987

[58] and has been shown to decrease anginal episodes,

sublingual nitroglycerine consumption and signs of ischemia

on the electrocardiogram [59–61]. The effect of SCS seems

to involve a mutual interaction of decreased pain, decreased

sympathetic tone, and redistribution of myocardial blood

flow to ischemic regions [8, 62]. Similar to neuropathic

pain conditions, SCS modulation of pain transmission in

refractory angina has been suggested in part to be mediated

by stimulation of intermediate neurons in the dorsal horns

of the spinal columns, which blocks pain signals carried

out by nociceptive afferent cardiac fibers [63, 64]. The

mechanisms by which the therapy may improve myocardial

ischemia and heart function are not well understood. It has

been hypothesized that SCS exerts its beneficial effects by

decreasing both pain and sympathetic tone, the result of

which is decreased myocardial oxygen demand and con-

sumption along with an improved myocardial microcircula-

tory blood flow [8, 65–68]. It has also been shown that SCS

reduces the increased activity induced by myocardial ische-

mia in neurons of the intrinsic cardiac nervous system,

which includes sympathetic and parasympathetic efferents,

sensory afferents and interconnecting local circuit neurons

[69]. This effect can result in a greater resistance of the heart

to ischemia as shown in animal models [70, 71].

Spinal cord stimulation is not the first-line therapy for

painful ischemic disorders but should be considered after

optimal conventional medical and operative/interventional

revascularization therapies have failed. Patients that suffer

from inoperable chronic critical leg ischemia with pain at

rest and/or ulcers may ultimately face amputation of the leg.

These patients can be candidates for interventional manage-

ment with SCS that is aimed at pain reduction and cure of the

ulcers in order to prevent amputation. For selection of

patients with refractory angina pectoris, a positive TENS

test is highly predictive of successful SCS trial and should

be tested preoperatively [72].

Irrespective of indication, patients selected for SCS

should be adequately informed about the therapy. Preopera-

tive discussions should include describing the procedure,

possible outcomes and risks, and surgical expectations. It is

important that the patient’s expectations on the outcome

should not be unrealistic since complete pain alleviation

can generally not be expected. After the procedure has

been planned and discussed, preoperative laboratory testing

provides objective data to help reconfirm the patient’s con-
dition and identify contraindications, due to comorbidities,

for surgery or anesthesia prior to SCS trialling. One also has

to take into account possible technical contraindications. It is

important to note that SCS can interact with diathermy,

pacemakers, MRI and therapeutic ultrasound which can

result in unexpected changes in stimulation, failure of the

device, and in worst case scenario patient injury [73].

Caution is warranted for patients that have a pacemaker

or implantable cardioverter defibrillator (ICD) due to a

preexisting cardiac disease. If SCS is considered in these

patients, proper evaluation should be performed and the

patient should be cleared by a cardiologist prior to a perma-

nent SCS implant. The coexistence of a cardiac pacemaker
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or ICD and a SCS device, previously thought to be a contra-

indication, is now considered to be a factor in decision

making, but not an absolute negating factor [74].

Spinal Cord Stimulation Stem Components
and Implantation Technique

The procedure for SCS trialling and implantation is

summarized in Fig. 4.2.

Several manufacturers supply commercially available

devices for SCS. The components of the SCS system include

the IPG, with its own battery, which is connected either

directly or by an extension wire to a lead with one or several

arrays of electrodes (Fig. 4.3).

Leads with up to 20 electrodes are available. Through the

electrodes of the lead, which is implanted in the dorsal

epidural space of the spinal canal, the IPG delivers mild

electrical impulses to the dorsal aspects of the spinal cord.

Lead placement is performed under local, spinal, or general

anesthesia depending on type of lead that is used. Wire-like

(percutaneous) leads are inserted under local anesthesia into

the epidural space via Touhy needle using loss-of-resistance

technique with air or saline (Fig. 4.4). Single or dual-lead

implantation can be performed (Fig. 4.5). Plate (surgical)

leads (Fig. 4.6) require surgical placement by a small

laminectomy and usually under general anesthesia. Both

percutaneous and surgical lead implantation requires access

to biplane fluoroscopy (Fig. 4.7).

Preoperative preparation for the SCS trial, including

patient positioning, draping and adherence to aseptic tech-

nique, are critical aspects of patient care. Available plain

film x-rays, MRI or CT scanning may be helpful to define

spinal anatomy preoperatively. The exact distribution of the

stimulation-induced paresthesia is crucial for achieving

optimal pain-relieving effect in SCS and therefore the ability

to test an awake and cooperative patient yields the best

results. Percutaneous technique is, accordingly, often used

as first approach. This procedure is also less invasive as

compared to implantation of surgical leads. Patient position

is prone (most common) with flexion of the back (Fig. 4.8),

sitting, or (rarely) lateral.

A paramedian Touhy needle approach is used which

involves careful placement of the lead in the epidural space

using C-arm fluoroscopic guidance (see Fig. 4.4). The needle

is inserted with as shallow an angle (as nearly parallel to the

Patient selection for SCS

Lead placement and intra-operative test stimulation

Trial stimulation period

Complete system implantation 
(or removal of leads)

Fig. 4.2 Summary of spinal cord stimulation procedure

Fig. 4.3 (a) Schematic drawing of the components of the SCS system.

IPG ¼ Implantable pulse generator. (b) Some types of currently avail-

able percutaneous and surgical (plate) leads with 4–16 electrodes
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spinal canal) as possible because it facilitates the subsequent

insertion and control of the lead in the epidural space

(Fig. 4.9).

Upon needle insertion, the implanting physician must be

aware of the varying angulation of the spinal processes at the

different spine levels. Selection of leads depends on which

arrangement will give the best paresthesia coverage to the

painful area. Ideally, at least 15–20 cm of the lead should lie

within the epidural space to assure maximal lead stability

and minimize unwanted displacement. A patient could have

one or two leads, which can be placed parallel to each other

or at two different vertical sites (see Fig. 4.5). Leads with

four to sixteen electrodes can be used. Today, octapolar

leads with eight electrodes are mainly used. Single-lead

stimulation is often used for simple pain patterns (e.g.,

unilateral radicular pain) and may not provide adequate

paresthesia coverage for more complex pain patterns. In

addition, positioning and maintaining a single lead in mid-

line may be difficult. Dual-lead stimulation provides more

programming options, enabling additional possibilities for

more advanced stimulation patterns between the arrays

of electrodes. Lead positioning for optimal paresthesiae

coverage in different parts of the body are shown in

Table 4.1. Intraoperative test stimulation is performed to

create an appropriate field of pleasant paresthesias covering

as much as possible of patient’s pain area (Fig. 4.10).

After satisfactory coverage is obtained (>80 % of the

painful area), the lead is fixed to the muscle fascia by a

specially designed anchor and connected to an external

pulse generator via an extension wire, which is tunnelled

subcutaneously and externalized through the skin at least

20 cm from the insertion point of the lead into the epidural

space.

A percutaneous lead retains a greater potential to migrate

which can reduce or eliminate pain–paresthesia overlap.

Surgical lead implantation (prone position) usually is

reserved for second implantation in case of dislocation/

migration of percutaneous leads or for patients in whom

the predicted target area is in the area of scar tissue from

prior surgery. Because of its shape, a surgical plate/paddle

lead resists migration once it is encapsulated in fibrous

tissue, and, if it has multiple columns of electrodes, these

are fixed in position with respect to one another (see

Fig. 4.6). Some centers prefer surgical leads as first approach

since these leads resist migration better and appear to be

Fig. 4.4 Fluoroscopic image showing a percutaneous lead being

inserted into the lumbar epidural space through a Touhy needle using

a paramedian approach

Fig. 4.5 An 8-electrode percutaneous lead placed epidurally with the

tip at the T11 level for stimulation of the right leg
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associated with better long-term effectiveness than leads

placed percutaneously [75, 76]. A surgical lead generally

also requires less power than a percutaneous lead with the

same contact areas and spacing, thus increasing the time

before surgical battery replacement or recharging is required

[77]. However, using a surgical lead as first choice usually is

associated with lower success rates for optimal paresthesia

coverage and pain relief since intraoperative identification of

appropriate paresthesias during the test stimulation is not

possible in patients under general anesthesia. Since both

the insertion and, if needed, removal of a surgical lead

usually require open surgery, pain associated with the pro-

cedure is generally greater than that experienced after inser-

tion of a percutaneous lead. In addition, the scarring that

occurs after lead implantation is greater for surgical than for

percutaneous leads which can present a greater problem if

the lead requires a revision. Recently, placement under local

anesthesia of a narrow paddle lead via a minimally invasive

method using a Seldinger-guided percutaneous approach

was introduced [78, 79]. This technique may minimize

some of the problems encountered with conventional

Fig. 4.6 A surgical plate lead with 16 electrodes arranged in 3 arrays

in the epidural space covering the T9 and T10 vertebrae for stimulation

of the low back (Courtesy of Dr. Philippe Rigoard)

Fig. 4.7 Fluoroscopic guidance is used for indicating the appropriate

level for epidural lead insertion

Fig. 4.8 Patient in prone position with flexion of the back in order to

facilitate insertion of the Touhy needle into the epidural space

Fig. 4.9 Paramedian oblique technique for insertion of the Touhy

needle epidurally (Courtesy of Dr. Jean-Pierre Van Buyten)
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surgical paddle leads, keeping the benefits which these leads

have compared to percutaneous ones.

There is no consensus regarding the use of prophylactic

antibiotics during the intra-operative trial, although admin-

istration of systemic antibiotics immediately prior to the lead

insertion is considered standard procedure for both percuta-

neous and surgical leads. In many centers, a 3-dose regimen

for intravenous administration of antibiotics preoperatively

and postoperatively is used.

After appropriate placement of the lead which either can

be a temporary or a permanent one, a trial stimulation period

is generally performed, which can last up to 4 weeks

depending on reimbursement requirements. The test trial is

normally carried out at home under prophylactic treatment

with oral antibiotics. The purpose of the trial is to assess the

efficacy of SCS and to increase the cost-effectiveness of the

method by making proper patient selection. The patient uses

the external pulse generator with one or several preset

electrode combinations to achieve the best result in terms

of paresthesia coverage and pain relief. Evaluation is

performed using standard rating methods, such as Visual

Analogue Scale (VAS) and function. Criteria for successful

trial are:

• Comfortable stimulation covering at least 80 % of the

painful area

• Patient should report a substantial level of pain reduction

(>50 %) and improvement in function in terms of daily

life activities

– The pain relieving effect should be sustained for a

period of at least 30–60 min after the stimulation has

been turned off

– Patient should consider the possibility of reducing

concomitant pharmacotherapy

In case of doubt, the trial may be prolonged or

reevaluated after a period of interruption.

If the results of pain relieving are satisfactory in the trial

period, the patient receives a fully implantable SCS system.

Otherwise the lead is removed. If a permanent lead has been

used during the first-stage operation, and only subcutaneous

tunneling and IPG placement are planned, patient participa-

tion is not needed, and general anesthesia may be applied.

IPGs are of different sizes and capacity and are available as

non-rechargeable or rechargeable devices. Multi-program

IPGs are mainly used today. The IPG usually is implanted

in the subcutaneous tissue infraclavicular (cervical leads),

or in the lateral abdominal area or the superior gluteal

region. It should be in a location that patients can access

with their dominant hand for adjustment of the stimulation

with their patient programmer (remote control). Stimulation

parameters are amplitude (strength of pulse), pulse width

(duration of each pulse), and frequency (number of pulses

per second). IPG programming after full SCS system

implantation involves selecting the best electrode

stimulating configuration and adjusting the amplitude,

pulse width, and frequency of electrical pulses for optimal

pain relief and comfort for the patient. The electrical current

is delivered in volts (0–10.5) or milliamperes (0–25.5)

depending on the system used and must be set above

the perception threshold and as close as possible below

the discomfort level. Pulse width usually varies from

100–500 μs. Widening the pulse width will broaden the

area of paresthesia. Frequency of pulse wave is typically

between 20 and 120 Hz. It is an individual preference,

some patients choose low-frequency buzzing sensation

whereas others prefer high-frequency tingling. The patient

programmer features are on/off and adjustment within limits

considering amplitude, pulse width and frequency of the

stimulation. Patterns of use vary widely. The stimulation

regimen is decided by physician/patient and can vary

between continuous and cycling. Selection of lowest possi-

ble setting on all parameters is important in conserving

Table 4.1 Lead positioning

Pain location Tip of the lead

Neck C1–C2 (difficult to stimulate)

Shoulder C2–C4

Arm C4–C7

Hand C5–C7, T1

Upper chest (for refractory angina) T1–T2

Lower chest (for abdominal pain) T5–T6 (difficult to stimulate)

Lower back T8–T10

Groin T11–L1

Thigh and knee T10–T12

Leg and ankle T11–T12

Foot T12–L1

The desired location of the tip of the lead for sensory responses to SCS

in different parts of the body. The definitive location varies between

patients

Fig. 4.10 Intraoperative test stimulation with a percutaneous lead

connected to an extension cable
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battery life in non-rechargeable IPG models. Changing of

stimulation parameters and reprogramming may have to be

undertaken during the course of therapy and follow-up.

Implant-to-trial ratios (responders to SCS) of 70–80 % on

average have been reported in the literature [80]. It is impor-

tant to remember that a successful stimulation trial not

always equates with long-term success. Some patients with

successful trials may experience failure of the therapy with

time. These patients often experience a greater failure

because they have undergone the potential morbidity and

the expense of implantation of a device. In addition to

continuing conventional pain treatment, they can be helped

further to cope with the persisting pain through participation

in pain management programs, such as cognitive behavioral

therapy.

The procedure for SCS implantation in patients with

refractory angina pectoris differs from that for other

indications, provided that the patient has responded posi-

tively to TENS treatment preoperatively. In these patients

the complete SCS system can be implanted in one session,

without any trial evaluation, since a beneficial response to

TENS is predictive for high success rate for SCS [72].

Safety Profile of Spinal Cord Stimulation

Spinal cord stimulation is generally considered to be a very

safe therapy with exceedingly few serious complications

primarily because it is a minimally invasive and reversible

procedure. The risks associated with the surgery are presum-

ably higher with surgical than with percutaneously inserted

leads, though no study has compared these two techniques in

a systematic or prospective trial. Patients should be fully

informed of the benefits, burdens and complications of SCS

before lead implantation and should receive specific out-

come and complication rates relating to the unit where the

procedure is being performed. It is important that SCS-

related complications should be kept to a minimum to ensure

continued long-term high success rates. In addition, these

complications pose an added expense to the already high

cost of the therapy. Although the incidence of adverse events

associated with SCS has been shown to be quite high, the

rate of serious complications is low. Data, which is more or

less exclusively based on the use of the older 4-electrode

type leads and single or double channel IPGs, has shown a

great variety of complication rates (0–81 %) depending on

duration of follow-up period [81–85]. The panorama of

complications can be divided into three main categories:

• Technical (hardware-related) complications: most com-

mon [86]

– Occur more frequently in the first 2 years following

implantation of the device than in the long term [87].

– Most frequent complication is lead movement with

possible loss of paresthesia and efficacy.

– Electrode fracture.

– Hardware malfunction: lead insulation failure, IPG

failure.

• Biological complications

– More prevalent within the first 3 months after implan-

tation [87].

– Infection (2–5 %), mostly superficial and affecting the

IPG pocket [88].

– Spinal fluid leakage

– Hemorrhage in IPG pocket.

– Epidural hematomas are extremely rare and have

mainly occurred in the setting of surgical leads [89].

• Post-procedure complications

– Undesirable stimulation or pain at implant site.

Revisions are required in 20–30 % of the cases (data for

quadripolar, 4-electrode leads) and do not generally affect

patients’ acceptance of treatment [87]. Recent advances in

anchoring of wire leads and new technology with the intro-

duction of rechargeable IPGs and leads with a minimum of

eight electrodes appear to be reducing complications and

need for revisions in general. No systematic analyses are,

however, available on this subject.

In order to minimize complications and operative

revisions and to increase the success rate of effective stimu-

lation, proper training on technique is important. Implanters

should be trained in interventional pain management and

should be able to recognize and treat hardware-related and

biological complications, as well as recognize the benefits

and pitfalls of various commercial lead types and their

specific indications. Centers with a high number of

implantations generally have higher success rates and

fewer complications. Clinicians performing SCS should,

consequently, implant a sufficient number of leads to

achieve and maintain competence. The implanter should be

comfortable with troubleshooting during the implantation

procedure, and with methods and techniques to achieve

proper stimulation while maintaining safety. Guidelines

have been published to help avoid complications and

improve outcomes [87, 90].

Evidence-Based Support for Efficacy of Spinal
Cord Stimulation

In today’s clinical practice it is required that the use of

treatments and existing devices firmly rests on medical

evidence. Interventional pain management techniques,

including SCS, have gradually become integrated into the

treatment plan of patients suffering from chronic pain. Con-

sequently, evidence-based guidelines based on target
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specific techniques have come to play an important role in

optimizing treatment success [91–93]. Some indications for

SCS are well established and as the evidence base evolves

new indications are emerging. Well-designed, randomized

controlled trials (RCTs) provide varying evidence of the

benefit of SCS over comparative therapies for treatment of

FBSS, CRPS type I, peripheral vascular disease/critical limb

ischemia with pain and refractory angina pectoris. There

are also numerous systematic reviews, meta-analyses, and

Health Technology Assessment analyses that, in addition

to RCT evidence, support the view that SCS is a safe and

effective therapy for a variety of chronic pain conditions (for

a comprehensive, regularly updated record, see www.inahta.

org).

The available literature supplies good evidence for effi-

cacy of SCS in the treatment of FBSS with painful

radiculopathy [94–96]. In one prospective RCT it was

shown that SCS was more successful than reoperation in

FBSS patients during a 3-year follow up period [97]. In

addition to a better outcome considering pain relief and

patient satisfaction, rate of crossover from reoperation to

SCS was consistently higher than from SCS to reoperation.

Patients randomized to reoperation also required increased

opiate analgesics significantly more often than those

randomized to SCS. In an additional, prospective multicen-

ter RCT (the Prospective Randomized Controlled Multicen-

ter Trial of the Effectiveness of Spinal Cord Stimulation

[PROCESS] study), SCS was compared with conventional

medical management for a 24-month follow-up in FBSS

patients with predominantly leg pain [98, 99]. It was

shown that patients treated with a combination of SCS and

conventional medical management reported significantly

improved leg pain, quality of life, and functional capacity

as compared with patients receiving medical treatment

alone.

Early treatment with SCS provides best results in patients

diagnosed with FBSS. A striking relationship emerges

suggesting that the longer the duration of time between the

first surgery and SCS, the poorer the response to SCS [100,

101]. The success rate can be as high as 85 % for patients

with a delay less than 2 years and only 9 % for patients with

15-year delay [100]. When possible, SCS should be

performed within 5 years of the onset of symptoms [101].

Efficacy and safety of SCS has also been demonstrated

for CRPS and then mainly type I. Treatment algorithms for

this disorder invariably include SCS [95, 102–105]. Several

studies have shown reduced pain and allodynia, improved

limb function and quality of life and lessened depression in

patients with CRPS [106–108]. In one prospective RCT with

5-year follow-up, SCS and physical therapy were compared

to physical therapy alone in patients with CRPS type I

[109–112]. It was shown that SCS provides significant

long-term pain relief, improves global perceived effect and

improves quality of life in these patients. In the longest

reported follow-up of SCS treated patients with CRPS to

date, Kumar at al. showed that best results are associated

with early stage 1 CRPS type I, patients younger than

40 years, and SCS treatment within a year of CRPS onset

[108]. It has also been recommended that SCS should be

started within 12–16 weeks if conventional therapy fails

[106]. Earlier treatment aims to avoid permanent dystrophic

changes. Accordingly, the treatment algorithm should be

flexible and allow SCS earlier if rehabilitation fails to rap-

idly progress [50, 104].

SCS is frequently used in Europe to treat ischemic

conditions refractory to conventional conservative and

operative therapy. Although technically still an off-label

indication in the USA, this practice is supported by several

published studies. A Cochrane review on the effectiveness of

SCS for treatment of nonreconstructable chronic critical

ischemia compared to conservative treatment alone has

been published [113]. In total, five randomized trials and

one nonrandomized controlled clinical trial with a total of

444 patients were found to be of relevance. One of the

studies was a randomized controlled trial in which it was

shown that SCS, as compared with analgesic treatment

alone, may reduce amputation levels in patients with severe

refractory leg ischemia and be most effective in patients

without arterial hypertension [114]. In the Cochrane review,

the conclusion was drawn that SCS, compared to conserva-

tive treatment alone, may reduce amputation rate and pain in

selected patients refractory to conservative and reconstruc-

tive surgical treatment [113]. Transcutaneous oxygen pres-

sure (tcPO2) measurements have been indicated to be useful

in selecting the most respondent patients to SCS, particularly

those having a moderately compromised peripheral circula-

tion with foot tcPO2 between 10 and 30 mmHg [115–118].

Based on available data and international expert opinion,

SCS could merit being included as a second-line option,

after conservative, pharmacological therapy, in the treatment

algorithm for refractory chronic critical leg ischemia with

pain (see, however, [95], [119]). Due to its nondestructive

character for modulation of the nervous system, SCS may be

considered before ablative sympathectomy, which presents

with more undesirable and serious long-term complications.

Well-designed RCTs with clear inclusion criteria are, how-

ever, needed to further elucidate which patients can benefit

from SCS therapy and more firmly strengthen the evidence

for SCS as an integral part in the treatment of refractory

chronic pain due to peripheral vascular disease [113].

In addition to numerous observational studies, a number

of RCTs have been performed to evaluate treatment of

refractory angina pectoris with SCS. Most RCTs compare

SCS stimulation (SCS ON) to either subthreshold or no SCS

stimulation (SCS OFF) which is associated with a high risk

of bias [120]. Compared to a no-stimulation control, there is

4 Spinal Cord Stimulation 45

http://www.inahta.org/
http://www.inahta.org/


some evidence from observational studies of improvement

in all outcome measures following SCS implantation, with

gains observed in pooled exercise capacity, short-acting

nitrate consumption and health-related quality of life [121].

In two prospective RCTs, SCS was compared with an alter-

native therapy, coronary artery bypass grafting (CABG) and

percutaneous laser myocardial revascularization (PMR)

[122–125]. Long-term outcomes were similar when directly

compared to either CABG or PMR. Fewer severe adverse

events were seen for SCS when compared to CABG. Based

on the accumulated evidence from RCTs, systematic

reviews, and meta-analyses, there is sufficient evidence

that SCS gives rise to symptomatic benefits (decrease in

anginal attacks), improved quality of life and can improve

the functional status of patients with severe angina [60, 61,

126–128]. Despite its effectiveness in preventing angina

attacks and hospital admissions, SCS does not mask serious

ischemic symptoms, which may lead to silent infarction

[129, 130]. Accordingly, SCS is recommended both in the

European (European Society for Cardiology) and US (Amer-

ican Heart Association/American College of Cardiology)

guidelines for treatment of refractory angina.

The use of SCS for pain relief has also been evaluated for

a variety of other pain conditions without any convincing

proof of long-term efficacy (see Sect. “New Technology,

Techniques and Indications”). Although the therapy may

be useful for many of these indications, it still has an unde-

termined validity due to lack of RCTs and well-designed

clinical studies.

In summary, there is sufficient evidence for SCS being a

safe and effective therapy for a number of conditions involv-

ing neuropathic and ischemic pain. Due to the type of inter-

vention and the presence of paresthesia, however, blinding

patients and investigators is problematic. More methodolog-

ically rigorous studies, including the addition of objective

data, are needed to provide definitive, solid proof regarding

improvement in pain and function in the long term. The

recent introduction of paresthesia-free, high frequency SCS

may add new possibilities in this context (see Sect. “New
Technology, Techniques and Indications”).

Cost-Effectiveness of Spinal Cord Stimulation

Spinal cord stimulation has been shown to be cost-effective,

despite the initial high costs of the implantable devices.

However, cost-effectiveness is highly sensitive to the device

selection, exact prices and longevity [95]. The cost-

effectiveness of SCS in the treatment of FBSS patients,

compared with best medical treatment/conventional pain

therapy (control group), was evaluated by Kumar et al.

[131]. They examined 104 patients, of which 60 were

implanted with a spinal cord stimulator. The actual mean

cumulative cost for SCS therapy for a 5-year period was

CAD 29.123 per patient, compared with CAD 38.029 for

conventional pain therapy. The cost of treatment for the SCS

group was greater than that for the control group in the first

2.5 years but became less than for conventional pain therapy

after that period and remained so during the rest of the

follow-up. The higher costs in the non-stimulator group

were in the categories of medications, emergency center

visits, x-rays, and ongoing physician visits. In addition,

15 % of SCS-treated patients were able to return to work

versus 0 % in the control group. Later systematic reviews of

the literature and analyses examining specifically the cost-

effectiveness of SCS for FBSS have confirmed that SCS is

less costly than other options in the long term ([95,

132–136]¸ cf. [137]). Based on extrapolation from RCTs

and cost-effectiveness model analysis, some evidence has

also been presented for the cost-effectiveness of SCS for the

management of patients with CRPS type I [103, 138] and

refractory angina pectoris [61, 139]. The foremost reason to

the cost-effectiveness of SCS for angina, where “break-
even” is seen after approximately 15–16 months, seems to

be due to decreased hospital admissions [61]. It has also been

pointed out that, despite their initial increased expense,

rechargeable IPGs should be considered when IPG longevity

is likely to be short [135, 138].

New Technology, Techniques, and Indications

The use of SCS has rapidly expanded during the last few

years due to increased clinical experience and better

evidence-based support for the therapy. Despite varying

levels of success in the literature, approximately 40–50 %

of patients treated with traditional SCS for neuropathic pain

disorders will not receive adequate, long-term pain relief

[97, 99, 110]. Therefore, technical SCS system refinements,

as well as new techniques have emerged [140]. Being

evolved from simple monopole and bipole configurations,

complicated electrode arrays are available today. In conjunc-

tion with improved IPG technology, using multiple pro-

gramming options and position adaptive stimulation to

further optimize desired paresthesia capture and patient

comfort, these technical refinements have the potential to

increase the success rate of the therapy. In addition, new

treatment modalities based on traditional SCS technology

have appeared to further optimize the outcome for certain

painful conditions. Emerging therapies include:

• Peripheral nerve stimulation with needle-delivered wire

leads placed subcutaneously in the vicinity of a

supposedly injured nerve, such as the greater occipital

nerve in patients with occipital neuralgia [141, 142].

Percutaneous occipital nerve stimulation has recently
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also been introduced for treatment of refractory migraine

and cluster headache [143].

• Peripheral nerve field stimulation in which one or several

leads are placed subcutaneously in a pain area where the

innervation is undetermined, e.g., in the axial low back

for FBSS [144] or chest for refractory angina pectoris

[145].

• Novel targets for stimulation, such as the dorsal root

ganglion (DRG), the medial branch of the dorsal ramus

or the cluneal nerve. Due to minimal CSF layer near

neural target, DRG stimulation uses lower amplitudes

(<5 % of conventional SCS) to more specifically treat

pain in areas that have been hard to reach with traditional

SCS [146, 147]. This therapy offers new possibilities in

treating conditions like postoperative neuropathic groin

pain, isolated foot pain and postamputation pain.

• High-frequency stimulation (up to 10,000 Hz) offering

paresthesia-free therapy mainly for axial low back pain,

e.g., in FBSS patients [148].

• Burst stimulation in which closely spaced, high-

frequency paresthesia-free stimuli are delivered to the

spinal cord for suppression of limb and back pain [149].

Several of these therapies have shown promising prelim-

inary results in terms of efficacy and safety and have been

approved in Europe and Australia for clinical use. The best

indications for most new approaches are, however, still

subject of intense study being in various preclinical and

clinical phases, why no firm conclusions can be drawn

currently considering long-term efficacy.

New indications for SCS, including several that do not

involve classical neuropathic or ischemic pain, have

emerged which elucidates the need to better define the

appropriate use of the therapy. Indications, for which SCS

has been applied without obtaining any conclusive evidence

of effectiveness, include human immunodeficiency virus

(HIV) neuropathy, fibromyalgia, chronic visceral pain,

non-radicular focal bone pain, chest wall pain syndromes,

congestive heart failure, and cerebral vasospasm. Limited

data, often presented as case reports and small case series,

have indicated clinical improvements for these indications

when using SCS. While many of the reports suggest benefi-

cial effects concerning pain relief, caution is warranted for

the use of SCS for most of these conditions on a more regular

basis until a more systematic validation has been performed

considering long-term responsiveness to the therapy. How-

ever, some conditions are at present being investigated more

actively and merit mentioning in terms of putative good

responders to SCS. One is painful diabetic neuropathy.

This pervasive and costly symptom is present in up to

50 % of all diabetic patients with long duration of the disease

and poses major treatment challenges [150]. Since drug

therapies are ineffective in many patients, interest in the

use of SCS as a treatment option has increased in the past

decade. The available literature, including a systematic

review [34], indicates that SCS seems to be an efficacious

and feasible treatment for intractable painful diabetic neu-

ropathy [151–153]. A large-scale, prospective RCT has

recently been initiated in order to provide definitive high-

quality proof of the short- and long-term beneficial effects of

SCS in this condition [154]. In addition, painful conditions

with peripheral vasospasm, such as Raynaud’s disease and

Buerger’s disease, seem to have a good potential for

responding positively to SCS based on their underlying

pathophysiological mechanisms, which are similar to those

behind peripheral ischemic disorders with pain [56, 155].

The axial low back pain component in patients with FBSS

has posed a major treatment challenge [156]. Because of its

resistance to conventional therapies, including traditional

SCS, several new treatment options, involving refinement

and further development of the SCS technique, have evolved

in order to find a solution to this problem. Recent reports on

the use of 16-electrode, multiarray surgical leads [157],

peripheral nerve field stimulation in combination with SCS

[144, 158, 159] and high-frequency stimulation [148] have

all presented with good outcomes for the treatment of axial

low back pain in small cohorts of FBSS patients. Systematic

and randomized prospective controlled trials are still miss-

ing and need to be conducted to evaluate these initial data

and the significance in the long term of these therapies for

low-back pain treatment.

The Future

The technical revolution in SCS that has taken place during

the last decade is continuing [160]. Future visions and ongo-

ing technical research in order to further improve outcome

include:

• Continuing development in IPG technology with smaller

devices with prolonged battery life, improved program-

ming options and evolution of stimulators that can switch

between ampere and voltage for current deliverance. The

sensing technology for position-adaptive stimulation that

has recently been introduced for amplitude in order to

avoid unpleasant, jolting stimulation as a result of posture

changes [161], has the potential to be extended to involve

automatic, posture adaptive switching also between

programs for maximal patient comfort. In addition, the

new patient diary for position registration included in this

new type of IPG can help to integrate objective data into

clinical practice and further strengthen the evidence for

the efficacy of the therapy.

• Further development of MRI-compatible leads and IPGs

for full body scan also in 3-T scanners. The recently
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introduced MRI-compatible devices can only be used in

1.5-T scanners.

• Telemetry for adjustment of stimulation parameters via

Internet or secured online connections between the clini-

cal department or practice and the patient.

• Global registries for collection of target specific data on

implantation technique, complications and efficacy of

SCS in order to optimize the outcome of the therapy.

Since SCS has proven to be a safe and effective therapy

for a variety of chronic pain conditions, its use earlier in the

treatment algorithm for several of these conditions has been

urged, although this issue is still controversial [50, 162, 163].

This is mainly valid for FBSS and CRPS type I where SCS

has been shown to have a better outcome if used early in the

course of the disease process (see above). SCS and related

stimulation techniques may offer a better alternative to

chronic opioid administration for conditions with chronic

neuropathic pain, especially with hyperalgesia. High-dose

opioid medication is often associated with severe side

effects, such as hormonal dysfunction, weight gain,

obstipation, hyperalgesia, development of tolerance with

time, and the potential for dependence, abuse, and addiction

[164–166]. In addition to the side effects of high-dose

opioids, outcome data examining their long-term efficacy

in treatment of chronic nonmalignant pain are lacking.

Unlike opioid administration, SCS also remains under phy-

sician control. Therefore, SCS could deserve to be put ahead

of opioids in the treatment algorithm for conditions with

chronic neuropathic pain (Fig. 4.11). With further

strengthening of the evidence-based support for the therapy,

SCS may have the potential to compete also with other

pharmacological therapies in the analgesic treatment ladder

for chronic pain conditions responsive to SCS.
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Dorsal Root Ganglion Stimulation: A Target
for Neuromodulation Therapies 5
A. Liong Liem, Imre Poldino Krabbenbos, and Jeffery Kramer

Role of the Dorsal Root Ganglion
in Chronic Pain

Embryologically stemming from the neural crest, the

primary sensory neuron (PSN) begins as a pseudounipolar

cell (a single soma with 2 axons) and forms into its final

anatomical phenotype as a pseudounipolar neuron. The

primary sensory neurons form a ganglion located within

the epidural space in the spine known as the spinal ganglion

or more commonly referred to as the dorsal root ganglion

(DRG) [1]. The somas of the PSNs are housed within the

DRG. Other support cells such as satellite glia are also

present to provide metabolic and trophic support. Also

supporting the relatively high metabolic rate of cells in the

DRG is a vast microvasculature complex [2].

Anatomically, the location of the dorsal root ganglion is

within the spinal canal (typically within the neural foramina)

[3, 4]. In general, the ganglion is located within the medial

and lateral borders of the spinal pedicles—just inferior to the

superior pedicle. Some authors have noted that the ganglion

was overwhelmingly located between these anatomical

boarders. Rarely the ganglion could be just slightly adjacent

to these. Moreover, the ganglia have been noted to assume

not just an oblong morphology but also bi- and tri-ganglionic

shapes.

A single DRG is located bilaterally at each spinal level,

and the neurons within the ganglia innervate specific regions

of the body. The area of the dermis which is innervated by a

specific ganglion is known as a dermatome. Origins and first

work on the sensory dermatomes date back to the eighteenth

century when “loss-of-function” techniques were used to

determine how sensory input was organized at the spinal

level [5]. Classic dermatome maps are now currently used to

track sensory input to particular spinal levels—and this helps

physicians target interventional therapies. Neurosurgical

interventions complemented these early experiments and

added information about the divergence of sensory inputs

from peripheral structures. Often in cases where dorsal root

ganglionectomies or dorsal root rhizotomies were

performed, multiple levels would need to be targeted at the

same time in order to reliably cover a painful region. How-

ever, the treatment would often fail to provide long-term

relief as the nervous system was significantly altered, and

secondary physiologic mechanisms would provide a plat-

form for the return of pain (Fig. 5.1).

Phylogenetically, the formation of ganglia, including

spinal dorsal root ganglia (DRG), peripheral ganglia and

also the brain as a large ganglion, was also recognized as

an important integrative development which allowed cells to

form complex connections within a discrete location.

The role of the dorsal root ganglion in the development

and maintenance of chronic pain has been a topic of

investigation for some time and in the last decade has

become a “hot topic” [1, 6, 7]. In general, both the early

and later stages of injury or neuroinflammatory activation

are characterized by several pathophysiologic alterations in

PSN function. Alterations in sodium channel expression and

function and increased production of neuroinflammatory

intermediates all have an impact on the basic membrane

excitability of the PSNs. As these cells become hyperexcit-

able, the threshold for generating action potentials is

lowered which in turn produces a heightened “painful”
input into the spinal cord. Neurons in the DRG also have

been shown to produce ectopic, or spontaneous, action

potentials that are generally not observed in healthy

conditions. The secondary ramifications of this overactivity

and increased action potential generation are manifested at

the first synapse in the dorsal horn of the spinal cord.
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Increased excitatory amino acid release, neuropeptide

release, and a host of other secondary neuroinflammatory

cascades result from the effects on the DRG. Thus, the PSNs

in the DRG contribute both to the development and mainte-

nance of chronic pain conditions.

Interventional Techniques Targeting the DRG

As the dorsal root ganglion has long been recognized as

playing a critical role in the transfer of sensory information

(including nociceptive neural signals), it is not surprising

that previous therapies have and continue to focus on this

neural structure. Several reviews have been published on the

role of ganglionectomy [8, 9] as well as radiofrequency and

pulsed radiofrequency [10–15]. Although transforaminal

drug delivery is still consistently utilized, it is unclear what

direct effect the agents are having on cells in the DRG and

given the amount of spread into the epidural space could

possibly compound effects on other structures.

While various techniques have been safely and effec-

tively used to target the DRG, the effects of these treatments

are often relatively short lived and in many patients require

repeated administration. Repeated therapies may show a

reduction in effectiveness over time. A longer-term solution

is to provide a technique that provides sustained or

prolonged effect on the DRG. Recent work by

Koopermeiners et al. have demonstrated that neurosti-

mulation of PSNs provides distinct alterations in membrane

function [16]. Reduction of membrane excitability and

alteration of the filtering function of the “T-junction” are

potential mechanisms of action explaining how neurosti-

mulation may provide pain relief. Although data are lacking

it is likely that there are also effects at the DRG in addition to

the upstream and downstream effects previously

documented for other neurostimulation modalities [17, 18].

One possible technique is to use electrical stimulation to

modulate PSN function. Within the central nervous system

(CNS), this strategy is used to target different neural tissues

including cortices in the brain, deeper brain structures,

dorsal columns in the spine, and sacral spinal nerves. Very

few case reports have previously been published regarding

stimulation of the DRG in the treatment of chronic pain.

There are conflicting reports on the effectiveness of the

therapy, and this is likely due partly to differences in

implantation techniques and also due to the fact that the

equipment being used was not designed to target the DRG.

On the whole, the stimulation leads used in earlier reports

were designed for an epidural midline approach and for

targeting the dorsal columns. The contact size and spacing

are inappropriate for the smaller target—this is important

to remember when considering the potential limitations of

earlier work in this area.

Recently, a new system was created which is specifically

designed for stimulating the DRG. This system comprises a

delivery system, a temporary neurostimulator, and a fully

implantable pulse generator. Similar to previous systems,

leads are placed through a 14 g needle. Leads are then placed

into the epidural space and guided toward the lateral recesses

and to the neural foramen. Multiple needle approaches are

Multi-Segmental Input to Similar
Spinal Synaptic Locations

Segmental Input to Divergent
Spinal Synaptic Locations
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Fig. 5.1 Both divergent and convergence of sensory input have been

documented. Left figure demonstrated the convergence of sensory input

into the CNS. Ganglionectomies performed in the 1970s and 1980s

documented this associated with multilevel sensory input. Right panel
depicts the divergence of sensory input from a single level then syn-

apsing at multiple spinal levels within the dorsal horn
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available for delivering leads including a classic paramedian

approach as well as a contralateral approach. Both of these

techniques allow for accurate lead delivery while providing

flexibility in the approach methodology in individual

patients. The quadripolar leads are comprised of four

contacts enabling configuration of individual contact

polarities as well as configuration of typical pulse

parameters including pulse width, pulse amplitude, and

pulse frequency (Fig. 5.2).

Case 1: Neuropathic Groin Pain

A 44-year-old patient suffered severe neuropathic pain in his

left groin following a surgical procedure to release a torsed

testicle. He was unable to continue his work as a manual

laborer due to persistent pain, depressed mood, and reduced

quality of life. After numerous treatment failures, he

received a SCS device with initial satisfactory pain allevia-

tion. However, 4 years later reimplantation had to be

performed because of lead breakage. Unfortunately this did

not result in adequate long-term pain relief due to the inabil-

ity of reaching the target area. Finally, a single L2 lead for

SCS of the left DRG was placed epidurally. After successful

trial stimulation, he was implanted with a permanent device

(Fig. 5.3). Induced paresthesia covered 100 % of the painful

area. Within the first week, he reported an 88 % reduction in

VAS pain intensity. During follow-up he reported excellent

pain relief and did not feel the paresthesia since the stimula-

tion was subthreshold. His sleep quality improved signifi-

cantly and he is currently planning to return to work.

Case 2: Postamputation Pain

A 45-year-old female experienced cruciate ligament rupture

after a horse riding accident. Her recovery was complicated

with the development of muscular atrophy and therapy-

resistant pain of the left leg. Progressive severe wound

infection of the left foot and multiple treatment failures

eventually led to amputation of the lower limb. She

subsequently underwent several surgical interventions

because of postamputation pain due to neuroma formation.

Despite this, severe neuropathic stump pain continued to be

a problem. Determined a candidate for SCS, a device was

implanted which provided satisfactory pain relief. Despite

initially promising results, clinical effects declined over

time. SCS leads were placed epidurally at the left L3 and

L4 DRGs (Fig. 5.4). SCS of the L3 and L4 DRG provided

excellent paresthesia coverage and almost complete pain

relief. The patient was able to resume activities of daily

life at home.

The largest pilot study conducted and published on

stimulation of the DRG in the treatment of chronic pain

offered evidence of significant pain relief [19]. This initial

study demonstrated that 7/9 subjects patients receiving a

stimulation system would have gone on to have the fully

implantable system if it had been available at that time.

Average overall pain relief was 70 %, with subjects

obtaining excellent pain relief in a variety of anatomical

locations including the leg, foot, and lower back. Anecdotal

observations were made as well. Firstly, 2/4 subjects

described excellent pain relief despite the fact that they had

previously failed traditional spinal cord stimulation.

Fig. 5.2 X-rays of implanted

neurostimulation system for SCS

of the DRG. (a) Anterior and
(b) lateral views
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Secondly, little to no postural effects were observed. That is,

if the patient moved from an upright to recumbent position,

there was little change in stimulation intensity. Thirdly, very

discrete anatomical regions of therapy delivery could be

achieved by stimulating the dorsal root ganglia. These

findings were attributed to the fact that the leads were near

the individual ganglion thus permitting precise targeting

of the painful anatomical location and also because the

electrical fields could be shaped around the ganglia in such

a way as to produce subdermatomal specificity.

Fig. 5.3 Anterior (a) and
(b) lateral X-ray views

Fig. 5.4 Anterior (a) and lateral

(b) X-ray views
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Larger prospective, multicenter trials are currently being

conducted to strengthen the levels of evidence available for

this therapy.

The ganglia, as previously mentioned, are located within

the spinal canal. As the dorsal nerve root extends laterally, a

nerve root sheath extends over and around the DRG that

eventually becomes the spinal nerve epineurium. Because

the amount of cerebrospinal fluid (CSF) that circulates

around the DRG is minimal compared to the level of CSF

that is present within the midline spinal canal, a significant

source of energy sink is eliminated. This coupled with the

fact that the electrodes are closer to the anatomical target

explains why stimulation settings are relatively low

(Table 5.1).

Case 3: Complex Regional Pain Syndrome

A 66-year-old male developed CRPS type I with intractable

neuropathic pain after knee replacement surgery. The pain

was localized in the area of the left knee and lower leg. He

received multiple unsuccessful treatments including a SCS

system, but the induced paresthesia did not reach the target

area and produced unacceptable postural effects. The patient

was determined a candidate for SCS of the DRG. Two leads

were successfully placed at the level of the left L4 and L5

DRG (Fig. 5.5). Prior to this, the patient experienced

considerable sleep disturbance and chronic daily fatigue.

The treatment resulted in complete pain relief and

substantially improved sleep.

Case 4: Failed Back Surgery Syndrome

A 38-year-old patient reported a 16-year history of pain in

his lower back and right leg following surgical treatment of

an L4–L5 herniated nucleus pulposus (HNP). Subsequent

epidural injections only provided temporary relief. Overall

VAS pain intensity score pretreatment was 80 mm. Deter-

mined a candidate for SCS of the DRG, two leads were

placed epidurally to stimulate the left and right L2 DRGs

(Fig. 5.6) two levels above the back surgery site (surgery site

at L4–L5). No complications were noted. Stimulation

resulted in 100 % coverage of his pain area with minimal

extraneous stimulation in non-painful areas. The patient did

not experience significant changes in perceived stimulation

level while standing up and/or lying down and at his 1-

month follow-up visit reported an overall pain reduction of

97.5 %.

Conclusions

Our understanding of the role of the primary sensory

neurons in the development and maintenance of chronic

pain—of varying diagnoses and etiologies—has

significantly increased over the past decade. The

membrane properties of these cells are altered which in

turn results in an enhanced state of excitability involving

multiple ion channels, second messenger systems, and

other physiological changes. These membrane alterations

provide a fundamental opportunity to direct the delivery

of therapy to a specific region of pathology as opposed to

an upstream or downstream area as is so often the case in

palliative neuromodulation techniques.

Previous techniques targeting the DRG have yielded

excellent results demonstrating not only the safety of

targeting the DRG but also the potential opportunity for

developing techniques that can provide longer-lasting

pain relief. Preliminary results from completed and

ongoing prospective studies suggest that DRG stimula-

tion can provide good pain relief while avoiding the

unwanted side effects of current neurostimulation

techniques. Several ongoing prospective studies will

contribute to elucidating the potential mechanisms of

action and the clinical implications of neurostimulation

of the DRG. Clinical experience with the administration

of DRG stimulation in the elderly is limited. However,

Table 5.1 Subject by subject results from the first prospective pilot study utilizing technology described in the text

Subject Diagnosis #Leads Lead positions % Pain relief

1 Discogenic LBP with lower extremity radiculopathy 3 L4–L5, L5–S1 100

2 LBP with lower extremity radiculopathy 2 L4–L5, L5–S1 100

3 LBP with lower extremity radiculopathy 4 L3, L4, L5 99

4 Diabetic peripheral neuropathy (foot) 2 L4, L5 80

5 Discogenic LBP with left leg radiculopathy 3 L4–L5, L5–S1, S1 67

6 Discogenic LBP with lower extremity radiculopathy 4 L4–L5, L5–S1 67

7 LBP with right leg radiculopathy 2 L4–L5, L5–S1 32

8 Peripheral neuropathy (foot, ankle) 2 L4–L5, L5–S1 17

9 Postherpetic neuralgia (chest, back) 3 T2–T3, T3, T6 *

10 Neuropathic chest pain 3 T12, T10, T8 **

*Did not complete all follow-up visits
**Did not complete baseline visual analog scale
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Fig. 5.5 Anterior (a) and
(b) lateral X-ray views

Fig. 5.6 Anterior (a) and (b)
lateral X-ray views
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neuromodulation treatments are of particular interest to

the management of pain in geriatric patients. DRG stim-

ulation has the potential to reduce the need for heavy

medication use and thereby minimize unwanted side

effects associated with larger drug doses.
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Deep Brain Stimulation 6
Volker M. Tronnier and Dirk Rasche

Introduction

While deep brain stimulation (DBS) is meanwhile an

established therapy treating different forms of movement

disorders as Parkinson’s disease, dystonias, or tremor, it

has to be stressed that originally about 60 years ago, DBS

was performed to treat otherwise intractable pain syndromes

[1–3], even before the so-called gate control theory [4] was

created which lead to the development of more peripheral

stimulation techniques as spinal cord or peripheral nerve

stimulation. At about the same time, based on the studies

by Albe-Fessard, Krüger [5–7] and others, Mazars described

the stimulation of the neospinothalamic pathway at its

termination in the somatosensory thalamus [8]. Animal

research in the late 60ies lead to the concept of “stimulation

analgesia” [9] and to the initial trials with stimulation in the

periaqueductal (PAG) or periventricular grey (PVG) [10,

11]. In 1970s and 1980s of the last century many uncon-

trolled studies were performed with DBS either in the lateral

somatosensory thalamus and/or the medial periventricular

structures [12]. A meta-analysis about the published studies

until then, performed in 1991, summarizing the clinical

results and critically evaluating the selection and outcome

criteria [13] as well as the result of two multicenter studies

demonstrating either no long-term reproducible pain relief

or had to be closed early because of slow enrollment and

high drop-outs [14], finally lead to a missing approval by the

FDA and to a marked decrease of usage of this technique.

Only few centers in the US or Europe continued to offer

DBS for the treatment of chronic pain thereafter [15–17].

However, the success of DBS for movement disorders, epi-

lepsy, and psychiatric disorders as well as the better under-

standing of pain pathophysiology leads to a renewed interest

of this technique for the treatment of intractable pain.

Mechanism of Action

Stimulation of the Lateral Somatosensory
Thalamus

The somatosensory thalamus (VPL ¼ nucl. Ventropostero-

lateralis and VPM ¼ nucl. ventroposteromedialis) is the

major terminal of the neospinothalamic tract and is consid-

ered the important relay for pain processing to areas 3b/1 of

the cortex. It is proposed that neurons in the lateral thalamus

receive input from nociceptive specific neurons in lamina I

of the dorsal horn as well as wide dynamic range neurons

(WDR) of lamina V, which send gradually increased signals

depending on the activity of primary nociceptive or non-

nociceptive afferents. Therefore, these thalamocortical relay

neurons signal either acute pain or generate symptoms of

central pain syndromes due to alterations in their activity.

Increased neuronal bursting activity has been found in pain

due to deafferentation or central pain syndromes [18–28].

This increased neuronal firing parallels the clinical findings

in central pain syndromes with lesions in the somatosensory

pathways and the occurrence of spontaneous and evoked

pain to noxious (hyperalgesia) and innocuous (allodynia)

stimuli [29]. It was demonstrated that after lesioning this

pathway a somatotopic reorganization in the somatosensory

thalamus takes place and that a mismatch between receptive

fields and projection fields evoked by microstimulation

develops [30]. Stimulation of VPL inhibits spinothalamic

tract neurons in the dorsal horn of monkeys [31, 32] and is

able to reduce mechanical allodynia in an animal model

using a partial nerve injury [33].
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Stimulation of the Periventricular
or Periaqueductal Grey

The mechanism of pain modulation with PAG/PVG stimu-

lation is mainly related to an opioid dependent pathway,

although also nonopioid dependent mechanisms are

involved [34, 35]. A detailed review of the descending

inhibitory control mechanisms for the suppression of pain

is given by Millan in 2002 [36]. From animal research, the

phenomenon of “stimulation produced analgesia” (SPA) was
originally coined by Reynolds in 1969 [9]. Further studies

revealed that SPA was at least partially reversed by the

opiate antagonist naloxone and a cross-tolerance between

exogenously given opiates and PAG stimulation could be

demonstrated [37, 38]. Elevation of endogenous opioids,

such as ß-endorphin and met-enkephalin, has been found in

patients after PAG and PVG stimulation but not after VPL

stimulation [39–43, 86]. SPA was proven to be effective in

acute and chronic pain states in humans [10, 11, 44–46]. The

neural substrates of this endogenous analgesia pathway

include the PVG, parts of the PAG (sending projections to

the rostroventral medulla), the nucleus raphe magnus and the

magnocellular part of the nucleus reticularis

gigantocellularis [37, 47, 87]. Stimulation of this pathway

is able to inhibit spinothalamic tract neurons in the dorsal

horn [48–50] mainly via serotoninergic descending inhibi-

tion. Sectioning of this pathway in the dorsolateral funiculus

in the rat has shown to increase the response to noxious

stimuli [51]. Our group was able to demonstrate that

stimulation of the PVG could inhibit neuronal activity in

VPL neurons in humans [34].

Stimulation of CM-PF Thalamic Nuclei

The nomenclature of the centre median -parafascicular com-

plex of the thalamus is derived from Jules Bernard Luys [52]

and Oskar and Cecile Vogt [53]. This complex is integrated

to the intralaminar thalamic nuclei and was considered as a

surgical target for lesioning [54] and stimulation [12, 55].

While the neospinothalamic pathways primarily aim

towards the lateral somatosensory thalamus, the paleospi-

nothalamic pathways have several relay stations within the

brainstem and the diencephalon before reaching the associa-

tive and limbic cortex (insula, cingulum) [56–58]. At least in

the medial and intralaminar nuclei spontaneous hyperactivity

due to deafferentation was demonstrated [59–61] and nocicep-

tive neurons were described [5, 62]. Newer binding studies

with calbindin and parvalbumin did not confirm a single

specialized nucleus (Vmpo) which exclusively yields

terminations of nociceptive and thermoceptive fibers

[63–65]. Somatosensory thalamic stimulation in rat has been

shown to inhibit neuronal activity in CM-PF complex [66, 67].

Stimulation of the Posteromedial Hypothalamus

The rationale for stimulation of the posteromedial hypothal-

amus for the treatment of trigeminoautonomic headaches

(chronic cluster headache, shortlasting unilateral

neualgiform headache with conjunctival injection and tear-

ing [SUNCT]) originates from functional neuroimaging and

volumetric studies during cluster attacks [68–71], although

this target was already much earlier considered for the treat-

ment of intractable pain [72, 73]. It is hypothesized that

descending antinociceptive activation of the trigemino-

cervical complex and the PAG leads to changes in the pain

matrix [74–76].

Operative Technique

The implantation of permanent electrodes for the treatment

of chronic pain follows in general the most recent

recommendations for DBS for movement disorders [77] in

19 steps. However, a testing trial for 7–14 days is strongly

recommended. The advantage of subthreshold stimulation

and blinding the patient and even the physician/nurse who

calls up the different pain scales makes it possible to mark-

edly rule out placebo effects as false-positive responders.

Step 1: Preoperative Imaging (Without Frame)

A preoperative MRI whenever possible should be performed

before surgery. In cases with implanted cardiac pacemakers,

a CT scan can be performed. This imaging information is

necessary to rule out structural changes of the patients’ brain
(tumor, arterio-venous [AV] malformation, ventricu-

lomegaly). In cases with post-stroke pain, the intended target

could be involved in the lesion.

Step 2: Stereotactic Frame Placement

The frame can be applied either in the operating room (OR)

in anesthesia stand-by or local anesthesia or in the radiolog-

ical unit. Having anesthesia in the magnetic resonance (MR)

environment usually prolongs the procedure. It has been

demonstrated that two occipital (n. occipitalis major and

minor) as well as supraorbital blocks before starting the

procedure are advantageous [78]. If necessary, additional

local anesthetics can be applied around the pins of the

frame (mixture of short and long acting local anesthetic).

The frame should be placed parallel to the orbitomeatal line.

The commercial software programs are usually able to cor-

rect any tilts but only to a certain amount.
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Step 3: Magnetic Resonance Imaging with
Frame

This is nowadays performed with a 1.5T or 3T MR scanner.

Usually, a three-dimensional (3D) T1-weighted with con-

trast enhancement is carried out. A double dose of contrast

media allows also the delineation of small vessels, especially

in the hypothalamic area. Unfortunately, a delineation of the

different thalamic nuclei is not possible with these field

strengths. First promising results of parcellation of the thal-

amus are yielded with 7T-MRI [79].

Step 4: Presurgical Target Planning

This is either performed at the MRI console or with the

available planning system. Depending on the type and locali-

zation of pain the targets are planned and “visionalized” on the
screen. Usually, the reference is still the anterior commissure-

posterior commissure (AC-PC) line or the mid AC-PC point,

because, in contrast to other structures as the STN or GPI, the

desired targets are not “directly” visible (see above).

Step 5: Presurgical Trajectory Planning

Planning the trajectory makes planning of the entry

point necessary. This is much easier with a center of arc

system (e.g., Leksell, ZD, CRW). The software system allows

a stepwise visionalization of the trajectory to rule out any

traversing larger vessels and to avoid the ventricular wall.

Step 6: Prepare the Patient for the OR

In our experience it is beneficial to give the patient prior to

surgery 20 mg dexamethasone and iv. antibiotics. Also con-

tinuous blood pressure measuring is recommended. The hair

is carefully shaved and the skin prepared with antiseptics.

Local anesthesia is applied around the intended skin incision

and the outlet of the temporary percutaneous extensions. The

draping is performed in order to keep eye contact with the

patient. Oxygen supply is optional.

Step 7: Stereotactic Arc Fixation

The calculated target coordinates are transferred and set with

the frame, always double checked by attending and resident

(Target coordinates: Table 6.1).

Step 8: Incision and Making the Burrhole

The incision is usually carried out semicircularly and

precoronarly to avoid scar tissue above the burrhole device.

The size of the burrhole depends on the number of electrodes

placed, the use of a burrhole fixating device, the perfor-

mance of microrecordings or not. Sometimes extra drilling

is necessary to prevent extreme bending of the electrodes or

to fit in the lead fixation device. The dura is incised and

coagulated. At this step already it should be checked,

whether the opening is large enough to perform

microrecordings with five electrodes if necessary.

Step 9: Attachment of Lead Fixation Device
on Burrhole

This step is highly variable and depends on several factors

such as thickness of skin, baldness, reimbursement of special

devices, etc. If a device is used it should be rigidly be fixed to

the skull.

Step 10: Stereotactic Arc Fixation

Depending on whether microrecordings are used all

attachments should be calibrated to the lengths of guiding

Table 6.1 Target coordinates

Target X-coordinate Y-coordinate Z-coordinate Comments

VPL 16–18 mm laterally 3–5 mm in front of PC 0–2 mm below AC-PC line Arm more medial than leg

VPM 10–12 mm laterally 3–5 mm in front of PC 0–2 mm below AC-PC line

CM-PF 7–8 mm lateral 8–9 mm behind mid.AC-

PC

At AC-PC line

PVG 2 mm laterally. ventricular

wall

2–3 mm in front of PC 2 mm above—2 mm below AC-PC

line

Below often ocular

symptoms

PAG 2–3 mm laterally 2 mm behind PC 2–4 mm below AC-PC line Diplopia

Post.

Hypothal.

2 mm laterally ventricular

wall

2–3 mm post mid AC-PC 5 mm below AC-PC line
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cannulas, micro- and macroelectrodes. Again all settings

should be double checked.

Step 11: Physiological Confirmation
of Anatomical Target

In general, microelectrode recordings are not useful for

target delineation in chronic pain, they are rather used for

scientific reasons. In the thalamus rhythmic or randomly

bursting cells are detected which have the typical

characteristics of low-threshold calcium spike bursts

[80–82]. Especially in patients with large areas of

deafferentation (i.e., paraplegia) cells in the representation

of the anesthetic body part have no receptive fields [30]. In

other patients we found a distortion of the receptive and

projection fields (i.e., face instead of the amputated arm

16 mm lateral) as described by Lenz [83]. Microrecording

of the hypothalamus displayed low frequency random spikes

with an average frequency of 18 Hz.

Step 12: Intraoperative Testing with
Microelectrode Recording System

If microelectrode recording (MER) is used, microsti-

mulation usually up to 10 mA can be carried out. This is

rather helpful to determine the threshold for side effects than

to cause clinical effects (pain relief). We recommend testing

the efficacy and side effects with the permanent electrode.

Step 13: DBS Lead Placement

Depending on the type of fixation additional X-ray should be

used to be certain that the permanent electrode is located in

the right place (same as chosen microelectrode path).

Step 14: Intraoperative Clinical Testing
with DBS Lead

Stimulation in the PVG creates a feeling of warmth, floating,

and dizziness at threshold stimulation with frequencies of

50 Hz and a pulse width of 210 μs. At higher intensities

anxiety or even panic is reported by the patients. Below the

intercommissural line diplopia, gaze deviation or gaze

paralysis can be elicited. Further posterior sometimes

paresthesias in the contralateral body without somatotopy

are reported caused by current spread to the medial lemniscus.

Very helpful are reproducible elevations of the blood pressure

and heart rate at threshold stimulation in PVG [17, 84] or

hypothalamus. Interestingly these effects fade with chronic

stimulation (Figs. 6.1 and 6.2).

Stimulation of the lateral thalamus elicits paresthesias in

different body areas according to the laterality of the placed

electrode. We can confirm the results of Lenz and others that

there is a mismatch of receptive field and projection field,

especially in patients with phantom pain or central pain

syndromes. In patients with thalamic pain or paraplegia

only very few cells have receptive fields at all. Especially

in patients with thalamic pain suprathreshold stimulation is

reported painful by the patients. In one of our patients with

phantom pain just placing the macroelectrode caused

immense pain in the phantom. Dystonic movements of the

extremities are caused by stimulation of the internal capsule.

In those cases the electrode has to be moved more medially.

Step 15: DBS Lead Fixation

The lead has to be securely fixed with the fixation device

without damaging the lead or bending it above the bony

edge.

Fig. 6.1 Cluster and hypothalamic stimulation

Fig. 6.2 PVG/VPL Stim
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Step 16: Intraoperative Final Lead Confirmation

Intraoperative X-ray is helpful to prevent final dislocation

(especially with the available cup, which often pushes the

lead 1–2 mm more down). Also a final stimulation testing is

recommended (same threshold for effects and side effects as

before).

Step 17: Dismantle Equipment and Suturing
Incision

Rinsing with a local antibiotic is recommended. The exten-

sion outlet is sutured and covered with iodine cream.

Step 18: Postoperative Final Lead Confirmation

This can be done with CT or MRI. These images can then be

fused with the preoperative images. Also postoperative

complications can be ruled out.

Step 19: IPG Placement

In chronic pain patients a blinded testing trial is

recommended before the IPG is placed. The second proce-

dure is generally performed in general anesthesia.

Clinical Results

No randomized controlled study exists up to now for deep

brain stimulation for neuropathic pain. One study with a

short-term randomized phase exists for the treatment of

chronic cluster headache [85]. According to the criteria of

evidence-based medicine, there are usually level 4 or 5, i.e.,

historic case-control studies, published. Only a few papers

used a disinterested third party for evaluation of the results.

There are in general no standardized selection and evalua-

tion criteria in those studies besides in the cluster studies

where always the IHS (International Headache Society)

criteria were used. Especially no blinded stimulation was

carried out, which is possible in contrast to spinal cord

stimulation, where paresthesias have to mask the painful

area. In DBS especially subthreshold stimulation proved to

be beneficial, while suprathreshold stimulation sometimes

is rather experienced unpleasant. A summary of more

recently published studies is given in Tables 6.2, 6.3,

and 6.4.

Most series include patients with different etiologies of

peripheral and central neuropathic pain syndromes. Older

studies also included patients with Failed Back Surgery

Syndrome after more conservative treatments (as spinal

cord stimulation) had failed. Interestingly these patients

showed in general satisfying results over years. More

conflicting are the results in neuropathic pain. From the

review of the literature it seems that more circumscribed,

well-localized pain responds better to either lateral or

thalamic or periventricular pain, than below the level pain

in spinal cord injury or post-stroke pain. Patients with pure

nociceptive or cancer pain are no candidates for DBS.

In chronic cluster headache more rigid selection criteria

were chosen and usually a psychological or psychiatric

examination had been performed. In general, the long-term

results demonstrate a success in 50 % of the implanted

patients of which 50 % were pain free and the remaining

had a significant drop in frequency of attacks as well as

duration and intensity of their pain.

The fear that hypothalamic stimulation causes long-

term autonomic side effects could be ruled out (Figs. 6.3

and 6.4).

The most serious complications in functional stereotactic

neurosurgery are intracranial hemorrhages. The incidence in

major series ranged between 1.9 and 4.1 % and permanent

neurologic complications were reported in about 2 %. In

some cases just the insertion of the electrodes can cause

neurologic deficits (e.g., diplopia in PAG stimulation) with-

out visible hemorrhage on postoperative imaging.

Some patients developed compulsion stimulation behav-

ior with stimulation in the lateral somatosensory thalamus.

In our series this happened in two patients with the lowest

electrode contacts probably stimulating hypothalamic

fibers.

The risk of infection ranged between 3 and 12 %. In our

series infection occurred in 1 patient with a purulent otitis

media and diabetes (2 %). Prophylactic oral antibiotics dur-

ing the trial stimulation are now routinely administered. The

connector between the electrode and the extension cable

should be placed over the parietal skull and not behind the

ear. The latter position increases the risk of disconnection,

and breakage of the connecting cables. New extension

cables with smaller connectors were developed and reduce

the risk of scalp erosion.
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Table 6.3 Stimulation in periaqueductal/periventricular grey or medial thalamus (CM-PF)

Author Year Target Type of pain Follow-up Outcome Pain measurement Level

Plotkin [95] 1982 PVG Postdiscectomy 3 years 80 % success Verbal response, preoperatively; morphine test 5

Andy [94] 1983 CM-PF CRPS II ? 1 Good, 1

excellent

4-Point scale 5

Thalamic pain 1 Good, 1

excellent

Migraine Good

Young et al.

[97]

1985 PAG/PVG Postdiscectomy 2–60

months

9 Excellent, 5

partially

Verbal, morphine test 5

+

Combinations

Carcinoma 3 Excellent, 3

partially

Paraplegia 1 Excellent, 3

partially

Anesthesia

dolorosa (4

2 Partially,

2 poor

5

Root avulsion 2 Partially,

2 poor

Postherpetic 2 Partially

Hosobuchi

et al. [98]

1986 PAG Carcinoma 2–14

years

5 Successful Successful ¼ pain relief + no narcotics;

preoperative morphine test

Failed back 39 Successful

Nociceptive

pain

6 Successful

Hosobuchi

et al. [96]

1987 Dors. PAG Head/neck—

carcinoma

? 2 Good, 5

failure

Verbal 5

Levy et al.

[89]

1987 PVG Failed back 80 months 32 % Long-term

success

Verbal, questionnaire, disinterested third party 4

Carcinoma 33 % Long-term

success

Disinterested third party

Kumar et al.

[90]

1990 PVG Failed back 6–118

months

73 % Long-term

success

Success ¼ good to excellent pain relief + no

narcotics; preop psychol testing

5

Krauss et al.

[55]

2001 CM-PF Neuropathic

pain

? 10 Patients

good relief

5

Table 6.4 Selective patient series with posteromedial hypothalamic stimulation for cluster headache (w/o abstracts)

Author/year Patients, n Patients improved Benefit complete/partial Follow-up, y

Schoenen et al. [49]/2005 6 3 2/1 4

Starr et al. [100]/2007 4 2 0/2 1

Bartsch et al. [91]/2008 6 3 2/1 1.4

Fontaine et al. [85]/2010 11 6 3/3 1

Leone et al. [101]/2013 19 12 6/6 8.7
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Fig. 6.3 24 h blood pressure recording 3 months following hypothalamic DBS does not show RR changes with stimulation (gray bar)
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Fig. 6.4 No changes in tidal volume, inspiratory ventilation capacity, inspiratory and expiratory respiratory volume, and forced expiratory

volume without (above) or with (below) hypothalamic stimulation
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Conclusion

Deep brain stimulation is a treatment option in patients

not responding to less invasive or more conventional

therapeutic measures. A neural substrate for the origin

of the pain should be obvious. Patients should undergo

always a multi-modal pain therapy in specialized

departments with concomitant psychological/psychiatric

evaluation and eventually therapy before considered

candidates for DBS surgery. Patients with diffuse pain

states without detectable reason for the underlying cause

of pain should be excluded. Also pain states in the rectal,

genital, or perineal region do not respond to DBS

according to our experience. One reason might be the

small representation of those midline areas in the

thalamic somatotopy.

Medical treatment should be exhausted in patients

considered for brain stimulation, either due to inefficacy

or due to intolerable side effects. However, a careful

patient history should be taken to rule out inefficient

dosages or side effects due to missing co-medication.

Especially patients with neuropathic pain should be

treated for a sufficient amount of time with tricyclic

antidepressants (i.e., amitriptyline), anticonvulsants (i.e.,

carbamazepine and gabapentine), and other medications

(i.e., mexiletine, baclofen, etc.). Pain of peripheral origin

should be treated first with spinal cord or peripheral nerve

stimulation, if appropriate. According to the results in this

review, DBS can be helpful and add to the quality of

life in highly selected patients with chronic pain

syndromes.
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Motor Cortex Stimulation 7
Dirk Rasche and Volker M. Tronnier

Introduction and History of Invasive Cortical
Stimulation

Invasive and surgical procedures for the treatment of differ-

ent pathological conditions and diseases are as old as human

history. In accordance to this one can assume that the treat-

ment of pain, which is a specific evolutionary function of the

nervous system, is also an ongoing problem of millenniums.

The treatment of chronic pain syndromes is often frustrating

and a certain percentage of patients are refractory to any

multimodal, pharmacological, psychological or conservative

treatment [1, 2]. A lot of these patients suffer from neuro-

pathic pain, which is defined by the International Associa-

tion for the Study of Pain as “a pain caused by a lesion or

disease of the somatosensory system” (www.iasp-pain.org/

resources/painDefinition; [1]). Therefore the perception and

cognition of chronic pain is an individual function of the

human brain. In these selected, refractory cases invasive

treatment options at all levels of the nervous system were

performed for many centuries [3–5]. Mainly neurodes-

tructive procedures like neurotomies, chordotomies,

corticotomies and lesions of deep brain structures but also

limb amputations were conducted [4]. Despite initial pain

reduction follow-up observation revealed poor results

regarding pain control and complications [4, 5].

The development of neuromodulation techniques with

electrical stimulation of nervous tissue lead to a significant

change and improvement of therapy. This is mainly based on

the work and experience of Penfield and Rasmussen with

functional mapping of the cortical surface, in detail the

motor strip and central region [6]. These data lead to a

well-known and accepted landscape of the cortical surface,

the so-called “homunculus” of the precentral gyrus. To date

this cortical representation is the background for functional

targeting of the somatotopic correlate of the affected, painful

part of the body.

Since the 1980s, direct epi- or subdural motor cortex

stimulation (MCS) is offered to patients with post-stroke

pain (PSP), trigeminal neuropathic pain (TNP) or

deafferentation pain of the upper or lower extremities

[7–31].

Until today more than 75 publications and several

reviews regarding MCS and chronic pain exist and one can

assume that more than 700 patients worldwide were treated

with this neuromodulation therapy [4, 22, 30, 32–40]. Only a

few prospective randomised controlled studies with small

patient numbers were performed [15, 26, 28, 29, 41]. Neither

consent nor guidelines exist concerning indications for sur-

gery, site of stimulation, stimulation parameters or even the

implantation materials. Besides chronic pain syndromes the

indication list expanded to other refractory syndromes and

also different stimulation sites on the cortical surface with

the aim to modulate dysfunctional activities of motor or

sensory systems [42–57].

In the future on the one hand the lack of understanding of

human brain function must be resolved and may lead to the

development of modern, specific or individual non-invasive

or invasive techniques. On the other hand a level of evidence

regarding patient selection, indications and implantation

techniques must be acquired to establish an algorithm for

the efficacy and clinical significance of invasive cortical

stimulation (ICS).

Mode of Action

To date, the specific pathophysiological mode of action of

MCS is still unknown. Several experimental studies for pain

are published to evaluate the theoretical mode of action of

cortical stimulation, either on the precentral gyrus or on

other cortical structures [16, 18, 23, 26, 58–70]. These

include animal models of acute and chronic pain and cortical
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stimulation but also human experiments with different imag-

ing techniques like functional MRI, positron emission

tomography (PET) and single-photon emission computed

tomography (SPECT). The most important studies using

positron emission tomography (PET) and electrophysiology

were performed by Garcia-Larrea et al. [60–62]. They

demonstrated that subthreshold electrical stimulation of the

motor area leads to modulation of pain-related areas like the

ipsilateral thalamus, anterior cingulate gyrus, insula and

upper brainstem [60, 61]. An antidromic activation of

thalamocortical connections is postulated the most important

effect of MCS. Furthermore, multiple “network effects”
like the increased release of endogenous opioids,

enhanced gamma-aminobutyric acid (GABA)-

concentrations and descending modulation down to the

dorsal horn of the spinal cord were evaluated [4, 16, 18,

26, 35, 38, 60–64, 66–70].

Patient Selection

The indication for MCS is restricted to the diagnosis of

chronic refractory syndromes like treatment-resistant neuro-

pathic pain syndromes as listed in Table 7.1. Certain

contraindications need to be taken into account (see

Tables 7.2 and 7.3). It was shown by Yamamoto et al. and

Carroll et al. that severe motor weakness or paralysis in the

area of pain with injury of the corticospinal tract is of

negative predictive value for pain relief by MCS [11, 17].

This is mainly due to the missing thalamocortical

connections to the motor strip and can be evaluated by

MRI (Fig. 7.2), diffusion tensor imaging techniques and

fibre tracking [12, 16, 20, 21, 59, 62–64, 71–73].

Clinical experience demonstrated that usually patients

had a history of several years and multiple interdisciplinary

treatments before evaluation of an invasive pain procedure

[27]. Also pharmacological therapies, including different

analgesics World Health Organisation (WHO) level 3,

antiepileptics and coanalgesics, were proven to be ineffec-

tive or were accompanied by intolerable side effects. A

concomitant psychological therapy by a pain-experienced

psychologist is mandatory.

In neuropathic pain syndromes usually a specific nerve

deficit, e.g. tactile hyp- or hyperaesthesia, or dysfunction

like allodynia or dysaesthesia can be detected in the pain

area [1, 2].

Patients should be informed about the procedure and the

implanted hardware as an off-label use as an individual and

experimental treatment option and written informed consent

should be documented.

Nevertheless, patient selection criteria are very subjective

and may vary among the experienced centres and

publications [4, 8, 12, 15, 22, 27, 29, 30, 32–37, 40, 53].

Therefore this needs to be suspected to be a substantial bias

in every prospective trial and reduces comparability of these

investigations and results.

Perioperative Management

Today neuronavigation is a worldwide standard for many

neurosurgical procedures of intracranial lesions. A morpho-

logical three-dimensional (3D) data set of the patient’s brain
should be implemented into modern neuronavigation

systems, either as an MRI or a computed scan [4, 20, 21,

25, 27, 58, 59, 62, 63, 73–76]. In some patients with brachial

plexus evulsion (BPA) and complete deafferentation due to

cervical nerve root avulsion the authors were able to detect

specific morphological changes and side differences of the

detailed anatomy of the precentral gyrus in the area of the

arm and hand representation as a consequence of denerva-

tion (see also Fig. 7.2). Cortical surface reconstruction is as

Table 7.1 List of different indications for motor cortex stimulation

(MCS)

MCS indication list

Trigeminal neuropathic pain incl. dys/anaesthesia dolorosa

Brachial plexus avulsion/cervical nerve root avulsion

CRPS I/II of the upper extremity

Central pain/post-stroke pain

Phantom limb pain

Movement disorders like Parkinson’s disease and essential tremor

Post-stroke rehabilitation

Table 7.2 Contraindications for invasive cortical stimulation (ICS)

Contraindications for ICS

Severe paresis or paralysis in the pain area

Severe psychiatric disorders

Incompliance of the patient with alcohol or drug addiction/abuse

Refractory epilepsy

Coagulopathy

Contraindication for general anaesthesia or chronic infection

Cardiac pacemaker or cardioverter

Pregnancy

Table 7.3 Indications and cortical stimulation sites

Indication Stimulation site

Chronic pain: Precentral gyrus and sulcus centralis

Parkinson’s disease: Precentral gyrus and sulcus centralis

Stroke: Precentral gyrus and sulcus centralis

Tinnitus: Auditory cortex, Heschl gyrus (BA 41–42)

Depression: Dorsolateral prefrontal cortex (BA 46)

Tremor: BA 4

BA Brodmann area
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helpful as matching with functional data like BOLD-fMRI to

identify the target structures of the painful areas and to

achieve additional information regarding certain

neuroplastic changes and cortical reorganisation [21, 63,

67, 70, 77, 78]. This information is essential regarding the

correct and ideal position of the lead covering the motor area

of the painful body part.

In addition to these morphological and functional data it

should also be taken into account that in cases of brain

atrophy and a large distance between the dura and the cortex,

which means a significant cerebrospinal fluid (CSF) layer in

the computed tomography (CT) or MRI scan, one should

consider subdural direct cortical implantation of the leads

[4, 27].

Also neurophysiological evaluation of somatosensory or

motor-evoked potentials and even electromyographic

recordings may be helpful to gain more information about

central or peripheral nervous system abnormalities and pos-

sible modulations during lead placement and ongoing MCS

[3, 4, 16, 18, 23, 26, 27, 42, 58, 62, 64, 68, 69, 73].

A few publications exist concerning the predictive value

of pharmacological or electrophysiological testing of

patients for MCS [11, 13, 14]. Comparison of the results of

MCS with pharmacological testing in 39 patients with PSP

was performed by Yamamoto [11]. Franzini et al.

demonstrated a positive predictive effect of propofol in

two patients with PSP [14]. Non-respondence to propofol

has also been investigated as negative predictor for pain

relief by MCS [13].

The same effect as epidural placement of an electrode can

be achieved with repetitive transcranial magnetic cortical

stimulation (rTMS) and transient pain relief is possible [40,

61, 65, 66, 79–81]. In a study with 60 patients with

predominated unilateral pain in the face, upper or lower

limb of different origin, Lefaucheur et al. [65] have shown

that best pain relief with rTMS was achieved for facial pain.

In this study the authors stress that the target point for

stimulation can be different from the anatomical localisation

and best pain relief for facial pain was observed stimulating

over the hand cortical area. This may be due to the effects of

neuroplasticity known from fMRI studies with phantom

limb pain [77, 78]. Overall, negative response to rTMS is

not considered as a contraindication or negative predictor for

MCS response [65, 66, 80, 81].

Fig. 7.1 Diagram showing the algorithm for MCS (pre/intra/post-operative) in chronic neuropathic pain syndromes

Fig. 7.2 Standard axial T1 MRI scan with identification of the left

precentral gyrus and motor cortex for the upper limb (* ¼ hand knob”)
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Operative Procedure

The implantation of leads for sub- or epidural cortical stim-

ulation has been performed in various, totally different

techniques and ongoing modifications by experts in the

field worldwide. No consent exists regarding the implanta-

tion technique, size or model of implanted leads with 4, 8 or

more contacts, neurostimulation devices or stimulation

parameters and settings. Most commonly one or two surgical

leads with 4 or 8 electrodes are implanted (see Fig. 7.3).

There is no legal approval for the usage of any lead, exten-

sion and neurostimulator for this specific indication and

patient should sign informed consent clearly indicating the

off-label use of the devices.

In all publications regarding these procedures a

neuronavigation system and also intraoperative neurophysi-

ological monitoring is recommended to identify the

precentral gyrus and central sulcus opposite to the painful

area. The procedure can be performed in local or general

anaesthesia. In most cases the burr-hole technique is

performed in local anaesthesia whereas the craniotomy or

even subdural placement of the leads is mostly conducted in

general anaesthesia. Nevertheless, also the subdural lead

implantation and craniotomy is possible in local anaesthesia

and mild sedation [4, 27, 35–37, 40].

Intraoperative testing includes recording of evoked

potentials and also stimulation via the implanted leads.

Identification of the pre- and postcentral gyrus can be

performed by phase reversal of median or tibial nerve

somatosensory-evoked potentials (SEP). Direct stimulation

of the epi- or subdural leads is performed to identify the

individual motor threshold and to detect motor responses of

the affected body part. In low-frequency stimulation

(<10 Hz) focal muscle tics and with higher frequencies

(>50 Hz) dystonic muscle cramps can be observed with

different stimulation intensities. Due to the direct cortical

surface stimulation in cases of subdural lead placement one

has to be aware of much lower stimulation intensities (about

10–30 % compared with epidural stimulation). In patients

with phantom limb pain or cervical/brachial nerve root avul-

sion no direct muscle response can be evoked. The operative

procedure can be terminated with percutaneous tunnelling of

connected extensions for testing with an external stimulation

device or consecutive implantation of a neurostimulation

device in the infraclavicular or abdominal subcutaneous

tissue as a one-stage procedure [4, 22, 32, 34, 38, 48, 51,

53, 57]. In the first scenario a testing trial up to several weeks

is possible (increasing risk of infection of the percutaneous

extensions) whereas in the other, the one-stage scenario,

testing with the internal device can be conducted for several

months to evaluate the effects and possible pain reduction.

One must mention that performing a test trial and achieving

a positive effect seems to be favourable before a definite

device implantation is justified, also when looking at the

negative aspects like reimbursement and MRI-compatibility.

The author’s standard protocol for this procedure

performed as “burr-hole” technique and in local anaesthesia

is shown in Table 7.4 and Fig. 7.1.

Post-operative Test Trial

In case of a test trial with an external stimulation device a

standard protocol with different stimulation parameters and

settings should be followed. Therefore at least 8 days are

necessary; sometimes the test trial needs to be extended up to

2 weeks. Despite there is no evidence, the authors recom-

mend the administration of a prophylactic oral antibiotic

medication during the trial [27]. The authors also recom-

mend a standard plane X-ray of the skull (anterior-

posteriorly and laterally) to document the exact position of

the lead (see Fig. 7.3). Also a computed scan of the head is

performed to match these data with the preoperative MRI

data set using image fusion techniques. This technique is

also used to superimpose the position of the lead contacts,

visualised as the centre of the metal artefact, on the preoper-

ative MRI and three-dimensional cortical surface

reconstructions (see Fig. 7.4).

During the test trial subthreshold stimulation with differ-

ent electrode combinations and stimulation parameters using

an external stimulation device is conducted. The stimulation

intensity varies individually between 50 and 75 % of the

intraoperative motor threshold [22, 16–18, 27, 37, 61, 64, 68,

69, 73]. This kind of subthreshold stimulation offers the

possibilities of implementation of double-blinded and pla-

cebo stimulation settings during the test trial [4, 27, 40].

Programming can be performed by an individual, blinded

Fig. 7.3 Postoperative X-ray for documentation of the lead position

(left: lateral, right: anterior-posterior) in a patient with right-sided

trigeminal neuropathic pain
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Table 7.4 Step-by-step protocol of the standard operative procedure (SOP) for ICS using the “burr-hole technique”

Standard operative procedure: “Burr-hole technique”

Head fixation in a 3-point pin holder in local anaesthesia

Calibration and adjustment of the neuronavigation data set

Identification of the precentral gyrus

Target planning and operative approach in local anaesthesia

Adjustment of intraoperative neuromonitoring

Parietal burr hole and epidural spacing

Navigation controlled epidural implantation of lead strips (2 � 4 contacts)

Intraoperative testing with SSEP/phase reversal recording and suprathreshold stimulation

Identification of the optimal lead position

Fixation of the leads

Percutaneous extensions in local anaesthesia

Wound closure and head clamp detachment

Fig. 7.4 Post-operative image fusion and matching of the lead position with the preoperative MRI data set using a neuronavigation system
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physician and clinical documentation by specially trained

nurses or physicians 6–8 times per day to complete a pain

diary, document functional behaviour like mobility and sub-

jective impressions, e.g. night’s rest.
The test trial is terminated in case of positive effect with

pain reduction of greater than 30 %, accompanied with

reduction of analgesic medication. The importance and clin-

ical significance of the placebo and double-blinded testing

settings with identification of false-positive responders are

underlined. In the patient sample of the authors 15 % (9/60)

of the patients were identified as false-positive responders

with reproducible pain reduction during placebo stimulation.

This was considered to be a psychological or placebo effect

and discussed with the patient. In these cases the leads were

consecutively explanted.

Implantation of the neurostimulation device can be

performed in general anaesthesia in the infraclavicular or

abdominal subcutaneous tissue. The patient needs to be

informed that, at the moment and with current knowledge,

no MRI examination with the body-coil and these implanted

devices is approved.

Follow-Up Visits

In all patients individual adaption and control of the stimu-

lation parameters during follow-up are necessary. This may

vary from stimulating 3 � 0.5 h/day up to continuous stim-

ulation. The authors prefer a cyclic stimulation mode to

avoid habituation [27]. Reprogramming is sometimes neces-

sary every 3–6 months with change of polarity of the cathode

and anode and impedance check to detect lead fracture,

battery depletion, etc.

Complications

As in every surgical procedure a certain rate of

complications can occur and the patient needs to sign an

informed consent following a detailed preoperative discus-

sion. On the one hand procedure-related complications like

wound infections, bleeding or re-bleeding at the surgical

sites can occur [3, 4, 22, 27, 37, 38, 40, 51, 55, 57]. The

risk of wound infections might be increased in these cases

with implanted materials. In case of the so-called burr-hole

technique, the occurrence of an epidural bleeding is a much-

feared complication [4, 27, 38, 40]. In the patient sample of

the authors no epidural hematoma was detected by routine

computed scan of the head performed on the first postopera-

tive day [27].

Also epileptic seizures, either intraoperative or during

follow-up, with or without neurological deficits and need

of antiepileptic medication were reported.

In patients with MCS of the dominant hemisphere also

speech disturbances with aphasia and speech arrest were

observed and may be resolved in case of ongoing symptoms

only by termination of MCS or explantation of the leads [4,

27, 48]. The problem of significantly increased complication

rates in patients with subdural implants and therefore ele-

vated risks of seizures, infection etc. cannot definitively been

answered due to the small patient numbers and published

case-reports.

On the other hand technical problems with the implanted

materials like lead fracture or dislocations were observed in

the published series. In this context one has to mention that

all implanted materials, surgical leads, extensions and

neurostimulation devices have no approval for this specific

therapy and are used off-label. This also needs to be

implemented in the informed consent of the patient.

Discussion and Review of the Literature

MCS in the Treatment of Chronic Pain

The authors treated a total number of 60 patients during a

period from 1994 until 2013 and performed either epidural

or subdural implantation of one or two leads over the motor

cortex for the treatment of refractory chronic pain

syndromes. In 36 of 60 (60 %) patients, pain reduction

during the standardised test trial was evaluated and a perma-

nent neurostimulator implanted. Pain reduction of at least

30 % of the initial visual analogue scale (VAS) ratings was

considered acceptable and is in accordance with the current

view of success rates in pharmacological pain therapies [82].

In detail, success rate was 17 of 25 in TNP (68 %), in PSP

38 % (6/16), in the BPA group 11/15 (73 %) and 2/4 of the

patients with other indications. This was accompanied by

identification of 9 false-positive responders (4 in the TNP

and 5 in the PSP group) during placebo and double-blinded

testing. At the last follow-up (mean: 4.5 years postopera-

tively) positive responders were evaluated in 14/17 patients

with TNP (82 %), 4/6 of the PSP (67 %) and 8/11 in the BPA

group (73 %).

The lowest success rate was found in the patients with

PSP and central pain syndromes. This might be due to the

fact that the pain origin and injury is located in the central

pain transmission network itself. Also, it may be comparable

with the bad results in other central neuropathic pain

syndromes like postherpetic neuropathy. In contrast to this

one can assume that the good results for pain in the face or

upper limb might be due to the good representation on the

convexity of the motor cortex and the multiple central

connections to the “pain matrix”. Therefore the authors

favour and recommend MCS in cases with chronic neuro-

pathic pain syndromes of the face or upper limb compared to
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other invasive procedures, e.g. deep brain stimulation [4, 27,

39, 57].

An overview concerning selected publications and

reviews regarding MCS is given in Tables 7.5, 7.6 and 7.7.

The first operated patients with PSP were reported by

Tsubokawa et al. in 1990, respectively 1991 (Tsubokawa,

annual IASP congress in Adelaide 1990; [7]). In 1993

Tsubokawa et al. [8] reported an initial success rate of

73 % (8/11 patients) in PSP. After 2 years only five patients

were still positive responders (45 %). Meyerson et al.

reported the first patients with TNP and MCS in 1993 [9].

Initial positive effect of MCS was demonstrated in all cases

with a follow-up of 4–28 months. Reporting positive MCS

effect in 50 % (three of six) of the patients with TNP and a

follow-up of 5–24 months was performed by Ebel et al.

[10]. Pain relief by MCS in 7 of 12 (58 %) patients with

TNP was reported by Nguyen et al. in 1999 [16]. Reporting

a series of 20 patients with central neuropathic pain and a

follow-up of more than 1 year, Mertens et al. [15] reported

an excellent pain relief in 5 (25 %), good in 7 (35 %) and

fair in 3 (15 %) patients. Five patients (25 %) were negative

responders. The success rates reported for TNP and PSP

are higher than in the patient sample of the authors. Brown

and Pilitsis [26] reported the results of a prospective

series of ten patients with central and neuropathic facial

pain. In eight of ten cases (80 %), all patients with TNP,

implantation of the stimulation device after successful trial

was performed. Of the two patients without positive effect

there was one case each with central pain after lateral

medullary infarction and with pain of unknown origin.

Positive effect of the MCS with improvement of facial

weakness, sensory impairment and also dysarthria was

also evaluated in three patients. All patients with implanted

devices were able to reduce daily pain medication dose by

more than 50 %. In these publications no hint is given about

the clinical test trial after insertion of the lead and therefore

it can be assumed that no double-blinded or placebo testing

was performed.

Table 7.5 List of relevant publications, number of patients, diagnosis, follow-up (months) and responders regarding MCS and chronic pain

syndromes

Author Year Patient# Diagnosis Follow-up Responder

Tsubokawa et al. [7] 1991 11 PSP 24 8

Meyerson et al. [9] 1993 5 TNP 28 5

Katayama et al. [89] 1994 3 Central pain 12 2

Migita et al. [79] 1995 15 PSP, spinal cord lesion pain >24 11

Ebel et al. [10] 1996 6 TNP 24 3

Katayama et al. [12] 1998 31 PSP >24 15

Garcia-Larrea et al. [61] 1999 10 PSP, plexus avulsion 6 5

Nguyen et al. [16] 1999 31 PSP, TNP, SCI, PHP >24 7

Mertens et al. [15] 1999 23 Central neuropathic pain, SCI, BPA 74 11

Carroll et al. [17] 2000 10 PSP, phantom limb pain, traumatic neuralgia, brachialgia >24 5

Saitoh et al. [19] 2000 8 PSP, peripheral deafferentation pain 26 6

Drouot et al. [64] 2002 31 Peripheral neuropathy and central lesions 18 21

Rainov et al. [24] 2003 2 TNP 18 2

Tirakotai et al. [25] 2004 5 Central pain 24 5

Brown et al. [26] 2005 10 Central and neuropathic facial pain 24 8

Nuti et al. [83] 2005 31 PSP, SCI 48 16

Cioni et Meglio [34] 2007 14 PSP, TNP, SCI n.s. 3

Hosomi et al. [84] 2008 34 PSP, TNP, BPA, SCI, PLP 112 12

Velasco et al. [28] 2008 11 Central and peripheral neuropathic pain 12 8

Lefaucheur et al. [30] 2009 16 Peripheral neuropathic pain 12 9

Velasco et al. [29] 2009 5 CRPS 36–72 4

Nguyen et al. [4] 2011 100 PSP, TNP, BPA, SCI 89 64

Rasche et al. [27]a 2013 60 TNP, PSP, BPA, peripheral pain 74 36

aUpdated summary, published in part in 2006

Table 7.6 Relevant reviews regarding MCS

Authors (reference) Year

Brown and Barbaro [22] 2003

Osenbach [33] 2006

Cioni and Meglio [34] 2007

Lazorthes et al. [35] 2007

Saitoh and Yoshimine [36] 2007

Arle and Shils [37] 2008

Lima and Fregni [38] 2008

Lefaucheur et al. [30] 2009

Nguyen et al. [4] 2011

Monsalve [40] 2012
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In contrast to other centres the burr-hole technique with

epidural spacing for positioning of the lead was used in this

series. A small craniotomy over the central sulcus is the

preferred technique in other centres because of epidural

bleeding during or after detachment of the dura [12, 14,

16, 32]. In our series no intra- or post-operative bleeding

could be observed in routine cranial computed tomography

on the first post-operative day [27]. It is obvious that a

larger craniotomy over the central sulcus allows a more

detailed monitoring and mapping of the pre- and

postcentral area. It is discussable that placement of the

lead via the burr-hole technique is not as precise as with

the craniotomy technique and therefore, like in some

patients of this series, the applied current for intra- and

post-operative stimulation is higher because of the distance

to the target. This disadvantage of the burr-hole technique

can be a reason for a less favourable response rate com-

pared with other centres. One has to mention that the

success rate of patients with TNP is not much lower than

in other centres. Targeting of the functional area of the

primary pain site and not the craniotomy technique seems

to be the major component of the procedure.

The authors prefer lead positioning over the convexity of

the medial part of the precentral gyrus running perpendicular

with the motor cortex from medially to laterally [27]. This is

in contrast to other centres that prefer placing the lead over

the post- and precentral gyrus crossing the central sulcus

horizontally [14, 16]. fMRI studies revealed that the

localisation of the cortical motor area can be highly variable

[67, 77, 78] and discussion about the correct or ideal site of

stimulation is still going on. Placing all contacts of the lead

over the precentral gyrus was performed to cover most of the

cortical area to improve stimulation effect to the primary

pain site.

In 2005 Nuti et al. published the results of their patient

sample with 31 patients and PSP or SCI [83]. A positive

effect and pain relief was evaluated in 16 patients and it was

stated that efficacy of MCS may be predicted in the first

month of therapy. Less impressive were the results reported

by Cioni and Meglio [34]. Only 2/14 patients experienced

pain relief by chronic MCS. In contrast to these findings,

Velasco reported positive effects of MCS in 8/11 patients

with unilateral neuropathic pain of different origin in a

randomised double-blind trial with postoperative follow-up

of 12 months [28].

Direct stimulation of the cortical surface by implantation

of the lead within the central sulcus and on the precentral

gyrus was performed by Hosomi et al. [84]. Out of a collec-

tive of 34 patients 12 responded well to MCS. In detail, 10 of

12 patients experienced pain relief by direct stimulation

within the central sulcus and in 4 of 10 patients positive

effects maintained at follow-ups. The efficacy of direct lead

positioning and electrical stimulation within the central sul-

cus needs to be evaluated and compared with MCS in a

prospective randomised trial.

Concerning BPA only about 20 patients are reported in

the literature [15, 84]. The first published patients by

Mertens et al. suffered from chronic posttraumatic pain

following brachial plexus avulsion [15]. In four cases a

subdural or epidural lead was placed over the motor area

of the upper limb and 2 patients were screened to achieve

pain reduction by stimulation during a follow-up of about

2 years. Hosomi et al. reported the largest collective with

seven patients suffering from chronic pain following bra-

chial plexus avulsion [84]. In 6/7 patients a permanent

neurostimulator was implanted. Pain reduction of the

remaining patients varied from 10 to 90 %. After a follow-

up from 9 to 112 months the lead was removed in two cases

and one patient died after 36 months due to a cerebral

hemorrhage. Only in one case the pain reduction achieved

by subdural stimulation of the precentral gyrus was stable

with 50 % over a follow-up of 50 months. In all other cases

the effect diminished over time. The initial responder rate in

the patient sample of the authors was 11/15 (73 %) in cases

with BPA.

Until now about 14 patients with phantom limb pain and

MCS are reported [5, 17, 19, 36, 38]. Two out of three

patients published by Carroll et al. showed a benefit by

MCS in phantom limb pain [17]. Saitoh et al. reported two

patients with phantom limb pain and lasting positive effect

over 6–20 months [5, 19, 36]. In 2001 Katayama et al.

published five cases, but only one patient improved by this

therapy with a follow-up of more than 24 months [85]. Four

patients are reported in the patient series of Hosomi et al.

[84]. Only in one patient a stable pain reduction of 90 % was

achieved for 54 months. In the remaining three patients the

system was removed during the first 6 post-operative

months.

Only a small number of cases with chronic postherpetic

pain are published. Recently Velasco et al. reported five

patients with postherpetic neuralgia in a prospective

randomised double-blind trial [28]. The pain distribution

involved was cervical in two patients; the thoracic spine

in two patients and only in one patient the first branch of

the trigeminal nerve was affected. Two patients with

Table 7.7 ICS complications

Complications %

Wound infection/meningitis �10

Epileptic seizures �5

Technical failure �5

Sub/epidural haematoma �10

Neurological worsening �8
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postherpetic neuralgia of the spine and one with trigeminal

pain improved by MCS and pain reduction of 56–80 % was

achieved. The positive effect was stable over the follow-up

period of 1 year.

In 2009 Velasco et al. published their results in five

patients with MCS and complex regional pain syndrome

type I and II (CRPS) [29]. In detail, three patients suffered

from BPA, one patient each from pain due to hemangiectasis

and dermatosclerosis neuropathy. Four/five patients

responded to the MCS with pain reduction and improved

sympathetic symptoms.

Several literature reviews regarding MCS and ICS are

published (see Tables 7.6 and 7.7). The most recent review

of one of the most experienced neurosurgeons summarises

the efficacies and mechanisms of action of MCS [4]. In their

review 100 patients out of their own sample were included

and they evaluated 64 % responders. Looking at meta-

analyses of MCS therapy it is found that 64 % [38], respec-

tively 57 % [86] of treated patients responded to MCS. In

2012 Monsalve published a literature review of 126 relevant

articles and a total of 118 patients with chronic facial neuro-

pathic pain and MCS [40]. A responder rate of 84 % is

reported.

Most of the published series represent a very inhomoge-

neous and mixed collective of pain patients (see Table 7.7).

Also some cases of rare pain syndromes including both

neuropathic and nociceptive pain were reported (e.g. stumb

pain, neuroma, sclerodermia) with different results. Addi-

tionally, in most of the clinical trials no information is given

about placebo or double-blinded testing. Therefore it can be

assumed that in many studies no standard protocol with

double-blinded or placebo testing was followed.

The scientific and clinical evidence of MCS in chronic

pain treatment is insufficient. Only a few prospective

randomised studies were found [4, 26, 28, 40, 86]. In 2005

Brown and Pilitsis reported ten patients with neuropathic

pain treated by MCS [26]. In eight patients a permanent

neurostimulator was implanted after a successful test trial.

Another prospective study was reported by Velasco et al.

[28]. Again 10 patients with different chronic pain

syndromes were treated with MCS. In eight of the ten

patients pain reduction was achieved. Randomisation proce-

dure to “ON” or “OFF” stimulation was performed at day 60

or 90 after permanent implantation in a double-blinded fash-

ion. It was demonstrated that randomisation to “OFF” stim-

ulation led to significant increase of pain (p < .05) and that

significant improvement of pain was induced by MCS

(p < .01).

ICS in the Treatment of Non-painful
Conditions/Syndromes

Parkinson’s Disease and Movement Disorders

Nguyen et al. were the first in 1998 who published the

chronic application of MCS in patients with Parkinson dis-

ease (PD) [43]. Woolsely already evaluated initial experi-

ence in 1979 [42]. Arle and Shils published an overview of

the literature including four own patients with PD in 2008

[37]. With either subdural or epidural lead placement over

the motor cortex short- and mid-term benefits were achieved

but faded away after 12 months.

Moro et al. reported six patients with essential tremor and

five patients with PD and unilateral subdural lead implanta-

tion over the motor cortex [50]. A significant improvement

of contralateral hand tremor was evaluated at 3-month and

1-year follow-ups, but no significant effect was seen in the

PD group. In contrast to these results Bentivoglio et al.

published a series of nine patients with PD and also unilat-

eral extradural MCS [52]. They demonstrated a moderate

improvement of motor symptoms and quality of life at

12-month follow-up.

Therefore currently no clear recommendations can be

stated regarding the clinical significance of MCS in PD and

other movement disorders. In conclusion, MCS cannot be

recommended as an alternative procedure, compared to DBS

of the basal ganglia, for patients with severe PD or move-

ment disorders.

Depression

In patients with treatment-resistant or major depression a lot

of studies using non-invasive methods like rTMS or

transcranial direct current stimulation (tDCS) are published

(see Chap. 8). Only limited data are available for invasive

cortical stimulation for this indication. A prospective

randomised, single-blind, sham-controlled study with 11

patients and a follow-up period of 104 weeks was published

in 2011 by Kopell et al. [49]. A single lead was placed over

the left dorsolateral prefrontal cortex (Brodmann area 9/46)

and continuous stimulation with 50 Hz, 150 μs and ampli-

tude of 6.5 mA was delivered. Although there was no statis-

tical significance between the active and sham stimulation, a

trend towards efficacy with active stimulation was

evaluated. Another case series including five patients with
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treatment-resistant depression was published by Nahas et al.

in 2010 [47]. Leads were implanted bilaterally over the

anterior frontal poles and midlateral prefrontal cortex. Stim-

ulation paradigm varied in contrast to other series with

cyclic stimulation mode. Stimulation was active from

8 a.m. until 10 p.m. with 30 min ON and 2.5 h OFF at

60 Hz and intensity from 2 to 4 V. At 7-month follow-up

mean improvement was 54.9 % on the Hamilton Rating

Scale for Depression and 60.1 % for the Inventory of

Depressive Symptoms—Self Report. Three patients reached

remission while in one case the left-sided leads were

explanted due to infection.

In conclusion it has to be stated that these early results are

promising but additional studies with larger patient samples

need to be conducted. Currently it remains doubtful if these

invasive procedures will play a significant role for the treat-

ment algorithms of these patients compared to the variety

and results of non-invasive techniques [54].

Tinnitus

In contrast to MCS the leads are placed over the auditory

cortex, so called the Heschl gyrus or Brodmann area 41. De

Ridder et al. in 2010, 2011 and an overview in 2012

published the greatest experience with this indication [46,

48, 55]. In a series with 43 implanted patients 33 % remained

unaffected by the auditory cortex stimulation (ACS). 67 %

(29/43) of the patients responded to either tonic ACS or

bursts of high-frequency stimulation. It could be evaluated

that ACS with burst stimulation was favourable for noise

like tinnitus. Preoperative evaluation of the predictive effect

of transcranial magnetic stimulation was negative. However,

one must mention that the failure rate of 33 % of the patients

as non-responders and the complication rate with epileptic

seizures (3/43), intracranial bleeding and abscess in one case

each following intradural lead implantation are remarkable.

Stroke

The improvement of motor function with reduction of spas-

ticity, dystonia or myoclonus was observed in many studies

using MCS in patients with PSP [4, 5, 7, 12, 14, 19, 27, 31].

The authors interpreted these findings as secondary effects

of MCS.

In 2006 Brown et al. published a prospective multicentre

safety study for the evaluation of the enhancement of recov-

ery from stroke using MCS [87]. Although the patient sam-

ple was small, an improved outcome was documented for

patients receiving MCS and rehabilitation than rehabilitation

alone. Canavero et al published their experience with bilat-

eral MCS in movement disorders in 2007 [88]. They found

differential effects of ipsi- and contralateral MCS in the

follow-up period of 1 year. Yamamoto et al. published a

small case series of six patients with improvement of motor

function at 6-month follow-up [31].

A recent review by Edwardson et al. summarises the

results of the published series and demonstrates the lack of

scientific data regarding the different results of the phase I

and II in contrast to the phase III “EVEREST” trial [56].

Despite the initial good results of phase I and II no statistical

significant improvement was found in the phase III trial with

a larger cohort of patients. It is suspected that a bias remains

regarding patient selection and the authors conclude that the

number of intact corticothalamic or corticospinal tract fibres

is essential for the efficacy of cortical stimulation.

Epilepsy

The implantation of leads, either sub- or epidural, is an

invasive part of epilepsy surgery for many years. Usually

these leads were used for recording of electrocortical activity

to identify epileptogenic foci for detailed surgical mapping

and resection control. The clinical use for cortical stimula-

tion was first implemented only for patients with refractory

epilepsy who were not candidates for respective epilepsy

surgery [51, 53, 57]. In 2011 the results of a multicenter,

double-blind, randomised controlled trial using responsive

cortical stimulation with a closed-loop system for the treat-

ment of medically refractory partial epilepsy were published

[51]. This stimulation device combines a lead in the hippo-

campus for recording and a cortical lead on the ipsilateral

inferior temporal lobe for on-demand stimulation. In a sam-

ple of 191 patients a significant reduction of partial seizure

frequency and increase of quality of life was evaluated

during the blinded and open-label period of 84 weeks. This

is the only study, at the moment for ICS, reaching class of

evidence level I.

Recently two reviews regarding brain stimulation for the

treatment of epilepsy summarise the current significance of

these invasive therapies [53, 57].

Conclusion

MCS is an alternative invasive procedure for a selected

patient group with chronic neuropathic pain. Well-

located neuropathic pain syndromes after nerve injury,

like in cases with TNP, seem to respond more favourably

than pain syndromes after lesion of the central pain

pathways itself, like in patients with PSP or thalamic

infarction. Until today neither standardised protocols

nor guidelines for this procedure exist. The rating of

efficacy is different and has a wide spectrum. MCS

should be performed in an experienced centre of neuro-

surgical pain therapy following a standardised protocol
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including double-blinded or placebo testing. Undoubt-

edly, there is an urgent need for prospective randomised

controlled trials of the experienced centres to gain a level

of evidence and recommendations for the significance of

MCS as an invasive pain therapy.

In contrast to this, the level of evidence for ICS is

developing and best for refractory partial epilepsy with a

significant positive effect demonstrated in a prospective,

multicentre, randomised controlled, double-blind trial.

Overall, ICS can be considered as a safe and effective

treatment option for highly selected patients with different

chronic, treatment-resistant neuropathic pain syndromes,

movement disorders, tinnitus, depression or epilepsy.
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Kassian A, Guevara U. Motor cortex electrical stimulation applied

to patients with complex regional pain syndrome. Pain.

2009;147:91–8.

30. Lefaucheur JP, Drouot X, Cunin P, Bruckert R, Lepetit H, Créange
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Introduction

Transcranial magnetic stimulation (TMS) has emerged as

one of the most efficient ways to noninvasively stimulate the

motor cortex in humans. Principles of electromagnetism

were utilized to make it possible to stimulate the human

brain with pulses generated by magnetic coils. The knowl-

edge gained by studies using electrical stimulation of the

motor cortex and principles of electromagnetism were com-

bined to aid in the successful development of a non-painful,

noninvasive method of brain stimulation (Barker et al. [1]).

Neuronal elements that can be accessed through a magnetic

pulse generated by TMS can be recorded through epidural

recording from the spinal cord and surface electromyo-

graphic (EMG) recordings from limb muscles. Specifically,

we address how TMS can be used to examine the contribu-

tion of both direct and indirect corticospinal pathways to

spinal motoneurons. The origin of direct (D) and indirect (I)

waves elicited by TMS stimulation over the motor cortex

and recorded from epidural electrodes positioned over the

spinal cord will be discussed. TMS methodology has

evolved tremendously during the past 20 years. We describe

the most common types of TMS coils used in experiments

today and the types of waves elicited by different coil

orientations. This includes the circular coil, figure-of-eight

coil, double cone coil, and batwing coil. For each coil, we

review the type of protocols for which it is used and the

strength of the magnetic field that can be generated. We

focus on the ability of a particular coil orientation to elicit

D and I waves and how paired-pulse TMS protocols can be

used to provide insight into the nature of the cortical cir-

cuitry that is activated by TMS. In the last section of our

review, we examine the ways in which researchers are using

TMS for therapeutic purposes; in particular, we look at the

effects of repetitive TMS (rTMS) administered to patients

with Parkinson’s disease, stroke, dystonia, depression, and

other conditions.

History of Motor Cortical Stimulation

Magnetic stimulation is based on the elements of electro-

magnetic induction, reported for the first time in 1831 by

Michael Faraday [2]. In his experiment, he arranged two

wires in a parallel configuration, and he passed an electrical

current through one of them. The current flow in the first

wire produced a current of equal magnitude and direction in

the second wire. However, when the current in the first wire

was stopped, a current of equal magnitude was induced in

the second wire in the opposite direction. This effect could

be described as a changing primary current in a loop of wire.

Since each electric current has a magnetic field surrounding

it, a changing primary electrical current produced a changing

magnetic field. This changing magnetic field could induce a
secondary current of opposite direction in a new second loop

of wire. This effect is called magnetoelectric induction. This
time-varying magnetic field induces an electric field whose

magnitude is proportional to the time rate of change of the

magnetic field, which in the case of TMS is determined by the

rate of change of the current in the stimulating coil. Electric

charge is stored in a capacitor and is discharged through the

coil, producing a current pulse in the circuit that generates a

magnetic field pulse in the vicinity of the coil. If the coil is

held over a subject’s head, the magnetic field penetrates the

scalp and skull and induces an electric field in the brain [3].

Electrical pulses were used before magnetic pulses as a

means by which the cortex could be stimulated. In 1876,
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electrical stimulation of the exposed cortex was reported in

monkeys [4]. It was demonstrated that certain areas

stimulated in the cortex would elicit movements and that, by

using electrical stimulation, it was possible to differentially

activate muscles in the hindlimbs. When the superior or

postero-parietal lobule was stimulated, the hindlimbs of the

monkey would elicit walking movements, while stimulation

on the upper extremity of the ascending parietal and adjoining

portion of the ascending frontal convolution caused the

hindlimbs to exert a scratching motion, as if the monkey

was touching the abdomen. Similar experiments were

conducted in dogs, jackals, cats, rats, rabbits, and guinea pigs.

In 1910, Silvanus P. Thompson stimulated the head in

humans with a magnetic field (Fig. 8.1). For this purpose, a

coil was constructed out of copper wire wound around a

wooden cylinder. Later the cylinder was removed to allow

the possibility of inserting the head in the middle of the coil.

The main finding from this stimulation was what Thompson

perceived as the appearance of flickering lights regardless of

whether the eyes were open or closed [5].

A visual area of the cortex might have been stimulated in

these experiments, but no motor responses from muscles in

the periphery were reported. The efficacy of this type of

stimulation on muscle responses was tested in 1965 by

Bickford and Fremming [6], who applied this type of stimu-

lation in the periphery. These authors used a stimulator built

by the Westinghouse Corporation (a magnetic system that

was capable of producing 20,000–30,000 G fields of 300 μs
duration) that generated magnetic fields that were

discharged through an electromagnet. Peripheral nerves

were stimulated in rabbits, frogs, and humans. It was

reported that with precise placement of the electromagnet,

a muscle contraction could be achieved in different muscle

groups in frogs and rabbits. In humans, a similar result was

reported; stimulation of the ulnar nerve, the peroneal nerve,

and the sciatic nerve resulted in contractions in muscles

innervated by those specific nerves. Bickford and Fremming

suggested that their results were consistent with the hypoth-

esis that magnetic stimulation of peripheral nerves and

subsequent contraction of muscles were caused by eddy

currents generated by the stimulator that was in the area

near the nerves.

Polson and colleagues [7] also applied electromagnetic

stimulation to peripheral nerves, but they used a circular

electromagnetic coil. In these experiments the median

nerve was identified and then a coil of 35 mm diameter

was placed tangential to the nerve. During the experiments,

EMG activity was recorded by using surface electrodes

placed over the thenar eminence. The thumb was observed

to twitch upon triggering the stimulator attached to the coil,

and an EMG response was observed on an oscilloscope.

Subjects who were tested reported that magnetic stimulation

produced a tingling sensation, whereas electrical stimulation

produced a more intense stabbing sensation. Magnetic stim-

ulation produced less of an artifact in the oscilloscope than

electrical stimulation, which allowed better visualization of

the responses. Merton and Morton [8] applied electrical

stimulation to motor cortex in man through the scalp. They

used electroencephalographic electrodes that were 1 cm

wide over the scalp. One electrode was placed over the

arm representation of the motor cortex, and the other elec-

trode was placed 4 cm anterior. Stimulation of motor cortex

with this electrode configuration produced action potentials

in the muscles of the forearm. When the electrodes were

placed over an area at the back of the head, Merton and

Morton observed a similar result to Thompson’s stimulation

of the head; subjects saw bright bursts of light during stimu-

lation. It was assumed that the appearance of visual patterns

and shapes which subjects reported seeing were caused by

stimulation of the visual cortex. Although this method was

successful in evoking motor responses in arm muscles, it

was still painful for subjects, and there was a need for an

alternative method of cortical stimulation.

Fig. 8.1 Thompson SP (1910). Pictured with the apparatus that he

used to stimulate the brain with electromagnetic pulses (Transcranial

Magnentic Stimulation, Scholarpedia)
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Five years later, Barker and colleagues [1] conducted the

first published experiment in which the motor cortex of an

awake human was stimulated with a magnetic pulse. This

method of stimulation would eventually be called TMS.

They used a round coil with an outside diameter of

100 mm. The coil was placed on the scalp over a region of

the motor cortex. TMS stimulation caused those muscles

contralateral to the stimulated motor cortex to contract.

Motor-evoked potentials (MEPs) were observed in hand

and leg muscles. Subject discomfort was greatly reduced

during stimulation with TMS in comparison to the sensation

felt with electrical stimulation over the motor cortex. It was

easy to move the coil to a different location on the subject’s
head, and the field generated by the magnetic pulse was able

to penetrate the skull and reach cortical structures, which

further promoted its use in humans.

In summary, noninvasive stimulation of motor cortex has

evolved from the most basic tenets of electromagnetic induc-

tion. Electrical stimulation of the cortex by Ferrier in

monkeys, and later by Merton and Morton in humans,

proved to be effective but painful, and therefore, a similarly

successful method of stimulation was needed. Barker and

colleagues used TMS to evoked painless responses in skele-

tal muscles of the limbs, building a foundation for

subsequent experiments in cortical stimulation. A chrono-

logical summary of the progression from electromagnetic

induction to cortical stimulation with magnetic pulses is

presented in Table 8.1.

Neuronal Elements Activated by TMS

One of the key areas targeted by TMS is the motor cortex.

Motor cortex is one of the major sources of descending

pyramidal tract neurons originated in layer V. There are

two types of corticospinal tract neurons. One type has

axons terminating in the intermediate zone of the spinal

cord, where they synapse with spinal interneurons. In turn,

some of these interneurons make connections with spinal

motoneurons and conduct the descending commands

necessary for movement. The other group makes monosyn-

aptic connections onto the spinal motoneurons, and these

neurons are called corticomotoneuronal (CM) cells.

Previous studies have used tracers to study the distribu-

tion of corticospinal projections and their indirect versus

direct connections with spinal motoneurons. For example,

using retrograde transport of the rabies virus into the hand

muscles of macaque monkeys, corticospinal cells that make

monosynaptic and non-monosynaptic connections with the

motoneurons of the injected muscle were investigated

(Rathelot and Strick [9]). In this study, the authors examined

the distribution of CM cells that project to motoneurons of

three thumb and finger muscles. They found that the CM

cells for these digit muscles were restricted to the caudal

portion of motor cortex, which is located in the central

sulcus. In this area of motor cortex, CM cells for one specific

muscle showed a remarkably widespread distribution and

extended to the mediolateral arm area. These authors also

found that the cortical territories occupied by CM cells for

different muscles overlapped extensively. It was concluded

that the overlap and intermingling among the different

populations of CM cells may be the neural substrate to create

a wide variety of muscle synergies. More recently, these two

types of corticospinal cells were identified in different

regions in the motor cortex (Rathelot and Strick [10]). Ret-

rograde transneuronal transport of rabies virus from single

muscles of monkeys was used to identify CM cells in motor

cortex that make monosynaptic connections with

motoneurons innervating shoulder, elbow, and finger

muscles. It was found that the motor cortex has two

subdivisions. The first division was a rostral region which

lacks CM cells and represents an “old” motor cortex. It is

proposed that the descending commands mediated by

corticospinal efferents from old motor cortex might use the

integrative mechanisms of the spinal cord to generate moto-

neuron activity and motor output. Rathelot and Strick also

identified a caudal region of motor cortex that contained

shoulder, elbow, and finger CM cells. This region represents

a “new” motor cortex that is present only in some higher

primates and humans. It is possible that the direct access to

Table 8.1 Progression of research in both electrical and magnetic stimulations

Year Group Findings

1831 M. Faraday Electromagnetic induction

1876 D. Ferrier Stimulation of primate cortex. Elicited movements in limbs. Identified associations between cortical

areas and muscle groups

1910 S.P. Thompson Stimulation of head with electromagnetism, observation of flickering lights when head was placed in the

middle of magnetic coil

1965 R.G. Bickford and B.D.

Fremming

Electromagnetic stimulation of muscles

1980 P.A. Merton and H.B. Morton Electrical stimulation of the motor cortex through the scalp with electroencephalogram electrodes

1982 M.J.R. Polson, A.T. Barker, and

S. Gardiner

Stimulation of peripheral nerves with magnetic pulses. Targeted thenar eminence via stimulation of the

median nerve. Used a circular coil
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motoneurons by CM cells enables the new motor cortex to

bypass spinal cord mechanisms and shape novel patterns of

motor output that are important for skilled behaviors. It is

important to consider that both direct and indirect

corticospinal projections to motoneurons could potentially

be activated by a magnetic pulse from TMS.

In humans, electrophysiological studies support the view

that TMS can be used to assess monosynaptic corticospinal

connections by examining their effects on the probability of

discharge of single motor units that are voluntarily

preactivated (i.e., peristimulus time histograms (PSTHs);

Palmer and Ashby [11]; Brouwer and Ashby [12]) and the

amplitude of H-reflexes (Petersen et al. [13]). Palmer and

Ashby [11] applied TMS over the motor cortex in humans,

and PSTHs of the discharges of single motor units were used

to record changes in the firing probability of individual

spinal motoneurons of upper limb muscles. The authors

reported that for the majority of motor units, the initial effect

was short-latency facilitation. The estimated central conduc-

tion velocities and the rise times of the underlying excitatory

postsynaptic potentials were compatible with monsynaptic

facilitation by a fast corticospinal pathway. It was also

reported that some units showed no statistically significant

changes in firing probability. All sampled units of the first

dorsal interosseous muscle showed short-latency facilita-

tion, as well as the majority of units in the forearm and the

biceps brachii. Interestingly, more than half of the sampled

motor units of triceps brachii and deltoid either showed no

effect or were inhibited. The authors concluded that the

short-latency corticospinal projections to upper limb

motoneurons in humans have a distinct pattern that is similar

to that in other primates. Monosynaptic projections to

motoneurons have also been seen for leg muscles, and a

similar distribution of short-latency responses in PSTHs

has been reported (Brouwer and Ashby [11]). Nielsen and

Petersen [14] tested, in resting subjects, the effects of low-

intensity TMS over the leg representation of the motor

cortex on the size of the soleus H reflex at short latency at

different conditioning-test intervals. It was reported that

short- and long-latency facilitations, of different thresholds,

were differently regulated during voluntary movement. The

authors suggested that these responses were caused by acti-

vation by the magnetic stimulus of different monosynaptic

and non-monosynaptic descending pathways.

Patton and Amassian [15] were the first to describe the

responses elicited by electrical stimulation of the motor

cortex that would later be assessed with TMS. In these

experiments the motor cortex was stimulated and recordings

were acquired from the bulbar pyramid in the cat and

monkeys. It was observed that after cortical stimulation,

there was a wave that was reproducible at progressively

larger depths into the bulb. This wave was termed “D” or

direct wave. In the more intact bulbar preparations, delayed

waves that they called “I” or indirect waves were observed.
It was concluded that D waves resulted from direct activa-

tion of pyramidal cells by cortical stimulation because of

their short latency (0.4 ms after cortical stimulation). The

latency indicated that there was not sufficient time for a

synaptic impulse to be transmitted from a neuron in the

cortex to the bulbar pyramid. Therefore, D waves were

thought to originate from direct stimulation of pyramidal

cell bodies or basal dendrites, while I waves were proposed

to originate from indirect excitation of pyramidal neurons

through cortical interneurons.

Several studies have demonstrated that TMS of the motor

cortex can produce D waves at higher stimulus intensities

(Day et al. [16]; Di Lazzaro et al. [17]). An explanation for

this was proposed by Day and collaborators in 1989 [16].

These authors examined the effects of different forms of

brain stimulation on the discharge pattern of single motor

units by using the PSTH technique and by recording surface

EMG responses in the first dorsal interosseous muscle. Elec-

trical and magnetic methods were used to stimulate the brain

through the intact scalp of intact subjects. Electrical stimuli

were applied either with the anode over the lateral central

scalp and cathode at the vertex (anodal stimulation) or with

the anode at the vertex and the cathode lateral (cathodal

stimulation). A circular 9 cm diameter TMS coil was used

and centered at the vertex. It was reported that

suprathreshold stimuli produced one or more narrow peaks

of increased firing in the PSTHs of all units tested. Anodal

stimulation always produced an early peak. The latencies of

the peaks produced by the stimulation, including high

intensities of anodal stimulation, were grouped into four time

bands relative to this early peak, including intervals of�0.5 to

0.5, 1–2, 2.5–3.5, and 4–5.5 ms. The peaks reported within

these intervals were referred to as P0 (the earliest anodal), P1,

P2, and P3, respectively. At threshold intensity, anodal stimu-

lation evoked only the P0 peak; at higher intensities, the P2 or,

more commonly, the P3 peak, was recruited. It was

hypothesized that the P0, P1, P2, and P3 peaks corresponded

to arrival at spinal motoneurons of excitatory postsynaptic

potentials generated by D, I1, I2, and I3 waves in the pyrami-

dal tract. It has been suggested that different sets of neural

elements that are presynaptic to the pyramidal neurons (Sakai

et al. [18]) and oscillatory activity in intracortical neurons,

which activates pyramidal tract neurons (Kernell and Wu

[19]), might contribute to I wave generation. The first I wave

(I1) is thought to be generated through the depolarization of an

axon synapsing directly onto a corticospinal neuron (i.e.,

monosynaptically), and the following I waves (I2 and later)

may require local polysynaptic circuits.
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TMS Methodology and Measurements

Coil Types

Since the experiments of Barker and colleagues [1], several

TMS coils have been developed to serve various experimen-

tal purposes. Innovations in coil design and stimulation

techniques have allowed the possibility of making more

precise measurements and better understanding of motor

cortical functions in humans.

Circular Coil
The circular coil was the first coil design used both in the

periphery (Polson et al. [7]) and on the motor cortex (Barker

et al. [1]). Circular coils are often labeled with letters that are

assigned to the direction in which the current moves in the

brain. For example, side A of a circular coil, shown in

Fig. 8.2a, is marked with an arrow pointing in the anticlock-

wise direction when viewed from the top of the head, which

means that current in the brain is flowing in the clockwise

direction, and side B (Fig. 8.2b) is marked with an arrow

pointing in the clockwise direction, which indicates that the

induced current in the brain moves in the anticlockwise

direction.

A circular coil oriented tangentially to the surface of the

head with its center 10 mm above the vertex produced an

electric field in the clockwise direction, as calculated by a

mathematical model (Roth et al. [20]), but by placing the

opposite surface of the coil against the scalp, the direction of

the electric field can be changed to anticlockwise (Day et al.

[21]). The directionality of the current is useful for produc-

ing responses of different latencies and thresholds, and it is

also used to preferentially target one hemisphere or the

other. For example, clockwise stimulation by a coil of

90 mm diameter placed over the vertex produced EMG

responses in the right first dorsal interosseous muscle at a

lower threshold and shorter latency than that of anticlock-

wise stimulation of the same cortical area (Day et al. [21]).

Moving a circular coil posteriorly with respect to the vertex

by 50 mm so that the edge of the coil was 10 mm above the

vertex produced a charge distribution and decreased the size

of the peak electric field under the coil (Roth et al. [20]). A

circular coil with the B side facing upwards produced an

anticlockwise current in the brain which targeted the right

hemisphere of the motor cortex (Trompetto et al. [22]). It

was shown in the results of this experiment that the intensity

needed for motor threshold of an EMG response in the active

right first dorsal interosseous muscle were lower when a

clockwise current was produced in the brain than an anti-

clockwise current. This showed that preferential activation

of one hemisphere (in this case, the left hemisphere) could

occur when the current flowed from the back of the brain to

the front across the targeted hemisphere. It should be noted

that a circular coil produces loops of current, and stimulation

can occur anywhere along these loops. Furthermore, the

stimulation pulse is less focal when a large diameter coil is

used.

Figure-of-Eight Coil
This design was first proposed in 1988 by Ueno and

colleagues [23] in an effort to reduce the size of the area

stimulated by the magnetic coil (Fig. 8.3a). These authors

reported that a very focal pulse is more easily achieved with

a figure-of-eight configuration than with a circular coil. A

mathematical model was used to determine the magnetic

field that would be generated by a figure-of-eight coil,

which it was estimated to be more powerful at the point at

which the two halves of the coil intersect. This effect is

produced from an addition of currents from each of the

circular halves that flow in opposite directions. This particu-

lar flow of current restricts the maximum level of stimulation

to the current convergence point (Barker and Freeston [24]).

A cumulative electric field is produced that is both larger and

more focused than the field of other coils such as the circular

coil (Roth et al. [20]). Furthermore, current density between

two coils is two to three times greater at the point between

two coils than at regions away from this point (Ueno et al.

[23]). Changes in position of the figure-of-eight coil can

target different areas of the cortex depending on the direc-

tion of current produced (Ueno et al. [25]). For example, a

current that moves posterior-anterior with respect to the top

Fig. 8.2 Circular coil. Each side of the coil is marked with a different

letter. (a) Side A has an arrow pointing in the anticlockwise direction,

which means that the induced current in the brain with this side up is

clockwise. (b) Side B has an arrow pointing in the clockwise direction,

which means that the induced current in the brain with this side up is

anticlockwise (From [71]; with permission)

8 Physiological Basis of Transcranial Magnetic Stimulation 91



of the head could activate a mechanism mediated by one

population of neurons in the cortex, while a current that

moves in the lateromedial (LM) direction could target a

slightly different mechanism (see below for a discussion of

different coil orientations).

Double Cone Coil
This type of coil is composed of two curved circular rings

that are situated next to each other, as in the figure-of-eight

design (Fig. 8.3b). These two circles share a flattened central

area, and they are angled inward with respect to the area of

intersection. This design allows the coil to be placed on the

subject’s head in a way that it conforms to the natural

curvature of the skull. Therefore, most of the magnetic flux

passes through the brain and not out from the sides of the coil

(Reza Jalinous, direct correspondence). Furthermore, the

power of this coil and the depth to which its pulses can

penetrate is 70 % greater in comparison with these same

parameters for a circular coil because of the increased cou-

pling of the magnetic fields of the two loops that are angled

inward in the double cone coil. This type of coil has been

used in protocols, for example, in which the motor represen-

tation of the lower limbs in the motor cortex (Stokić et al.

[26]; Guzman-Lopez et al. [27]), the corticospinal axons at

the cervicomedullary junction (Taylor and Gandevia [28]),

and the cerebellum (Ugawa et al. [29]; Werhahn et al. [30];

Pinto and Chen [31]) are stimulated. This coil is typically

used when other coil designs fail to evoke responses from

target muscles or when an experimenter is attempting to

access deeper structures. Also, if a subject has a very high

threshold of stimulation, then it might be necessary to use

the double cone coil because of its high output (Reza

Jalinous, direct correspondence).

Batwing Coil
The batwing coil is composed of two loops angled towards

their intersection with downturned ends. Like the double

cone coil, it is also used to stimulate leg areas of the motor

cortex (Nielsen et al.[14]). However, the coupling of the

magnetic fields is not as great as it is with the double cone

coil, so its depth of penetration and power is between that of

a flat figure-of-eight coil and a double cone coil (Reza

Jalinous, direct correspondence). In one study involving

spinal cord-injured subjects, the batwing coil was employed

for more focal stimulation, and the double cone coil was

used only when a patient had a more severe injury (Roy et al.

[32]). This is an example of the gradient of power and depth

of penetration from the weakest coil, the flat figure-of-eight

coil, to the double cone coil.

TMS Coil Orientations

The effects of changing the orientations of the figure-of-

eight coil to stimulate motor cortex have been extensively

studied in humans. Three main coil orientations will be

discussed in this section: posteroanterior (PA),

anteroposterior (AP), and lateromedial (LM) orientations.

PA Orientation
This orientation produces a current that flows from the back

to the front of the head towards the nose (Fig. 8.4a). Several

studies have examined the nature of the responses evoked by

a figure-of-eight coil in this particular orientation. Di

Lazzaro et al. [33] compared the effects of transcranial

electric and magnetic stimulations of the human motor cor-

tex. In the study, spinal volleys evoked by single transcranial

magnetic or electric stimulation over the motor cortex were

recorded from a bipolar electrode inserted into the cervical

epidural space of two conscious subjects. These volleys were

termed D and I waves according to their latency (see details

in a previous section). Using active motor threshold inten-

sity, magnetic stimulation with a figure-of-eight coil held

over the motor cortex with the induced current flowing in a

PA direction evoked pure I1 activity. Using magnetic stimu-

lation with a PA-induced current, at stimulus intensity above

the active motor threshold, a small D wave appeared in one

but not in other subject. It was concluded that magnetic

stimulation with PA-induced current, at threshold

intensities, evokes preferentially I waves. Werhahn and

colleagues [34] examined the effect of the orientation of a

figure-of-eight coil on the latency of surface EMG responses

and the firing pattern of single motor units evoked in the first

dorsal interosseous muscle by TMS. Two coil positions were

Fig. 8.3 Double-loop coils. (a) Figure-of-eight coil. The electric field
generated by this coil is at its peak where the two halves of the coil

intersect. Therefore, the center of the coil is placed over the target site.

(b) Double cone coil. Internal diameter of 95 mm, external diameter of

123 mm, and magnetic field of 1.34 Tesla (T). As with the figure-of-

eight coil, the area of greatest stimulus intensity is at the center of the

coil at the intersection of the two loops. However, this coil can produce

a much stronger and deeply penetrating pulse than that of a circular coil

((a) From [71], with permission. (b) From [72], with permission)
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used: the coil held on a parasagittal line either with the

induced current in the brain flowing in a PA direction or

with the current flowing in the LM direction. PA stimulation

produced surface and single unit responses that occurred

0–3 msec later than LM stimulation. It was found that

responses evoked by PA stimulation were more affected by

changes in motor cortical excitability (including cortico-

cortical inhibition and transcallosal inhibition) than those

to LM stimulation. The authors concluded that PA stimula-

tion tends to activate corticospinal fibers trans-synaptically

and not directly. In addition to determining which coil

orientations produce D or I waves, some studies have used

coil orientation to explore the mechanisms that produce the

early and late I waves. Ni et al. [35] studied the neuronal

mechanisms mediating I waves by examining the influence

of short-latency afferent inhibition (SAI) on various I waves.

SAI was tested with electrical stimulation of the median

nerve at the wrist followed by TMS to the contralateral

motor cortex at different current directions. Surface EMG

and single motor units were recorded from the first dorsal

interosseous muscle. SAI was weaker for the AP compared

with that for the PA current direction, and SAI produced

more inhibition of late I waves generated by PA than those

generated by AP current direction. The authors concluded

that although both current directions generate a series of I

waves with comparable latencies, these waves are likely

mediated by different mechanisms because sensory afferent

inputs have different effects on the I waves generated by the

two current directions. Similar to the work of Ni and

colleagues, Sakai et al. [18] studied the effect of direction

of stimulating current on the latencies of responses to TMS.

The latencies were measured from surface EMG responses

of the first dorsal interosseous muscle and the peaks of the

PSTHs of single motor units from the same muscle. The coil

was placed over the motor cortex, with eight different

directions each separated by 45�. In the study the stimulus

intensity was adjusted just above the motor threshold, while

subjects made a weak tonic voluntary contraction. TMS with

medially and anteriorly (PA orientation) directed currents in

the brain produced more often responses or a peak that

occurred around 1.5 ms later than those to anodal electrical

stimulation. It was concluded that TMS with medially and

anteriorly directed current in the brain readily elicits I1

waves. The finding by this group of the dependence of the

preferentially activated I waves on the current direction in

the brain suggests that different sets of cortical neurons are

responsible for different I waves. Overall, most studies agree

that TMS stimulation with the coil in the PA direction target

preferentially I waves in human subjects.

LM Orientation
In this orientation, the coil is positioned with the handle

pointing horizontally away from the head (Fig. 8.4b).

When the coil is placed over the right or left motor cortex,

the current flows from the lateral side of the head to the

midline. Di Lazzaro et al. [17] observed that when an LM-

induced current was used, magnetic stimulation evoked both

D and I1 activities. Both the D and I1 waves increased in size

as the intensity was increased. Werhahn et al. [34] also found

short-latency responses from LM stimulation. It was

reported that LM stimulation produced surface and single

unit responses that occurred earlier than PA stimulation, and

in many cases responses to LM stimulation had the same

AMT +20%

a d
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AMT +10%

AMT +30%
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Fig. 8.4 Descending volleys recorded from the high cervical cord at

the C1-C2 level in one representative subject. The diagrams show

(a) lateromedial (LM), (b) posteroanterior (PA), and (c) anteroposterior
(AP) coil orientations, and the corresponding epidural volleys (d, left
column) and electromyographic (EMG) responses (d, right column)
recorded for each of these orientations are to the right of each of the

coil orientation diagrams. The vertical dotted lines indicate latencies of
D, I1, I2, and I3 waves and the latency of the EMG response at

threshold intensity for the PA configuration. The scale on the left is
for the epidural responses, and the scale on the right is for EMG

responses. AP stimulation at active motor threshold (AMT) evoked an

epidural volley with a latency of 3.5 ms longer than the I1 wave evoked

by PA stimulation. At 10 % of the maximal stimulator output (MSO)

above AMT, this wave increases in amplitude, and at 30 % above AMT,

this wave is replaced by four waves with latencies that are similar to D

and I waves evoked by PA stimulation but 0.2 ms later. LM stimulation

produced D waves and I waves at 20 % MSO above AMT that were

equal to those produced by PA stimulation at 30 % MSO above AMT.

EMG responses were shortest with LM stimulation at 20 %MSO above

AMT and were longest with AP stimulation at AMT (Modified from

Di Lazzaro et al. [33])
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latency as those produced by anodal electrical stimulation. In

addition, responses evoked by LM stimulation were less

affected by changes in motor cortical excitability than those

to PA stimulation. The authors suggested that LM stimulation

can sometimes stimulate corticospinal fibers directly, at, or

near the same site as anodal stimulation and that LM stimula-

tion tends to produce either D or I1 wave firing. The tendency

for LMmagnetic stimulation to produce D wave activation of

corticospinal fibers probably accounts for the reduced sensi-

tivity of the evoked EMG responses to changes in the level of

cortical excitability. Short-latency responses from LM stimu-

lation were also reported in the first dorsal interosseous mus-

cle by Ni and colleagues in 2011 [35].

AP Orientation
This coil orientation has an angle that is similar in magnitude

to that of the PA configuration, but the induced current flows

from the front of the head to the back and from a lateral

position to a more medial location (Fig. 8.4c). Di Lazzaro

et al. [36] found that descending volleys evoked by AP

stimulation often had slightly different peak latencies and/

or longer duration than those seen after PA stimulation.

These volleys were recorded from a bipolar electrode

inserted into the cervical epidural space of four conscious

human subjects (Fig. 8.4d; Di Lazzaro et al. [36]). Addition-

ally, in 1977 Sakai and colleagues [18] observed that TMS

with laterally and posteriorly (AP orientation) directed cur-

rent produced responses or a peak that occurred about 4.5 ms

later than those to anodal electrical stimulation. This group

concluded that laterally and posteriorly directed current

preferentially elicits I3 waves. Further exploration has been

made to elucidate more precise differences between PA and

AP stimulation. As described above, SAI has been shown to

be weaker for the AP compared with that for the PA current

direction (Ni et al. [35]). The authors emphasized that MEP

generated by the AP current direction in which more late I

waves were produced were less inhibited compared with

MEPs generated by the PA direction. This result indicated

that the AP-directed current activated different neuronal

populations of late I wave generating neurons that were

less sensitive to SAI than those activated by the PA current

direction.

In conclusion, coil orientation can greatly impact the

nature of responses generated by TMS. Therefore, knowl-

edge of the characteristics of responses generated by LM,

PA, and AP stimulation can affect neural mechanisms

contributing to modulate corticospinal output and needs to

be carefully considered in experimental paradigms.

Neurophysiological Measurements Examined
by TMS

TMS has been applied in multiple ways to gain insights into

the physiology of the human motor system. Paired-pulse

TMS protocols have provided insight into the nature of the

cortical circuitry that is activated by TMS. A variety of

different methods exist to examine the connections within

and between motor cortices. In this section we will discuss

two of the most widely used paired-pulse TMS protocols in

humans: (a) short-interval intracortical inhibition (SICI) and

(b) interhemispheric inhibition (IHI). For both techniques,

direct recordings of the effects on descending volleys have

not only confirmed the mechanisms of these effects but also

revealed some degree of selectivity for different waves (D,

I1, I2, etc.) of the response.

SICI
In humans, GABAergic intracortical inhibition can be exam-

ined using a paired-pulse TMS protocol named SICI (Kujirai

et al. [37]). Here, a subthreshold, conditioning TMS pulse

decreases the size of an MEP elicited by a later

suprathreshold test stimulus when applied over M1. This

effect can be observed at conditioning time intervals

between 1 and 5 ms (Fig. 8.5).

The intensity of the conditioning stimulus was below the

threshold for activating motoneurons; therefore, it was

suggested that this effect was occurring at the cortical

level. Later evidence (Di Lazzaro et al. [17]) confirmed the

cortical origin of SICI demonstrating that a subthreshold

conditioning stimulus which itself did not evoke motoneuro-

nal activation produced a clear suppression of late I waves if

the interval between the stimuli was between 1 and 5 ms.

Subsequent studies have shown that administration of a

single oral dose of GABAA agonists increases the amount

of SICI and also increases the inhibition of later descending I

waves (Reis et al. [38]). Furthermore, it was postulated that

SICI might be mediated by GABAergic mechanisms as it

has been shown that GABAA receptor agonists increase the

effects of SICI (Ilic et al. [39]; Ziemann et al. [40]) and that a

dose of lorazepam (a GABAA receptor agonist) can further

inhibit late I waves (Di Lazzaro et al. [17]).

IHI
Earlier studies in monkeys demonstrated the existence of

callosal connections between motor cortices, being more

numerous between cortex representing proximal compared

to distal forelimb representations (Pandya et al. [41]; Jenny
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[42]; Pappas and Strick [43]; Rouiller et al., [44]). Studies

also suggested the existence of intrinsic connections

between different regions within the motor cortex forelimb

representation (Gould et al. [45]; Huntley and Jones [46]),

which might contribute to functional specialization of limb

movements. The first extensive study that demonstrated

interhemispheric interactions between motor cortices in

intact human subjects by using TMS was published by

Ferbert et al. [47]. The authors demonstrated that a TMS

suprathreshold pulse applied over the motor cortex of one

hemisphere can inhibit motor responses evoked in distal and

proximal muscles by a magnetic stimulus given 6–30 ms

later over the opposite hemisphere (Fig. 8.6).

It was suggested that the inhibition was produced at

cortical level via a transcallosal route. Direct proof of the

cortical origin of the inhibition was provided by Di Lazzaro

et al. [48] who recorded descending volleys produced by the

test MEP alone and with and without a prior conditioning

stimulus to the contralateral motor cortex. In the spinal

recordings it was demonstrated that the inhibitory effect

was present in the later I3 waves. Two main phases of IHI

have been reported: one at a short interval of 10 ms (IHI10)

and another at a long interval of 40 ms (IHI40) (Chen et al.

[49]). Significant differences exist between IHI10 and IHI40

(Chen et al. [49]; Kukaswadia et al. [50]; Lee et al. [51]; Ni

et al. [52]), including that IHI40 is mediated by postsynaptic

gamma-aminobutyric acid type B (GABAB) receptors. The

transmitter system mediating IHI10 remains inconclusive

(Irlbacher et al. [53]).

In addition, a single suprathreshold TMS pulse is also capa-

ble of inhibiting ongoing voluntary EMG activity when applied

to the motor cortex ipsilateral to the contracting arm (i.e.,

ipsilateral silent period). This inhibition lasted for about 30 ms

and began 10–15 ms after the minimum corticospinal conduc-

tion time to the muscle. It has been proposed that changes in the

depth and area of the ipsilateral silent period reflect activity in

fibers passing through the corpus callosum since the silent

period was absent or delayed in patients with agenesis or lesions

of the corpus callosum (Rothwell et al. [54]; Meyer et al. [55])

and conditioning TMS applied to M1 reduced MEPs evoked by

stimulation over the other hemisphere by affecting primarily the

I3 wave (Di Lazzaro et al. [48]).
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Fig. 8.5 Interhemispheric inhibition (IHI). (a) IHI recorded from the

left first dorsal interosseous muscle of a representative subject during

10 % of left index finger abduction (ABD), whereas the right index

finger remained at rest (baseline) or performed 30 % of ABD or

adduction (ADD). The actions by the right index finger are indicated

as Baseline, ABD, and ADD. In this example the right hand was

positioned in prone posture. Test motor-evoked potential (MEP) and

conditioned MEP (Cond. MEP) are indicated by arrows. (b) Group data
(n ¼ 12). The abscissa shows the conditions tested during the assess-

ment of IHI contractions in prone (black bars) and supine (white bars)

postures. The ordinate indicates the magnitude of the conditioned MEP

expressed as a percentage of the Test MEP ((Cond. MEP*100)/(Test

MEP)) during bilateral isometric forces. The horizontal dashed line
represents the size of the Test MEP. Note that IHI was increased to a

larger extent during ADD forces regardless of the right-hand posture.

Error bars indicate SEs. *P 0.05. Also note that IHI was significantly

increased with respect to the baseline in all conditions tested (¥
indicates significant difference with respect to baseline) (Modified

from [73])
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Therapeutic Uses of TMS: Repetitive TMS

rTMS has been used to investigate possible therapeutic

methods to improve function in parts of the brain that are

functioning suboptimally after injury or in chronic central

nervous system (CNS) diseases (Ridding and Rothwell

[56]). For example, in stroke patients, it has been shown

that three sessions of rTMS at 1 Hz frequency (600 pulses) at

motor threshold intensity significantly decreased simple and

choice reaction time and improved performance of the

Purdue Pegboard tested with their affected hand after

rTMS was administered to the unaffected hemisphere of

the motor cortex (Mansur et al. [57]). Furthermore, stimula-

tion at 1 Hz frequency at 90 % of resting motor threshold for

25 min with a figure-of-eight coil over the unaffected motor

cortex reduced the transcallosal inhibition and improved

motor function in the affected hand of stroke patients,

suggesting that transcallosal inhibition from contralesional

to ipsilesional motor cortex contributed to suppress the

affected hand function (Takeuchi et al. [58]). Other studies

have explored the results from stimulation of the affected

motor cortex in stroke patients. Repetitive stimulation of the

affected motor cortex with a train of 20 pulses at 10 Hz

frequency and 80 % of resting motor threshold (defined as

the lowest simulation intensity needed to elicit MEP of at

least 50 μV peak-to-peak amplitude in five out of ten trials)

repeated eight times with a 58 s intertrain interval with a

figure-of-eight coil can produce a larger increase in

corticospinal excitability than sham stimulation, and these

changes in corticospinal excitability were associated with

enhanced motor skill acquisition (Kim et al. [59]). In a

longitudinal study with stroke patients, rTMS was applied

at the same time every day for 10 days over the affected

hemisphere in ten s trains of 3 Hz stimulation, while patients

continued to receive their normal therapy (Khedr et al. [60]).

This study showed that this intervention employed as an add-

on intervention to normal physical and drug therapies

improved immediate clinical outcome in early stroke

patients. A high-frequency type of repetitive stimulation,

theta burst stimulation (TBS), when given over the stroke

hemisphere in bursts of three stimuli repeating at 50 Hz with

the bursts repeating at 5 Hz at 80 % of active motor thresh-

old, significantly improved motor behavior and
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Fig. 8.6 Short-interval intracortical inhibition (SICI). (a) SICI

recorded from the left first dorsal interosseous of a representative

subject during 10 % of left abduction (ABD), whereas the right index

finger remained at rest (baseline) or performed 30 % of ABD or

adduction (ADD). The actions by the right index finger are indicated

as Baseline, ABD, and ADD. In this example the right hand was

positioned in prone posture. Test motor-evoked potential (MEP) and

conditioned MEP (Cond. MEP) are indicated by arrows. (b) Group data
(n ¼ 12). The abscissa shows all conditions tested during the assess-

ment of SICI in prone (black bars) and supine (white bars) postures.

The ordinate indicates the magnitude of the conditioned MEP

expressed as a percentage of the Test MEP ((Cond. MEP*100)/(Test

MEP)) during bilateral activation. The horizontal dashed line
represents the size of the Test MEP. Note that the magnitude of SICI

was decreased to a similar extent during both bilateral forces in both

right-hand postures. Error bars indicate SEs. *P 0.05. Also note that

SICI was significantly decreased with respect to the baseline in all

conditions tested (¥ indicates significant difference with respect to

baseline) (Modified from [73])
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physiological outcomes of the paretic hand (Talelli et al.

[61]). Interestingly, Talelli and colleagues did not observe

any behavioral effects on the paretic side when the non-

affected hemisphere was stimulated, which is in contrast to

the findings of Takeuchi et al. [58] and Mansur et al. [57].

In addition to its use in stroke patients, rTMS has been

administered to motor cortex and supplementary and

premotor areas to improve motor function in persons with

motor deficits of various origins. Transient pain relief has

been shown to be induced by rTMS at 10 Hz of the motor

cortex in patients suffering from chronic neurogenic pain

(Lefaucheur et al. [62]).

rTMS has also been used in patients with dystonia. Dys-

tonia is a movement disorder characterized clinically by

excessive and disorganized muscle contraction leading to

abnormal posturing and writhing movements, which, at the

spinal level, is commonly associated with abnormalities in

the spinal reciprocal inhibitory pathways due to a mutation

in the DYT1 gene. Previous evidence demonstrated that

abnormalities in reciprocal inhibition in patients with dysto-

nia could be ameliorated by using 20 min of 1 Hz rTMS over

the premotor cortex (Huang et al. [63]). Furthermore, in

patients with Parkinson disease (PD), rTMS applied over

the supplementary motor area (SMA) also appears to con-

tribute to modulate abnormal involuntary movements. These

behavioral effects were largely dependent on the type of

rTMS protocol utilized. For example, drug-induced

dyskinesias were markedly reduced by 15 min of 1 Hz

rTMS (total pulses 900) at 90 % of resting motor threshold

(Koch et al. [64]). Conversely, in this same study, 18 trains

of 5 Hz rTMS with a duration of 10 s (total pulses 900) for

each train separated by 40 s of pause at 110 % of resting

motor threshold were associated with only a slight, but not

significant, increase of dyskinetic behavior in PD patients.

There are other cortical areas in addition to the motor

cortex that TMS has been used to target, such as the prefron-

tal lobes of the cortex, which have been shown to function

abnormally during episodes of clinical depression (George

et al. [65]). Some review studies have examined in detail the

utility of rTMS in alleviating the symptoms of depression

(Couturier et al. [66]; Martin et al. [67]). Couturier and

colleagues found in their review of 87 randomized con-

trolled trials investigating that the use of high-frequency

rTMS compared with sham therapy for the treatment of a

major depressive episode was not more efficacious than

sham therapy in treating depression. It was hypothesized

that the lack of effectiveness of rTMS may be in part related

to the stimulation parameters used in the study, such as

frequency, intensity, duration of train of pulses, and days

of treatment. Martin and colleagues found a similar result in

their review of 14 randomized controlled trials that com-

pared rTMS with sham rTMS in patients with depression.

Here it was concluded that there is currently insufficient

evidence to suggest that rTMS is effective in the treatment

of depression. They noted, however, that the results do not

exclude the possibility that the intervention (rTMS) may be

of benefit. Despite the inconclusive results of these review

studies, there have been individual studies conducted in

which the symptoms of depression and other psychological

deficits have been alleviated. For example, George et al. [68]

showed that administration of rTMS (20 Hz for 20 min each

morning at 80 % of motor threshold) on a daily basis for at

least 1 week (5 days) to the left prefrontal cortex of six

medication-resistant subjects with primary mood disorders

(one unipolar, five bipolar disorder type II) resulted in sig-

nificant improvements in mood, and some subjects showed a

slight clinical antidepressant response. Similarly, in a study

conducted with 17 patients who met diagnostic criteria for

major depression, psychotic subtype (DSM-III-R), and had a

history of relapsing unipolar major depression, rTMS (10 Hz

at of 90 % of motor threshold) applied over the dorsolateral

prefrontal cortex resulted in some behavioral improvements

(Pascual-Leone et al. [69]).

All together, these studies demonstrate that the effects of

rTMS protocols are complex and largely variable in

individuals with motor disorders. Therefore, caution is

needed in their use and interpretation. Recent evidence in

intact humans suggested that the variability of the results

after rTMS protocols might be, at least in part, related to the

interneuronal circuits that are activated by rTMS (Hamada

et al. [70]). This implies that the absence of effects of an

rTMS protocol, in intact humans and in individuals with

motor disorders, may not be related to altered synaptic

plasticity in the cortex, but may reflect the efficiency of I

wave recruitment.

Conclusions

At present, TMS is the most widely used technique that

allows us to examine transmission in the corticospinal

pathway, primary motor cortex, and cortical areas

projecting to primary motor cortex noninvasively and

with minimal discomfort in human subjects. A

suprathreshold TMS stimulus results in multiple

descending waves as recorded from epidural electrodes

placed over the spinal cord. A short-latency direct wave

(D wave) is followed by several longer latency indirect

waves (I waves). The D wave is thought to result from

direct depolarization of the initial axon segment of

corticospinal neurons and is most effectively activated

in human subjects by using high-intensity TMS or by

using transcranial electrical stimulation. I waves are

thought to be generated through the depolarization of an

axon synapsing directly onto a corticospinal neuron (i.e.,

monosynaptically, I1), and the following I waves (I2 and

later) may require local polysynaptic circuits. The use of

different coil designs has expanded the range of TMS
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protocols, giving flexibility to administer more focal

stimulation paradigms targeting different intracortical

circuits (I waves). Furthermore, multiple pulse protocols

have been used to examine the role of TMS as an adjunct

therapy for individuals with various psychological and

motor disorders. The results from these studies are still

inconclusive, and the current data suggest that rTMS after

effects are complex, and there is a need of a more in-

depth characterization of the stimulation parameters used

in individual patients. The development of tailored TMS

and rTMS protocols in humans with and without motor

disorders may represent an avenue to further improve the

therapeutic use of this widely used neurophysiological

tool in human subjects.
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Transcranial Direct Current Stimulation: Protocols
and Physiological Mechanisms of Action 9
Michael A. Nitsche, Min-Fang Kuo, Walter Paulus, and Andrea Antal

Introduction

Brain stimulation techniques have generated renewed inter-

est in recent decades as promising tools to explore human

cortical functions and to treat neuropsychiatric diseases [1].

Apart from invasive stimulation paradigms such as deep

brain and vagal nerve stimulation, noninvasive tools like

repetitive transcranial magnetic stimulation (rTMS) and

transcranial direct current stimulation (tDCS) are attractive

for use in humans, because they permit painless modulation

of cortical activity and excitability through the intact skull

[1]. Brain stimulation via tonic application of direct currents,

although a relatively old method in strict terms, has regained

increasing interest as a potentially valuable tool for the induc-

tion and modulation of neuroplasticity. About 45 years ago it

was demonstrated that in anesthetized rats direct currents,

delivered by intracerebral or epidural electrodes, induced

stimulation polarity-dependent activity and excitability

alterations of the sensorimotor cortex, which can be stable

for hours after the end of stimulation [2]. A few years later it

was verified that also transcranial application of direct

currents could induce an intracerebral current flow suffi-

ciently large to achieve physiological and functional effects

[3, 4]. It was also found that this kind of stimulation alters

EEG patterns and evoked potentials at the cortical level in

humans [5]. Apart from early clinical studies in which mainly

depressive patients were treated with mixed results [6–9],

tDCS was reported to optimize performance in a choice

reaction time task in healthy subjects [10, 11]. In the follow-

ing years, electrical stimulation of the human brain via trans-

cranial application of direct currents as a tool to influence

brain function was nearly forgotten. Nevertheless, in the last

decade it has been reevaluated following the development of

methods that allow probing its neurophysiological effects

(e.g., transcranial magnetic stimulation [TMS], functional

magnetic resonance imaging [fMRI], and positron emission

tomography [PET]). tDCS developed into a technique that

reliably induces and modulates neuroplasticity in the human

cerebral cortex noninvasively, and painlessly in order to elicit

prolonged—but yet reversible—shifts of cortical excitability

[12–15]. This review offers an overview of tDCS protocols,

and their physiological effects.

tDCS Protocols

For tDCS, direct currents are delivered via a pair of surface

conductive rubber electrodes covered with saline-soaked

sponges (size between 3.5 and 100 cm2 in different studies).

A medium NaCl concentration (between 15 and 140 mM) is

optimally suited to minimize discomfort [16]. Alternatively

the rubber electrodes can be spread with electrode cream and

mounted directly on the head. The correct position of both

electrodes is crucial for achieving the intended effects [12].

The electrodes are connected with a stimulator. Since applied

current strength determines the effects of electrical stimu-

lation on cerebral tissue, a stimulator delivering constant

current is needed. The current strength delivered varies

between 1 and 2 mA in most studies. The resulting current

densities are sufficient to induce physiological, and cognitive

or behavioral effects, and are considered to be safe, as shown

by behavioral measures, electroencephalography (EEG),

serum neurone-specific enolase concentration, diffusion-

weighted and contrast-enhanced MRI measures, and missing

severe side-effects in a multitude of studies conducted so far

in laboratories worldwide in patients and healthy subjects, as

well as results of animal experiments [13–15, 17–20]. How-

ever, electrode positions above cranial foraminae and fissures

should be avoided because these could increase effective

current density, and thus safety of stimulation may no longer

be guaranteed. Most subjects will perceive a slight itching

sensation at the beginning of stimulation, which then fades
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[21, 22]. Due to the tenfold higher sensitivity to electrical

stimulation of the retina compared to the brain, frontopolar

stimulation in particular elicits retina phosphenes perceived

at the start and the end of stimulation [23]. These are

eliminated by starting and terminating the stimulation gradu-

ally (ramping up and down for 8–30 s) [24].

Approximately 50 % of the transcranially applied current

enters the brain through the skull both in monkeys [3] and

in humans [4]. Modelling studies suggest a nonlinearity of

induced current flow dependent on electrode size, configu-

ration, and other factors [25, 26].

The relevant parameters determining the efficacy, direction,

and focality of the excitability changes induced by tDCS are

stimulation polarity/electrode position, current density (i.e.,

current strength/stimulated area), stimulation duration, elec-
trode size, and configuration, which are discussed below.

Impact of Stimulation Polarity/Electrode
Position on the Effects of tDCS

Stimulation polarity determines the direction of cortical

excitability changes elicited by tDCS. In most studies, both

in humans and animals, anodal DC stimulation enhances

cortical excitability and activity, whereas cathodal stimula-

tion results in reversed effects [12, 13, 27]. However,

deviating results have also been reported for subgroups of

neurons [27, 28], hippocampal slice preparations [29], spe-

cific stimulation durations [30] or return electrode positions

[31], and for combination of the stimulation with different

types of tasks [32]. One explanation for these heterogeneous

effects is the fact that not so much the polarity of the

electrode over the stimulated area is the decisive factor for

the net effects of tDCS on excitability, but rather the direc-
tion of current flow: the respective current has to flow along

the longitudinal axis of a given neuron to induce relevant

effects on membrane polarity [33]. Polarization of the soma

and axon might determine the direction of the effects more

than dendritic polarization, because of higher receptor and

ion channel density at the soma and axon level. Conse-

quently, the position of the return electrode is critical for

achieving the intended excitability shifts, because together

with the stimulation electrode it determines the electric field

orientation in relation to neuronal orientation. In accordance,

the position of the return electrode determines direction of

the effects, and efficacy of tDCS to induce cortical

excitability alterations for motor and visual cortex stimula-

tion [12, 34, 35]. Moreover, for motor cortex stimulation it

was demonstrated that positioning of the return electrode at

the shoulder or arm resulted in diminished efficacy, as com-

pared to the “classical” bipolar electrode configuration with

the return electrode positioned over the contralateral orbit

[36].

Impact of Current Density on the Effects of tDCS

A current density of about 0.03 mA/cm2 at the electrode-

skin interface is sufficient to induce relevant excitability

shifts in the human primary motor cortex (M1) [12]. Similar

current densities have also been shown to alter physio-

logical, perceptual, and cognitive processes in prefrontal,

parietal, temporal, and occipital cortices [14, 15]. Increasing

current density might increase efficacy of stimulation due to

a larger membrane polarization shift [12], but might also

affect additional neuronal populations because of a greater

efficacy of the electrical field in deeper cortical layers and

different sensitivities of specific neuronal populations to DC

stimulation [27]. Current density for effective stimulation so

far has varied between 0.029 and 0.08 mA/cm2 in most

published studies [14]. These limits will probably continue

to expand with experience.

Impact of Stimulation Duration on the Effects
of tDCS

Stimulation duration determines the occurrence and length

of aftereffects of DC stimulation in animals and humans. In

humans, the standard protocol to induce acute effects of

tDCS on cortical excitability without generating aftereffects

is applied with stimulation duration of 4 s [12]. This stimu-

lation protocol induces the respective excitability alterations

only during stimulation. tDCS for more than 3 min seems

necessary to induce cortical excitability and activity

alterations, which outlast the stimulation [12]. Hereby, at

least within certain limits extended stimulation protocols

induce prolongation of the resulting aftereffects. tDCS from

3 to 7 min results in polarity-specific excitability alterations

for some minutes after the end of stimulation, whereas

anodal tDCS for 13 min and cathodal tDCS for 9 min results

in aftereffects lasting for about 1 h in the human motor cortex

([13, 17], Fig. 9.1). This relationship between stimulation

duration, and duration of aftereffects, is however not linear

under all conditions: recently it was shown that anodal tDCS

for 26 min results in excitability-diminishing, and not

enhancing aftereffects, most probably caused by intra-

neuronal calcium overflow ([30], Fig. 9.2). Thus for the

induction of aftereffects lasting relevantly longer than 1 h

after tDCS, which are desirable especially to achieve thera-

peutic effects in clinical studies, simply prolonging stimu-

lation duration seems not to be the optimal strategy. The

alternative might be the repetition of stimulation sessions.

Indeed, repeating cathodal or anodal tDCS within a time-

window of 30 min increases and prolongs the aftereffects of

both anodal and cathodal tDCS relevantly, for anodal tDCS

for more than 24 h after stimulation [30, 37]. On the other

hand, tDCS-intervals of 3 and 24 h diminished the
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aftereffects of the second protocol in both studies. Thus

specific timing is important for prolongation of tDCS effects

on cortical excitability. Moreover, the results of these studies

suggest that consecutive tDCS protocols might interact even

when the overt impact on cortical excitability has vanished.

Therefore, a sufficient interval between experimental

sessions is recommended, when it is not intended to induce

cumulative aftereffects. It should be kept in mind that the

physiological effects might not necessarily translate one-to-

one to functional effects of stimulation. In contrast to the

physiological effects, it has been shown that repeated tDCS,

in most studies conducted once a day for 5 or more conse-

cutive days, induces effects on motor performance, pain,

depression, and other functions, or symptoms, which can

last for 1 month or more after stimulation [38–40].

Impact of Electrode Configurations
on the Focality of tDCS

The “classical” tDCS protocols to induce neuroplastic

excitability alterations involve stimulation with two rela-

tively large electrodes (usual size between 25 and 35 cm2)

positioned on the head. These electrodes induce relatively

non-focal effects of the underlying cortex, but also at remote

areas, as shown experimentally for stimulation of the pri-

mary motor cortex [41, 42], and via modelling approaches

[43]. Low focality is not necessarily a problem for each

application of tDCS. In clinical syndromes, modulation of

pathologically altered excitability of larger regions might be

preferable, and in some cases, where the intended effects are

thought to originate from an interaction of task- and stimu-

lation-generated activity alterations, functional focality

might result from this interaction. However, focality is cru-

cial for the basic studies aiming to explore the contribution

of a specific area to brain function. Thus new tDCS protocols

suited to increase focality of stimulation have been devel-

oped. At least two factors contribute to the low focality of

tDCS, the size of the relative large electrode positioned over

the target area, and the physiological effects of the return

electrode, if positioned at the scalp. Focality of tDCS over

the target area can be enhanced by reducing electrode size,

and keeping current density constant. By this modification of

the stimulation protocol it has been shown for the motor

cortex that a more selective alteration of excitability of

specific hand muscle representations is accomplished ([42],

Fig. 9.3). Following the same rationale, increasing the size

of the return electrode at constant current strength from 35 to

100 cm2 makes this electrode functionally inefficient, most

probably due to reduced current density, and thus results in

an at least functionally monopolar stimulation [42]. Alter-

natively, the return electrode can be positioned at another

location than the scalp, e.g., the neck, shoulder, arm, or knee

[6, 31, 44]. However, this remote position of the return
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Fig. 9.1 Aftereffects of tDCS.

tDCS of the human motor cortex

modulates TMS-elicited MEP-

amplitudes after stimulation for

up to an hour, depending on

stimulation duration. Anodal

stimulation (a) enhances, while
cathodal (b) diminishes cortical

excitability. Note that 5 to 7 min

of stimulation result in short-

lasting aftereffects, while

prolonged tDCS increases the

duration of the aftereffects over-

proportionally ([13, 17], with

permission of Neurology and Clin

Neurophysiol)
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electrode might diminish the efficacy of stimulation [36],

and it is unclear if other sets of neurons would be affected by

these approaches due to different electrical field orientation.

Based on modelling of electrical field strength, alternative

electrode configurations have been developed to optimize

stimulation focality, the so-called high-definition tDCS

(HD-tDCS) is one of these approaches. Here relatively

small electrodes are used, and a central stimulation electrode

is surrounded by four return electrodes placed in the vicinity

of the stimulation electrode [43]. Since the distance between

the respective electrodes is relatively short, and thus shunting

is enhanced relative to the more conventional electrode

arrangements, current density has to be relatively high to

obtain similar effects as with the large electrodes. Taking

this into account, the cortical excitability alterations induced

by this protocol seem to be similar to those elicited by

conventional tDCS [80]. However, information about the

physiological focality of these excitability alterations is not

available so far. The functional efficacy of this electrode

configuration has been demonstrated in some pilot studies,

including pain perception [45]. Another optimizing future

strategy might be multi-electrode approaches, which show

encouraging results in modelling [46].

Taken together, for tDCS various protocols are available,

which differ with regard to stimulation polarity, current

density, stimulation duration, as well as electrode size and

locations. Dependent on these parameters, stimulation proto-

cols can be customized at least to a certain extent to achieve

the desired direction, strength, focality, and duration of

effects on cortical activity and excitability. However, syste-

matic studies about optimized physiological and functional

effects are rare so far. For functional effects, the develop-

ment of optimized protocols might have to take into account

not only the impact of tDCS on cortical processes, but also

the interaction between stimulation, and task-related cortical

activity alterations, which might not be trivial in each case.

Another future challenge might be the development of indi-

vidually adapted stimulation protocols, which take interindi-

vidual difference of anatomy and physiology into account.

Mechanisms of Action of tDCS

A multitude of studies has been conducted to explore the

physiological effects of tDCS in the last years. The motor

cortex, especially the primary motor hand area (M1), has

been widely used as a model system in order to study modu-

lation of cortical excitability by tDCS. Reasons for this are

that M1 lies on the cortical convexity of the precentral gyrus

with a minimal distance to the scalp surface and can thus

easily be reached with TMS pulses. Furthermore, for motor

cortex TMS, specific stimulation protocols have been devel-

oped to monitor different types of intracortical neurons as

well as cortical output neurons [47]. Therefore, most of our

knowledge about basic physiology of tDCS originates from

studies in the human motor cortex. However, physiological

effects of tDCS on other cortical areas have also been

explored, and beyond TMS, evoked potential measures,

EEG, and functional imaging have contributed to our under-

standing of the physiological background of tDCS. Whereas
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Fig. 9.2 Effects of repetitive tDCS on the impact of tDCS on motor

cortex excitability. Interval duration determines the effects of repeated

anodal tDCS on motor cortex excitability. A single session of 13 min

anodal tDCS (13-0-0) enhances excitability up to 60 min after DC

stimulation. Prolonging stimulation duration for 26 min (13-0-13)

however converts the aftereffects into excitability diminution (a). An
inter tDCS-interval of 3 or 20 min (13-3-13, 13-20-13 protocols)

primarily diminishes the efficacy of tDCS to enhance excitability,

which however is present trendwise up to about 90 min after tDCS.

From the evening of the stimulation day on for up to the next evening,

however, motor cortex excitability is again enhanced significantly (b).
Prolonging the inter-tDCS intervals for 3 or 24 h (13-3 h-13, 13-24 h-13

protocols) abolishes the excitability enhancement, and turns it slightly

into inhibition (c). se same evening; nm next morning, na next after-

noon, ne next evening (Monte-Siva et al., 2012, with permission of

Brain Stimulation)
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regional effects of tDCS were in the focus of investigations

during the first years, the impact of tDCS on cortical network

activity became a new topic of research recently.

Regional Effects of tDCS on Cortical Excitability

Acute Effects of tDCS on Cortical Activity
and Excitability
The primary mechanism of DC stimulation on the cerebral

cortex is a subthreshold modulation of neuronal resting

membrane potential. In animal experiments anodal stimu-

lation results in a subthreshold depolarisation, while cath-

odal stimulation hyperpolarises neuronal membranes [27,

28]. However, this polarity-dependent effect, which has

been described in most animal studies, has to be qualified.

As mentioned above, orientation of electrical field relative to

neuronal orientation determines the direction of the effects.

Accordingly, antagonistic effects of DC stimulation were

described not only for subgroups of neurons, but also for

specific preparations, such as hippocampal slice experiments

[28, 29]. In humans, similar stimulation polarity-dependent

effects have been shown for short stimulation durations of

few seconds, which do not induce aftereffects. Anodal tDCS

enhances cortical excitability, while cathodal stimulation

diminishes it in the human motor cortex, as demonstrated

by TMS. These effects are largely restricted to global para-

meters of corticospinal excitability, which are determined by

ion channel conductivity, such as single pulse MEP ampli-

tudes induced by medium TMS intensity and recruitment

curves. They do not involve major alterations of intracortical

facilitation, and inhibition, as monitored by TMS double-

pulse stimulation protocols [12, 48]. Accordingly, blocking

voltage-gated sodium and calcium channels abolishes the

excitability enhancement accomplished by anodal tDCS,

but block of glutamatergic NMDA receptors or enhancement

of GABAergic inhibition does not affect the acute effects of

tDCS [17, 49]. Thus, taken together, the primary effects of

tDCS seem to involve polarity-specific membrane potential

alterations, but no synaptic effects.

Aftereffects of tDCS on Cortical Activity,
and Excitability
In experiments in anesthetized rats, Bindman and colleagues

described prolonged enhancements of cortical activity and

excitability lasting for hours after anodal stimulation, while

cathodal DC stimulation had antagonistic effects, if stimu-

lation was conducted for 5 min or longer [2]. Identically

directed aftereffects of tDCS are accomplished when stimu-

lation duration exceeds 3 min in humans. Here tDCS over

Fig. 9.3 Focusing the effects of tDCS by reducing electrode size.

Depicted are baseline-standardized mean motor evoked potential

(MEP) amplitude sizes of the abductor digiti minimi (ADM) and first

dorsal interosseus (FDI) muscles after 7 min of anodal or cathodal tDCS.

In the 35 cm2 electrode size condition, in which the tDCS electrode

covers the motor cortex representation of the ADM and the FDI, anodal

tDCS enhances and cathodal tDCS diminishes excitability of both areas

for some minutes after the end of stimulation. When tDCS is performed

selectively over the motor cortex representation of the ADM (electrode

size 3.5 cm2), the excitability change for the ADM is identical to the

former condition, but TMS over the representation of the FDI reveals no

excitability changes as compared to baseline. Filled symbols indicate

deviations of the post-tDCS MEP amplitudes relative to baseline, the

asterisks mark differences between MEP amplitudes of the ADM or FDI

obtained with different tDCS electrode sizes. Error bars are standard

error of mean ([42], with permission of J Neurophysiol)
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the motor cortex for up to 7 min results in aftereffects of

about 5–10 min duration, while longer stimulation durations

for up to 13 min induce excitability alterations stable for

about 60–90 min [12, 13, 17]. However, the duration of the

aftereffects might differ between cortical regions, with

somewhat shorter lasting effects induced by tDCS over the

visual cortex [35, 50].

At the corticospinal level, tDCS elicits similar after-

effects as those accomplished during short stimulation. The

slope of the recruitment curve is reduced after cathodal

tDCS, but enhanced after anodal stimulation [48]. For

intracortical effects, anodal tDCS enhances intracortical

facilitation and reduces intracortical inhibition, whereas

cathodal tDCS induces antagonistic effects [48]. Most prob-

ably, these effects are accomplished by combined modu-

lation of motor cortical afferents and motor cortex output

neurons with conventional large electrodes, since selective

premotor stimulation induces only the above-mentioned

intracortical effects in M1, while focal stimulation over M1

with a small electrode only resulted in the above-mentioned

corticospinal effects [51]. Because block of glutamatergic

NMDA receptors abolishes the aftereffects of tDCS, and the

NMDA receptor agonist d-cycloserine prolonged the after-

effects of anodal stimulation [52, 53], it can be assumed that

tDCS induces plasticity of the glutamatergic system. Further

indirect evidence for an effect of tDCS on glutamatergic

neurons comes from a study showing that block of voltage-

gated calcium channels abolishes the aftereffects of anodal

tDCS [52], as glutamatergic neuroplasticity is induced by

modulation of neuronal calcium influx (Fig. 9.4). These

results are in accordance with animal experiments, in

which it was shown that anodal tDCS enhances neuronal

calcium content [54]. Beyond modulation of the gluta-

matergic system, it has recently been shown that both—

anodal and cathodal tDCS—reduce free gamma-amino-

butyric acid (GABA) in the cortical areas under the

electrodes [55]. This result fits with an enhancing effect of

both anodal and cathodal tDCS on TMS-induced I-wave

facilitation, which is controlled by the GABAergic system

[48]. GABA-reduction has been shown to enhance

glutamatergic plasticity in animal slice experiments, and

could have a facilitating effect on tDCS-induced plasticity

in humans as well. This might also explain why enhance-

ment of GABAergic receptor activity by lorazepam had no

effect on cathodal tDCS-induced plasticity however led to a

rebound anodal excitation [49], because benzodiazepines

only enhance efficacy of already active GABAergic

receptors (Table 9.1).

Beyond the “classic” tDCS protocols, which induce after-

effects of about one hour duration, recently stimulation

protocols have been developed to induce excitability

enhancements lasting for at least 24 h after the end of anodal

tDCS. For such effects, repeated stimulation for 13 min

within a time window of 30 min seems to be critical [30].

This fits nicely with the results of animal experiments where

it was shown that an intervention within about 30 min after

the first plasticity induction procedure results in late-phase

long-term potentiation (LTP) effects [56]. Interestingly,

continuous anodal tDCS with doubled stimulation protocol

duration results in excitability-diminishing plasticity, and

increasing the interval to 3 or 24 h duration diminishes the

efficacy of the stimulation protocol in the same study. The

late-phase LTP-like effects of repeated anodal tDCS depend

on the glutamatergic system. The excitability diminution

induced by 26 min continuous stimulation might result

from intracellular calcium overflow, since calcium channel

block abolished this effect [30].

Taken together, it can thus be concluded that the after-

effects of tDCS depend on glutamatergic mechanisms, and

that tDCS-induced reduction of GABA might serve as a

“gating” mechanism.

Beyond these primary effects, neuromodulators have

been shown to have a relevant impact on glutamatergic

plasticity in animal models, and humans [57]. In accordance,

monoamines have a prominent impact also on tDCS-induced

plasticity. The nonselective monoaminergic enhancer

amphetamine increases anodal tDCS-induced excitability-

enhancing plasticity [58]. This effect might be partially due

to its impact on ß-adrenergic receptors, because antagoni-

zing these receptors reduces the duration of the aftereffects

of anodal and cathodal tDCS [58]. Moreover, dopamine and

serotonin have a prominent impact on tDCS-induced plasti-

city. For dopamine, physiological receptor activity is criti-

cal for the induction of aftereffects, because D2 receptor

antagonist abolishes any aftereffects of tDCS [59]. Interest-

ingly, increasing dopamine receptor activation by the non-

selective precursor L-dopa has dosage-dependent nonlinear

effects on tDCS-generated plasticity. Whereas low- and

high-dosage L-dopa abolished excitability-enhancing

and -diminishing plasticity, medium dosage prolonged the

excitability-diminishing aftereffects, and converted anodal

tDCS-induced facilitation into inhibition [60, 61]. Similar

effects were accomplished with a D2 receptor agonist with

the exception that the medium dose did reestablish the

anodal tDCS-induced facilitation, and high dosage medica-

tion combined with cathodal tDCS resulted in an excitability

enhancement [62]. Additionally, D1 receptor activation under

D2 receptor block reestablished tDCS-induced plasticity of

both stimulation polarities [63]. Taken together, dopamine

has prominent nonlinear effects on tDCS-induced plasticity,

which depend on dosage, and subreceptor activity. Interest-

ingly, conversion of the excitability-enhancing effects of

anodal tDCS to excitability diminution seems to require acti-

vation of both D1- and D2-like receptors. For serotonin,

activation by a respective reuptake-inhibitor enhanced and

prolonged the aftereffects of anodal tDCS, and converted
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plasticity induced by cathodal stimulation into facilitation

[64]. For the cholinergic system, enhancement of global

cholinergic activation resulted in a similar effect as

medium-dosage L-dopa on tDCS-generated plasticity, i.e., a

slight prolongation of cathodal tDCS-induced excitability

diminution, and a conversion of anodal tDCS-induced

aftereffects from facilitation into excitability reduction [65].

For anodal tDCS, activation of nicotinic receptors resulted in

similar effects, but it abolished the aftereffects of cathodal

tDCS [66]. Dosage-dependent effects of serotonin and ace-

tylcholine/nicotine on tDCS-induced plasticity have not been

explored so far. While the detailed mechanisms of action of

these neuromodulators on tDCS-induced plasticity are

waiting to be explored, one relevant potential mechanism

might be their impact on intraneuronal calcium concentration.

The above-mentioned studies were performed in the

human primary motor cortex, but the effects of tDCS are

not restricted to this region. In the last years, numerous

studies have been conducted, which show a similar functional

or physiological impact of tDCS on a multitude of cortical

regions. Neurophysiological effects have been demonstrated

for the visual cortex, where anodal and cathodal tDCS have

similar effects on cortical excitability as motor cortex stimu-

lation; however, antagonistic effects were also observed if the

return electrode is positioned at the neck [31]. tDCS over the

visual cortex results in shorter duration of the aftereffects,

as compared to the stimulation over M1. For tDCS of the

somatosensory cortex, anodal tDCS increased respective

SEP amplitudes for at least 60 min after stimulation in one

study [67], and cathodal tDCS reduced those in another one

[68]. For auditory cortex stimulation, anodal tDCS over the

temporal, and cathodal tDCS over the temporoparietal cortex

enhanced the respective evoked potentials [69]. Beyond the

principle effects on cortical excitability, however, no further

studies are available exploring the physiological mechanisms

of tDCS in these areas into larger detail.
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Fig. 9.4 tDCS-generated mechanisms of action of glutamatergic plas-

ticity, including modulatory effects. In this figure, the main plasticity

mechanism of glutamatergic synapses, and the modulatory impact of

other neurotransmitters and ion channels are displayed. As far as

explored, tDCS alters glutamatergic neurons dependent on stimulation

polarity, while reducing GABAergic activity independent from stimula-

tion polarity. Glutamate release activates N-methyl-D-aspartate receptors

(NMDAR), which have calcium (Ca2+) channel properties if it is suffi-

ciently strong. Dependent on the amount of the consecutive intraneuronal

calcium increase, enzyme cascades are activated which result in post-

synaptic insertion or removal of glutamatergic α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid receptors (AMPAR). The amount of

postsynaptic AMPA receptors determines if a given activation of a

presynaptic neuron leads to supra-threshold postsynaptic activation.

Consequently, the modification of AMPA receptor density is the main

basis for LTP and LTD. The activity of voltage-dependent calcium

channels (VGCC) contributes to intracellular calcium alterations, and

the activation of sodium (Na) channels (VGNC) contributes to the resting

membrane potential which affects the probability of NMDA receptors

activation, and presynaptic activity results in a postsynaptic action

potential. Various neurotransmitters such as GABA, dopamine, acetyl-

choline, serotonin, adrenaline, and noradrenaline affect these principle

mechanisms of action in a complex, sometimes nonlinear way, via their

specific receptors, and they also have an impact on glutamatergic

receptors and ion channels
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Interregional Effects of tDCS: Impact on Functional
Connectivity
Apart from the regional effects of tDCS under the stimu-

lation electrodes, remote effects on topographically distant

cortical and subcortical areas were described relatively early

[41]. However, it was unclear whether those effects are

caused by physiological spreading of cortical activity or by

current spread. Simulation studies, although not physio-

logically validated so far, are in favor for at least a partial

contribution of spread of current flow [43]. In the meantime,

clear physiological effects of tDCS on remote areas have

been described. Premotor anodal tDCS was shown to

enhance intracortical facilitation of M1, most probably due

to the activation of premotor–primary motor cortex afferents

[51], and combined dorsal premotor and supplementary

motor area (SMA) stimulation alters motor and somato-

sensory evoked potentials [70]. For parietal cortex stimu-

lation, anodal tDCS enhanced, but cathodal tDCS reduced

MEP amplitudes in motor imagery conditions [71].

Recently, functional connectivity approaches have been

applied to explore cortical network alterations induced by

tDCS. For motor cortex stimulation under resting conditions,

an fMRI study revealed that nodal minimum path length

increased after anodal tDCS over M1, which means that

functional connectivity of this area with topographically

distant regions of the whole brain significantly decreased.

In contrast to this generally reduced whole brain connect-

ivity of M1, functional connectivity was enhanced between

the primary motor cortex on the one hand, and premotor and

superior parietal areas on the other [72]. In another study,

cathodal tDCS of the primary motor cortex increased func-

tional connectivity between the stimulated M1, and the

contralateral M1 and premotor cortices [73]. A similar effect

of tDCS was described for anodal stimulation combined

with motor practice in an EEG study, where functional

connectivity was enhanced between primary motor, pre-

motor, and sensorimotor areas in the high gamma band

[74]. Moreover, anodal tDCS of the primary motor cortex

alters cortico-subcortical connectivity of the motor cortex at

rest. Specifically, it was shown to enhance connectivity with

the ipsilateral caudate nucleus, and thalamus [75]. Addition-

ally, alterations of intrinsic motor cortex connectivity by

Table 9.1 Impact of CNS active drugs on tDCS-induced plasticity in human cortex

Study Substance Pharmacodynamic effect

Dosage

(mg)

LTP-like

plasticity

LTD-like

plasticity

Glutamate

Liebetanz et al. [79],

Nitsche et al. [52]

Dextromethorphan NMDA receptor antagonist 150 # #

Nitsche et al. [53] D-cycloserine NMDA receptor agonist 100 " •

GABA

Nitsche et al. [49] Lorazepam GABAAR: positive allosteric

modulator

2 ", Initial delay •

Voltage-gated ion channels

Liebetanz et al. [79],

Nitsche et al. [52]

Carbamazepine Voltage-gated sodium

channel blocker

300 + 300 # •

Nitsche et al. [52] Flunarizine Voltage-gated calcium channel

blocker

10 # •

Dopamine

Nitsche et al. [59] Sulpiride D2 receptor antagonist 400 # #
Monte-Silva et al. [61] L-dopa Dopamine precursor 25 # #
Kuo et al. [60],

Monte-Silva et al. [61]
L-dopa Dopamine precursor 100 mg # Conversion to

LTD

#

Monte-Silva et al. [61] L-dopa Dopamine precursor 200 mg # #
Monte-Silva et al. [62] Ropinirole D2/3 receptor agonist 0.125 # #
Monte-Silva et al. [62] Ropinirole D2/3 receptor agonist 0.5 • •

Monte-Silva et al. [62] Ropinirole D2/3 receptor agonist 1 # #
Nitsche et al. [63] L-dopa + sulpiride Activation of D1 receptor under

D2 receptor blockade

100 + 400 • •

Acetylcholine

Kuo et al. [65] Rivastigmine Cholinesterase inhibitor 3 # #
Thirugnanasambandam et al. [66] Nicotine Nicotinic receptor antagonist 15, Patch # #
n.t. not tested, tDCS transcranial direct current stimulation, LTP long-term potentiation, LTD long-term depression, GABAAR gamma-

aminobutyric acid type A receptor, • ¼ no plasticity, # ¼ decrease of plasticity, " ¼ increase of plasticity
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tDCS have been demonstrated: cathodal stimulation

increased local connectivity, most likely due to cortical

noise reduction accomplished by the respective excitability

and activity diminution, while anodal tDCS enhanced long-

distance connectivity within this area [76]. Therefore it can

be concluded by the results of these studies that motor cortex

tDCS alters the connectivity of large parts of the motor

network.

Beyond tDCS of the motor cortex, stimulation of the

dorsolateral prefrontal cortex has also been demonstrated

to induce widespread alterations of functional connectivity,

including the default mode network, and attention-related

networks in healthy subjects [77, 78].

Taken together, in addition to its regional effects under

the stimulation electrodes, tDCS has prominent effects on

functional networks at both cortical and subcortical levels.

The relevance of these network alterations for cognition and

behavior needs to be explored in future studies.

Conclusion

tDCS has been reintroduced as a tool to induce acute and

neuroplastic alterations of cortical excitability and activ-

ity about 12 years ago. Since then, an increasing number

of studies has been conducted to develop protocols

enhancing the efficacy of stimulation, and to explore the

physiological basics of the effects. For the development

of new stimulation protocols, determinants of tDCS effi-

cacy, such as stimulation intensity, duration, and repeti-

tion intervals have been identified, and protocols which

allow a more focal stimulation have been developed. It

has been shown that the dependence of tDCS efficacy on

these stimulation parameters is not linear in each case.

Future work should focus on further optimizing stimu-

lation protocols, which will be important especially for

clinical applications, where stable alterations of cortical

excitability and activity are needed. Moreover, given the

partial nonlinearity of the effects, exploring optimal

combinations of stimulation with performance would be

an important, but not trivial, topic of future research.

Since most of the studies reported in this review were

conducted in the primary motor cortex, the transferability

of the respective results to other cortical areas has yet to

be explored. With regard to the mechanisms of action,

pharmacological, TMS, EEG, and functional imaging

studies have revealed the main physiological mechanisms

of tDCS, i.e., the primary effect of membrane polar-

ization, the dependence of the aftereffects from alter-

ations of glutamatergic synapses, and the complex

alteration of tDCS-induced plasticity by neuro-

modulators. Furthermore, it became increasingly clear

recently that the effects of tDCS are not only restricted

to the area under the electrodes. The stimulation also

induces alterations of connectivity within cortical and

cortico-subcortical networks. Although knowledge about

the physiological basis of tDCS is far from being com-

plete, these studies provide a basis for understanding its

effects, which might also be important for evaluating new

fields of application in future.
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A Role of Computational Modeling in
Customization of Transcranial Direct Current
Stimulation for Susceptible Populations

10

Dennis Truong, Preet Minhas, Albert Mokrejs, and Marom Bikson

Introduction to Computational Models
of Noninvasive Neuromodulation

Renewed interest in transcranial electrical stimulation has

been accompanied by a general modernization of the tech-

nique including the use of computational models. This chap-

ter introduces the rationale behind modeling transcranial

direct current stimulation (tDCS) as well as the technical

development and limitations of models currently in use. This

chapter is intended to provide a broad introduction to both

clinical researchers and engineers interested in translational

work to develop and apply computational models of

customized tDCS. Transcranial electrical stimulation is a

promising tool in symptom management based on the grow-

ing evidence that delivery of current to specific brain regions

can promote desirable plastic changes [1, 2]. However,

stimulation should be applied using low intensity current in

a manner that is safe and well tolerated. In complement to

other brain stimulation approaches (Fig. 10.1), tDCS has

been gaining considerable interest because it is well

tolerated, and can be used as add-on therapy and has low

maintenance costs [3].

In contrast to pharmacotherapy, noninvasive electrother-

apy offers the potential for both anatomically specific brain

activation and complete temporal control. Temporal control

is achieved since electricity is delivered at the desired dose

instantly and there is no electrical “residue” as the generated

brain current disappears when stimulation is turned off.

Spatial control is based on from rational selection of elec-

trode number, shape, and position. As explained below,

using computational models, tDCS can be customized and

individualized to specific brain targets in ways not possible

with other interventions in order to optimize a particular

therapeutic or rehabilitative outcome. Specifically, the

“dose” of electrotherapy (see Peterchev et al. [4] for defini-

tion) is readily adjustable by determining the location of

electrodes (which determines spatial targeting) and selecting

the stimulation waveform (which determines the nature and

timing of neuromodulation). Indeed, a single programmable

electrotherapy device can be simply configured to provide a

diversity of dosages. Though this flexibly underpins the

utility of neuromodulation, the myriad of potential dosages

(stimulator settings and combinations of electrode

placements) makes the optimal choice very difficult to read-

ily ascertain. The essential issue in dose design is to relate

each externally controlled dose with the associated brain

regions targeted (and spared) by the resulting current

flow—and hence the desired clinical outcome. Computa-

tional forward models aim to provide precisely these

answers to the first part of this question (Fig. 10.2), and

thus need to be leveraged in the rational design, interpreta-

tion, and optimization of neuromodulation.

The precise pattern of current flow through the brain is

determined not only by the stimulation dose (e.g., the

positions of the electrodes) but also by the underlying ana-

tomy and tissue properties. In predicting brain current flow

using computational models, it is thus important to precisely

model both the stimulation itself and the relevant anatomy

upon which it is delivered on an individual basis. The latter

issue remains an area of ongoing technical development and

is critical to establishing the clinical utility of these models.

For example, cerebral spinal fluid (CSF) is highly conduc-

tive (a preferred “super highway” for current flow) such that

details of CSF architecture profoundly shape current flow

through adjacent brain regions (see later discussion).
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Fig. 10.1 Comparable stimulation techniques: Deep Brain Stimula-

tion, Motor Cortex Stimulation, Transcranial Magnetic Stimulation,

and Spinal Cord Stimulation (top row); classic transcranial Direct

Current Stimulation (tDCS) via sponge pads, optimized High

Definition-tDCS (HD-tDCS), and 4 � 1 HD-tDCS (bottom row).
Transcranial Direct Current Stimulation is an increasingly popular

investigational form of brain stimulation, in part, due to its low cost,

portability, usability, and safety. However, there are still many of

unanswered questions. The number of potential stimulation doses is

practically limitless. Stimulation can be varied by simply changing the

electric current waveform and electrode shape, size, and position.

These variations can thus be analyzed through computational modeling

studies that have resulted in montages such as HD-tDCS and 4 � 1

HD-tDCS

Fig. 10.2 Role of computational models in rational electrotherapy:

(left) Neuromodulation is a promising therapeutic modality as it affects

the brain in a way not possible with other techniques with a high degree

of individualized optimization. The goal of computational models is to

assist clinicians in leveraging the power and flexibility of

neuromodulation (right). Computational forward models are used to

predict brain current flow during transcranial stimulation to guide

clinical practice. As with pharmacotherapy, electrotherapy dose is

controlled by the operator and leads a complex pattern of internal

current flow that is described by the model. In this way, clinicians

can apply computational models to determine which dose will activate

(or avoid) brain regions of interest
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Especially relevant for rehabilitative applications is the

recognition that individual anatomical idiosyncrasies can

result in significant distortions in current flow. This is par-

ticularly apparent when skull defects and brain lesions

occur. The final section of this review highlights the nature

and degree of distortions in brain current flow produced by

defects and lesions, as well as dose considerations for sus-

ceptible populations such as children.

Methods and Protocols in the Generation
of Computational Forward Models of tDCS

During tDCS, current is generated in the brain. Because

different electrode montages result in distinct brain current

flow, researchers and clinicians can adjust the montage to

target or avoid specific brain regions in an application spe-

cific manner. Though tDCS montage design often follows

basic rules-of-thumb (e.g., increased/decreased excitability

under the anode/cathode electrode), computational forward

models of brain current flow provide more accurate insight

into detailed current flow patterns and in some cases, can

even challenge simplified electrode-placement assumptions

[5–8]. For example, clinical studies are often designed by

placing the anode electrode directly over the target region

desired to be excited, while the cathode electrode is placed

over a far removed region from the target to avoid unwanted

reverse effects. This region could be the contralateral hemi-

sphere or in some cases even extra cephalic locations like the

neck, shoulder or the arm. Researchers have used smaller

stimulation electrode sizes and bigger reference electrode

sizes to offset the focality limitations of tDCS. With the

increased recognized value of computational forward

models in informing tDCS montage design and interpreta-

tion of results, there have been recent advances in modeling

tools and a greater proliferation of publications [9–22].

Initial models of transcranial current flow assumed

simplified geometries such as concentric spheres that could

be solved analytically as well as numerically. Miranda et al.

[15] was the first numerical modeling effort specifically

looking at tDCS montages and intensities. In another spheri-

cal head paper, focality of cortical electrical fields was

compared across various small electrode configurations and

configurations proposed to achieve targeted modulation

[10]. Wagner et al. [22] was the first computer-aided design

(CAD) rendered head model where current density

distributions were analyzed for various montages including

healthy versus cortical stroke conditions. The more recent

efforts have been mostly MRI derived. Oostendorp et al. [16]

was the first to consider anisotropy in the skull and the white

matter. Datta et al. [11] built the first high-resolution head

model with gyri/sulci specificity. Using diffusion tensor

imaging (DTI), Suh et al. [20] concluded that skull

anisotropy causes a large shunting effect and may shift the

stimulated areas. Fine resolution of gyri/sulci leads to cur-

rent “hotspots” in the sulci, thereby reinforcing the need for

high-resolution modeling [19]. Sadleir et al. [18] compared

modeling predictions of frontal tDCS montages to clinical

outcomes. Datta et al. [9] studied the effect of tDCS

montages on TBI and skull defects. Parazzini et al. [17]

was the first to analyze current flow patterns across subcorti-

cal structures. Dmochowski et al. [23] showed how a multi-

electrode stimulation can be optimized for focality and

intensity at the target.

Recent efforts have focused to build patient-specific

models and compare modeling predictions to experimental

outcomes. In considering new electrode montages, and espe-

cially in potentially vulnerable populations (e.g., in patients

with skull damage or in children), forward models are the

main tool used to relate the externally controllable dose

parameters (e.g., electrode number, position, size, shape,

current) with resulting brain current flow. While the specific

software applications can vary across groups, in general, the

approach and workflow for model generation follow a simi-

lar pattern (Fig. 10.3).

The steps for generating high-resolution (anatomically

specific) forward models of noninvasive neuromodulation

are adapted from extensive prior work on computational

modeling. These involve: (1) Demarcation of individual

tissue types (masks) from high-resolution anatomical data

(e.g., magnetic resonance imaging slices obtained at 1 mm

slice thickness) using a combination of automated and man-

ual segmentation tools. Specifically, from the perspective of

stimulating current flow, it is necessary to distinguish tissues

by their resistivity. A majority of effort in the development

and implementation of models has involved this step (see

also next section) [18]. The number and precision of the

individual masks obtained is pivotal for the generation of

accurate 3D models in order to capture critical anatomical

details that may influence current flow. (2) Modeling of the

exact physical properties of the electrodes (e.g., shape and

size) and precise placement within the segmented image

data (i.e., along the skin mask outer surface). (3) Generation

of accurate meshes (with a high-quality factor) from the

tissue/electrode masks whilst preserving resolution of sub-

ject anatomical data. The generation of meshes is a process

where each mask is divided into small contiguous

“elements” which allow the current flow to then be numeri-

cally computed—hence the term “Finite Element Method”
stimulations. (4) Resulting volumetric meshes are then

imported into a commercial finite element (FE) solver. (5)

At this step, resistivity is assigned to each mask (every

element in each mask) and the boundary conditions are

imposed including the current applied to the electrodes. (6)

The standard Laplacian equation is solved using the appro-

priate numerical solver and tolerance settings. (7) Data is
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plotted as induced cortical electric field or current density

maps (Fig. 10.3).

Though each of the above steps is required for high-

resolution modeling, there remains technical expertise and

hence variation in protocols across groups and publications

[22]. These variations are relevant to clinical practice only in

the sense that they change predictions in current flow that

meaningfully effect dose decisions. The sources and impact

of these variations is addressed in the next section.

Only a few studies have attempted to more directly link

clinical outcomes and model predictions—and thus validate

model utility. Clinical evaluation was combined with model

predictions to investigate the effects of different montages in

clinical conditions such as fibromyalgia [13]. Patient-

specific models have been used to retrospectively analyze

the therapeutic success of a given experimental stimulation

montage [7] and compare model predictions with patterns of

activation revealed by functional magnetic resonance imag-

ing (fMRI) [12]. Postmortem “current flow imaging” was

also used to validate general model prediction [24]. A

focalized form of tDCS called 4 � 1 high-definition tDCS

was developed through computational models and then

validated in a clinical neurophysiology trial [25]. These

example applications open the door for potentially

customizing tDCS on a subject to subject basis within

the clinical setting [26]. Table 10.1 summarizes the

various tDCS montages explored in computational modeling

studies.

For clinicians interested in using computational forward

models to inform study design or interpretation several

options are available. (1) A collaboration with a modeling

group [21] or a company can allow for customized explora-

tion of montage options; (2) referencing existing published

reports or databases (Table 10.1) for comparable montages

(with careful consideration of the role of individual variation

and other caveats presented in the next section); (3) using a

novel process where a desired brain region can be selected

and the optimized electrode montage is proposed within a

single step has been developed [23]; (4) a graphical user

interface (GUI)-based program to stimulate arbitrary elec-

trode montages in a spherical model is now available (www.

neuralengr.com/spheres). This last solution illustrates an

important trend: even as increasingly complex and resource

expensive modeling tools are developed, parallel efforts to

simplify and automate (high-throughput) model workflow

are needed to facilitate clinical translation. If tDCS

continues to emerge as an effective tool in clinical treatment

and cognitive neuroscience, and concurrent modeling stud-

ies emphasize the need for rational (and in cases

individualized) dose decisions, then it will become incum-

bent for tDCS researchers to understand the applications

(and limitations) of computational forward models [27].

Fig. 10.3 Imaging and computational work-flow for the generation of

high-resolution individualized models: Though the specific processes

and software packages will vary across technical groups and

applications, in each case high-resolution modeling initiated with pre-

cise anatomical scans that allow demarcation of key tissues. Tissues

with distinct resistivity are used to form “masks.” These masks along

with the representation of the physical electrodes are “meshed” to allow

FEM calculations. The boundary conditions (generally simply

reflecting how the electrodes are energized) and the governing

equations (related to Ohms law) are well established. The reproduction

of the stimulation dose and the underlying anatomy thus allow for the

prediction of resulting brain current. These current flow patterns are

represented in false-color map and analyzed through various post-

processing tools
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Table 10.1 Synopsis of numerical tDCS computer modelsa

Study Masks Electrode montage Additional methods

Concentric sphere

Miranda et al. (2006)

[15]

4 4 montages

Datta et al. (2008) [10] 4 6 montages

Dmochowski et al.

(2012) [23]

Neuralengr.com/

spheres

4 Arbitrary, user specific, optimized montages

CAD rendered

Wagner (2007) [22] 5 Healthy and stroke models with varied montages

MRI derived

Oostendorp et al.

(2008) [16]

5 C3–SO montage Anisotropic conductivities for skull and white matter.

Model derived from Wolters et al. (2006) [49]

Datta et al. (2009b)

[11]

4 C3–SO and HD High-resolution with gyrisulci topography

Suh et al. (2009) [8] 5 C3–SO montage using point source stimulation

electrodes

Anisotropic conductivity for white matter

Datta et al. (2009b)

[10]

4 Tissue temperature increases of C3–SO montage and

HD montage

Sadleir [10, 18] 11 F3–SO and F4–SO montage and comparison to reported

clinical outcomes in literature

Datta et al. (2010) [9] 4 Effect of skull defects and skull plates for C3–SO and

01–SO montages

Bikson et al. (2010)

[5]

7 C3–SO and C3-contralateral montages Effect of “return electrode” position and size

Salvador et al. (2010)

[19]

5 C3–SO montage High-resolution gyrisulci model

Parazzini et al. (2011)

[17]

26

unique

tissue

types

Analysis of current flow through cortical, subcortical,

and brain stem regions for C3–SO montage

Model derived from virtual family open source

database

Mendonca et al.

(2011) [13]

8 C3-extracephalic, SO-extracephalic and C3–SO

montages

Correlation of clinical effects in a fibromyalgia study

with model predictions

Halko et al. (2011)

[12]

7 Oz–Cz montage Patient-specific visual stroke model of a hemianopia

patient undergoing tDCS. Correlation of high-

resolution current flow model

Datta et al. (2011) [7] 8 Retrospective analysis comparing experimental

outcome with model predictions. LFC-RS, LFC-

contralateral mastoid, LFC-SO, RFC-LS

Patient-specific left hemisphere stroke model of a

tDCS responder.

DaSilva et al. (2012)

[6]

15 C3–SO montage analysis of current flow through

subcortical structures

High-resolution individualized model

Turkeltaub et al.

(2011) [21]

8 Analysis of left pTC and right pTC montage in dyslexia

study

Bonsai—model

solution analyzer

6–8 Healthy and stroke model with varied montages Online database of solved patient-specific head

models. Overlaid views of 2D MRI scans and model

solutions

Dmochowski et al.

(2011) [23]

6 Healthy Head models with need-specific montages Two distinct selections, focality based or intensity

based

Wagner et al. (2011)

[50]

3 Conventional tDCS montages Inclusion of multicompartment/tissue layer

anisotropy

Minhas et al. (2012)

[48]

2 Conventional tDCS montages Pediatric brain modeling

aThis table summarizes tDCS forward head models using FEM techniques. Head models have progressed from being spherical based to being MRI

derived. The most recent ones have employed patient-specific models. The second, third, and fourth columns list number of tissue types, the

montage used, and particular model specifics, respectively

C3, C4, F3, F4, O1, Oz, Cz correspond to 10/20 EEG system

LFC left frontal cortex, LS left shoulder, pTC posterior temporal cortex, RFC right frontal cortex, RS right shoulder, SO contralateral supra-orbital
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Pitfalls and Challenges in the Application
and Interpretation of Computational Model
Predictions

Computational models of tDCS range in complexity from

concentric sphere models to high-resolution models based

on individuals MRIs (as described above). The appropriate

level of modeling detail depends on the clinical question

being asked, as well as the available computational

resources. Whereas simple geometries (e.g., spheres) may

be solved analytically [28], realistic geometries employ

numerical solvers, namely, Finite Element Methods

(FEM). Regardless of complexity, all forward models share

the goal of correctly predicting brain current flow during

transcranial stimulation to guide clinical therapeutic deliv-

ery. Special effort has been recently directed towards

increasing the precision of tDCS models. However, it is

important to note that increased model complexity does not

necessarily equate with greater accuracy or clinical value.

To meaningfully guide clinical utility, attempts to

enhance model precision must rationally balance detail

(i.e., complexity) and accuracy. (1) Beginning with high-

resolution anatomical scans, the entire model workflow

should preserve precision. Any human head model is limited

by the precision and accuracy of tissue segmentation (i.e.,

“masks”) and of the assigned conductivity values. One hall-

mark of precision is that the cortical surface used in the final

FEM solver should capture realistic sulci and gyri anatomy.

(2) Simultaneously, a priori knowledge of tissue anatomy

and factors known to influence current flow should be

applied to further refine segmentation. Particularly critical

are discontinuities not present in nature that result from

limited scan resolution; notably both unnatural perforations

in planar tissues (e.g., ventricular architecture,

discontinuities in CSF where brain contacts skull,

misrepresented skull fissures,) and microstructures (e.g.,

incomplete or voxelized vessels) can produce significant

deviations in predicted current flow. Moreover, because of

the sensitivity of current flow to any conductivity boundary,

increasingly detailed segmentation (e.g., globe of the eye

and related structures, glands, and deeper midbrain

structures) without reliable reported human conductivity

values in literature (especially at static frequency) may also

lead to errors. It is worth noting that the respective contribu-

tion of the automated/manual interventions also depends on:

(a) sophistication of the particular database or automated

algorithm employed since they are usually not optimized

for forward transcranial modeling [7] and (b) the need for

identification of anomalies in suspect populations like skull

defects, lesions, shunts, etc. Thus, addition of complexity

without proper parameterization can evidently decrease

prediction accuracy. An improper balance between these

factors can introduce distortions in predicted brain current

flow.

Divergent modeling methods illustrate existing outstand-

ing issues including: (1) detail in physically representing the

stimulation electrodes and leads, including shape and mate-

rial [8], and energy source boundary conditions; (2)

differences between conductivity values derived from static

resistivity measures and those extrapolated from 10 Hz data;

(3) sufficient caudal head volume representation (such that

the caudal boundary condition does not affect relevant

model prediction), including potential use of synthetic

volumes [7, 13]; (4) optimal imaging modalities/sequences

to differentiate amongst tissue types; (5) appropriate

incorporation of anisotropy (from DTI); (6) suitability of

existing image segmentation algorithms (generally devel-

oped for other applications) [29]; (7) the degree and nature

of manual correction; (8) the adequacy of the numerical

solver (especially when making detailed predictions at tissue

boundaries); (9) detail in segmenting true lesion borders [7]

versus idealized defects; and (10) the need for parametric

and interindividual analysis (see below). The optimization of

the above issues remains open questions and inevitably

reflects available resources (e.g., imaging, computational,

anatomical expertise) and the specific clinical question

addressed in each modeling effort. Even as computational

and engineering groups continue developing more modeling

sophistication, clinicians must be aware of the limitations in

any modeling approach and the inevitability of technical

methodology effecting the predictions made.

Having mentioned the importance of balancing increased

complexity with clinical access to modeling, it is also impor-

tant to emphasize a difference between the “value” of adding
precision (complexity) as it is evaluated in engineering

papers versus clinical translation. Increasingly detailed

computational approaches have been proposed in recent

years of varying anatomical and physiological details [16,

30, 17]. At the same time, computational models indicate

subject specific variability in susceptibility to the same dose

[26, 31, 32], indicating the value of individualized modeling,

or at least modeling across a set of archetypes. Real clinical

translational utility must therefore balance the value of

increased sophistication with the cost associated with clini-

cal scanning, computational time, and human resources/

intervention (e.g., manual correction/pre and post-processing

etc.). Thus the question is not if “different models will yield

different predictions” (as must be posed in an engineering

paper) but rather does increased complexity change model

predictions in a way that is clinically meaningful—will

complexity influence clinical decisions in study design.

While this is a complex and application specific question, a

first step toward systematizing value, across a myriad of
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groups and efforts, is to develop a metric of change versus a

simpler approach, and then applying a threshold based on

perceived clinical value and added cost versus the simpler

approach.

A priori, it is assumed that added detail/complexity will

enhance model precision and, if done rationally, model

accuracy [33]. Though an engineering group can devote

extended resources and time to a “case” modeling study,

the myriad of potential electrode combinations (dose) and

variation across normal head [26] and pathological heads,

means that in clinical trial design the particular models will

likely now be solved (e.g., 4 � 1 over FP3 in a female head).

Moreover, while “different models will yield different”
predictions; practical dose decision is based on clinical

study specific criterion “a meaningful clinical difference.”
Thus, two clinical applications of modeling are considered

(1) Deciding across montages—namely, which montage is

expected to achieve the optimal clinical outcomes in a given

subject or on average across subjects; (2) Deciding on dose

variation across subjects—namely, if and how to vary dose

based on subject specific anatomy. It is further necessary to

consider if the clinician is concerned with optimizing (a)

intensity at the target (maximum current at the target regard-

less of overall brain current flow) or/and (b) focality at the

target (intensity at the target relative to other brain regions);

consideration of intensity of focality may lead to fundamen-

tally different “best” dose [23]. In the first application, the

clinician will compare different montages for their intensity

and/or targeting of a brain region. Therefore, additional

complexity and detail is only clinical meaningful if it results

in a different selection of optimal montage based on either

intensity or focality criterion.

Assuming accurate and precise representation of all tissue

compartments (anatomy, resistivity, anisotropy) relevant to

brain current flow, it is broadly assumed that using modern

numerical solvers that the resulting prediction is indepen-

dent of the numerical technique used. Our own experience

across various commercial solvers confirms this implicit

assumption when meshes are of sufficient detail—precise

description in methods (use of publically available

programs) and representation of resulting mesh density and

quality (in figures or methods) as well as tests using various

solvers provides explicit control for errors generated by the

computation itself.

Literature regarding forward modeling—or more broadly

the dissemination of modeling analysis to the clinical

hands—introduces still further issues in regards to (1) inter-

pretability, reproducibility, and accuracy (tissue masks) and

(2) graphical representation of regions of influence (degree

of “activation”). As there is no standard protocol for tissue

imaging or segmentation, diversity in the nature of resulting

tissue masks will invariably influence predicted current flow.

As such, it is valuable to illustrate each 3D tissue mask in

publication methods and/or classified serial sections. In

regards to representation of relative activation, studies

employ either maps of current density (unit of A/m2) or

electric field (unit of V/m). Because the two are related

linearly by local tissue resistivity, when plotting activation

in a region with uniform resistivity (for example the cortical

surface), the spatial profile is identical. When plotting acti-

vation across tissues (e.g., coronal section), current density

may be advantageous to illustrate overall brain current flow.

However, the electric field in the brain is directly related to

neuronal activation (e.g., for varied resistivity, the electric

field, but not current density, provides sufficient information

to predict activation). Despite best efforts, figure preparation

invariably restricts tissue mask perspectives and comprehen-

sive display of volumetric current flow, which can be

supplemented with online data publication (http://www.

neuralengr.com/bonsai).

When interpreting simulation predictions, it is important

to recognize that the intensity of current flow in any specific

brain region does not translate in any simple (linear) manner

to the degree of brain activation or modulation (even when

considering current direction). Moreover, recent neurophys-

iological studies indicate changes in “excitability” may not

be monotonic with stimulation [34]. For example increasing

stimulation amplitude or duration can invert the direction of

modulation, as can the level of neuronal background activity

[35]. However, to a first approximation, it seems reasonable

to predict that regions with more current flow are more likely

to be “effected” by stimulation while regions with little or no

current flow will be spared the direct effects of stimulation.

As the first step to understand mechanism of action of tDCS,

a relationship between model predicted regional current flow

and changes in functional activation was recently

demonstrated [12]. The “quasi-uniform” assumption

considers that if the electric field (current density) is uniform

on the scale of a region/neuron of interest, then “excitability”
may be modulated with local electric field intensity [36] (see

discussion in [10] and [37]). Though efforts to develop

suitable biophysical detailed models considering myriad of

neurons with distinct positions and morphologies or “contin-
uum” approximations [38] of modulation are pending, the

current state-of-the-art requires (implicit) application of the

“quasi-uniform” assumption.

Much of the theoretical and technical foundations for

modeling brain stimulation were established through

modeling studies on peripheral nerve stimulation (“Func-
tional Electrical Stimulation,” FES) and then Spinal Cord

Stimulation (SCS) and Deep Brain Stimulation (DBS)

(reviewed in[39–41]). In light of the challenges to tDCS

modeling cited above, we note that FES and DBS use

electrodes implanted in the body such that relatively small

volume of brain is needed to be modeled, and with none of

the complication associated with precisely representing
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gross anatomy (e.g., skull, fat, or CSF). From the perspective

of computational burden, the volume, number of masks, and

mask complexity results in tDCS models with >5 million

elements, compared to<200,000 elements for FES and DBS

models. In addition, FES and DBS are suprathreshold

allowing modeling studies to represent simply demarcated

“regions of influence,” inside which action potentials

are triggered. tDCS affects large areas of superficial

and deep brain structures (many types of cells and processes)

and is subthreshold interacting with ongoing activity

rather than driving action potentials, making it

challenging to simply delineate “black-and-white” regions

of influence.

Forward modeling studies and analysis are often

published as “case reports” with predictions only on a single
head [13, 17, 19, 21]. The suitability of single subject analy-

sis reflects available (limited) resources and the clinical

question being addressed. For a given electrode montage

and stimulation dose, the sensitivity of global brain current

to normal variation in anatomy (including across ages, gen-

der) is unknown; however high-resolution modeling suggest

gyri-specific dispersion of current flow, which could poten-

tially account for individual variability. More generally,

gross differences in tissue dimensions, notably skull thick-

ness and CSF architecture, are expected to influence current

flow. In some cases, modeling efforts specifically address

the role of individual anatomical pathology, such as skull

defects [9] or brain lesions [7]; it is precisely because these

studies have shown the importance of specific defect/lesion

details, that findings cannot be arbitrarily generalized. This

in turn stresses the importance of individualized modeling as

illustrated in the next section.

Though this section focused on the technical features of

modeling, there is a broader concern in promoting effective

collaboration between engineers and clinicians. For analogy,

clinicians are generally aware of the challenges and pitfalls

in post-processing and feature selection of fMRI data—and

indeed, are thus intimately involved in data analysis rather

than blindly relying on a technician. For computational

“forward” models of neuromodulation, where results may

inform study design and patient treatment, it is evidently as

important to consider the uses and technical limitations of

modeling approaches—and vigilance and skepticism on the

part of clinicians will only enhance model rigor. Critically,

for this reason, clinician/investigator experience and “judg-
ment” supersedes all model predictions, even as these

models form one important tool in dose design.

Example Results of Computational Analysis
in Susceptible Populations

Case 1: Skull Defects

There is interest in the application of tDCS during rehabili-

tation of patients with brain lesions or skull defects (i.e., with

or without skull plates); for example subjects with traumatic

brain injury (TBI) or patients undergoing neurosurgery. As

some of the neurological sequelae are presumably

consequences of disrupted cortical activity following the

traumatic event, the use of tDCS to deliver current to both

damaged and compensatory regions in such circumstances

can be a useful tool to reactivate and restore activity in

essential neural networks associated with cognitive or

motor processing. In addition, because of the reported

antiseizure effects of tDCS [42], this technique might be

useful for patients with refractory epilepsy who underwent

surgery and have skull plates or decompressive craniectomy

for trauma and cerebrovascular disease.

Despite rational incentives for investigation of tDCS in

TBI or patients with other major neurological deficits and

skull defects, one perceived limitation for the use of tDCS in

these patients is the resulting modification of current flow by

the skull defects and presence of surgical skull plates.

Modeling studies can provide insight into how skull defects

and skull plates would affect current flow through the brain

and how to modify tDCS dose and/or electrode locations in

such cases (Fig. 10.4). For example, a skull defect (craniot-

omy) that is filled with relatively highly conductive fluid or

tissue represents a “shunt” pathway for current entering the

brain but in a manner highly dependent on defect position

relative to electrode montage. In such cases, the underlying

cortex would then be exposed to a higher intensity of

focused current flow. This in turn might be either beneficial

in targeting the underlying brain region or hazardous if the

increased current levels resulted in undesired neurophy-

siologic or pathological changes. Our modeling results con-

firm the notion that skull defects and skull plates can change

the distribution of the current flow induced in cortical areas

by tDCS. However, the details of current modulation depend

entirely on the combination of electrode configuration and

nature of the defect/plate, thus indicating the importance of

individual analysis. Based on model predictions, application

of tDCS without accounting for skull defects can lead to

suboptimal and undesired brain current.
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Case 2: Brain Lesions (Stroke)

tDCS has been shown to modulate cognitive, linguistic, and

motor performance in both healthy and neurologically

impaired individuals with results supporting the feasibility

of leveraging interactions between stimulation-induced

neuromodulation and task execution [3]. As emphasized

throughout this review, electrode montage (i.e., the position

and size of electrodes) determines the resulting brain current

flow and, as a result, neurophysiological effects. The ability

to customize tDCS treatment through electrode montage

provides clinical flexibility and the potential to individualize

therapies. However, while numerous reports have been

published in recent years demonstrating the effects of

tDCS upon task performance, there remain fundamental

questions about the optimal design of electrode configura-

tion, especially around lesioned tissue [43]. Several

modeling studies have predicted a profound influence of

stroke related brain lesions on resulting brain current pro-

duced by tDCS [7, 12, 22].

Figure 10.5 illustrates an example of predicted current

flow during tDCS from two subjects with a lesion due to

stroke located with motor-frontal cortex (a) and occipital

cortex (b) (adapted from [7] and [12]). Computational

modeling suggests that current flow pattern during tDCS

may be significantly altered by the presence of the lesion

as compared to intact neurological tissue. Importantly, sig-

nificant changes in the resulting cortical electric fields were

observed not just around peri-lesional regions but also

within wider cortical regions beyond the location of the

electrodes. In a sense, the lesion itself acts as a “virtual”
electrode modulating the overall current flow pattern [7].

Case 3: Pediatric Populations

There is increasing interest in the use of neuromodulation in

pediatric populations for a range of indications including

rehabilitation, cognitive performance, and epilepsy treat-

ment [44–46]. However, a rational protocol/guideline for

the use of tDCS on children has not been formally

established. Previous modeling studies have shown that cur-

rent flow behavior is dependent on both the tDCS dose

(montage and current intensity) and the underlying brain

anatomy. Because of anatomical differences (skull thick-

ness, CSF volume, and gray/white matter volume) between

a growing child and an adult it is expected that the resulting

brain current intensity in a child would be different as

compared to that in an adult. Evidently, it would not be

prudent to adjust stimulation dose for children through an

arbitrary rule of thumb (e.g., reduce electrode size and cur-

rent intensity by the ratio of head diameter). Again, compu-

tational forward models provide direct insight into the

relation between external tDCS dose and resulting brain

current and thus can inform dose design in children.

Figure 10.6 shows an example of a model of tDCS in a

12-year old compared to that of a standard adult model.

Both the peak and spatial distribution of current in the

Fig. 10.4 Computational model of current flow in subjects with skull

defects/plates. A defect in skull tissue which is the most resistive tissue

in the head would hypothetically effect current flow in the underlying

brain regions. Furthermore, the exact location of the defect (under/

between the stimulation pads) in combination with the “material”
filling up the defect with the stimulation montage employed will

influence induced current flow. Sample segmentation masks are

shown on the left. A small defect under the anode pad (top right)
leads to current flow in the cortex restricted to directly under the defect

(avoiding the intermediate regions). A similar sized defect placed

between the pads (bottom right) does not significantly alter current

flow patterns in comparison with a healthy head with no defect.

(Adapted from Datta et al. [9])
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brain is altered compared to the typical adult case. In fact, for

this particular case, the peak electric fields, at a given inten-

sity, were nearly double in the 12-year-old as compared to

the adult. Though questions remain about the impact of gross

anatomical differences in altering generated brain current

flow during neuromodulation, computational “forward”
models provide direct insight into this question, and may

ultimately be used to rationally adjust stimulation dose.

Case 4: Obesity

The wide range of uses for tDCS makes it applicable to a

diverse population that can include obese subjects.

Montages that have been evaluated for pain, depression, or

appetite suppression have been modeled in average adults,

but unique challenges exist in the obese model (Fig. 10.7).

The additional subcutaneous fat present in the obese model

warranted an additional layer of complexity beyond the

commonly used five tissue model (skin, skull, CSF, gray

matter, white matter). Including fat in the model of a

super-obese subject led to an increase in cortical electric

field magnitude of approximately 60 % compared to the

model without fat (Fig. 10.7, a.1–a.3). A shift was also

seen in the spatial distribution of the cortical electric field,

most noticeable on the orbitofrontal cortex.

To gain an intuition for how subcutaneous fat influences

cortical electric field and current density, additional models

Fig. 10.5 Computational models

predict current flow during tDCS

in subjects with lesions. Brain

lesions, as occur during stroke,

are considered to be largely

cannibalized and replaced by

CSF, which is significantly more

conductive than brain. For this

reason, brain current flow during

tDCS is expected to be altered. (a)
Patient-specific left hemisphere

stroke model. Two stimulation

montages are illustrated, a

conventional sponge montage

(top right) and a high-definition

montage (bottom right). (b)
Patient-specific visual stroke

model. Segmentation masks (left)
and induced current flow using

the experimental montage (right).
(Adapted from Datta et al. [7] and

Halko et al. [12])
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examined a range of conductivity values from the conduc-

tivity of skull (0.010 S/m, Fig. 10.7 b.1) to the conductivity

of skin (0.465 S/m, Fig. 10.7 b.8). Coincidentally, the con-

ductivity commonly used for fat (0.025 S/m, Fig. 10.7 b.4)

was in the range that causes a peak increase in cortical

electric field magnitude. It was postulated that more current

was blocked by subcutaneous fat at an extremely low

conductivity (b.1), while more current was redirected at an

extremely high conductivity. This, in effect, led to an “opti-
mum” range of influence where the conductivity of fat is

believed to reside.

Ultimately, the need to precisely parameterize models

rests hand-in-hand with the intended use of the model.

From an engineering perspective, the increased complexity

Fig. 10.6 Individualized head model of a two adolescents as compared to an adult: Induced current flow for motor cortex tDCS at different

intensities 1 mA of stimulation in the adolescent is comparable to 2 mA of stimulation in an adult

Fig. 10.7 Predicted cortical electric field during inferior prefrontal

cortex stimulation via 500 � 700 pads. Two conditions, homogenous skin

(a.1) and heterogeneous skin (a.2), are contrasted on the same scale

(0.364 V/m/mA peak). The homogeneous skin condition is displayed

(a.3) at a lowered scale (0.228 V/m/mA peak) to compare the spatial

distribution to the heterogeneous condition (a.2). The effect due to a

range of varying fat conductivities (b.1–8) is compared on a fixed scale

(0.364 V/m/mA peak). The conductivity of fat (0.025 S/m) is within an

“optimum” range of influence that causes an increase in peak cortical

electric field when included (Adapted from [47])
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of this model caused a noteworthy change within the subject

modeled, but this change would not be clinically noteworthy

if stimulation dose does not change from subject to subject.

This clinical analysis requires an additional comparison

between subjects and consideration of the wide variation

already inherent in “typical” subjects [26]. What can be

concluded, however, is that a comparison between models

would require consistent parameterization of subcutaneous

fat.

Case 5: Skin Properties

Computational models can vary in detail to accommodate

various amounts of layers and other features such as blood

vessels or sweat pores. Skin in particular can be rendered in

varying levels of detail due its natural division into different

layers, although even personalized models often simply

make it a single layer.

In the model used to create Fig. 10.8, skin is portrayed as

two layers one constituting the dermis and the other the

epidermis and there are five layers in total. The model was

solved for Electric-Field Peak for two separate

characteristics, the ratio between tissue resistivity (The

ratios between the various tissues being kept fixed, but

scaled to see how the scale affected Electric Field), and for

the scale of the area of the electrode sponges (The electrodes

keeping their dimensional ratios but having their surface

area scaled to determine the relationship between surface

area and Electric field). Both models showed visible trends

which are displayed in the graphs of Fig. 10.8 respectively.

While MRI-derived models are the standard for subject

specific modeling, generalized models can be used to deduce

trends applicable across populations. This is especially ben-

eficial in cases where personalized cranial models are not

necessary or not available. These simplified models allow

for the observation and prediction of data in more complex

personalized models.

These cases demonstrate the potentially profound influ-

ence of lesions and skull defects on resulting current flow, as

well as the need to customize tDCS montages to gross

individual head dimensions. If tDCS continues to become a

viable option for treatment in cases such as chronic stroke,

the consideration of tDCS-induced current flow through the

brain is of fundamental importance for the identification of

candidates, optimization of electrotherapies for specific

brain targets, and interpretation of patient-specific results.

Thus, the ability and value of individualized tDCS therapy

must be leveraged. Whereas, tDCS electrode montages are

commonly designed using “gross” intuitive general rules

(eg, anode electrode positioned “over” the target region),

the value of applying predictive modeling as one tool in

the rational design of safe and effective electrotherapies is

becoming increasingly recognized.

Electrode montage (i.e., the position and size of

electrodes) determines the resulting brain current flow and,

as a result, neurophysiological effects. The ability to cus-

tomize tDCS treatment through electrode montage provides

clinical flexibility and the potential to individualize therapies

[5, 7, 13]. However, while numerous reports have been

published in recent years demonstrating the effects of

tDCS upon task performance, there remain fundamental

questions about the optimal design of electrode

configurations with computational “forward” models

playing a pivotal role.

Conclusion

While numerous published reports have demonstrated the

beneficial effects of tDCS upon task performance, funda-

mental questions remain regarding the optimal electrode
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configuration on the scalp. Moreover, it is expected that

individual anatomical differences in the extreme case

manifest as skull defects and lesioned brain tissue which

consequently will influence current flow and should

therefore be considered (and perhaps leveraged) in the

optimization of neuromodulation therapies. Heterogene-

ity in clinical responses may result from many sources,

but the role of altered bran current flow due to both

normal and pathological is tractable using computational

“forward” models, which can then be leveraged to indi-

vidualize therapy. Increasing emphasis on high-

resolution (subject specific) modeling, provides motiva-

tion for individual analysis leading to optimized and

customized therapy.
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Introduction

Cranial electrical stimulation (CES) is a noninvasive brain

stimulation technology that uses a low intensity

(0.1–16 mAmp) alternating current (AC) applied to the

head through one or more electrodes. Preset, often patented

stimulus frequency patterns vary across different CES

devices. Treatment typically is given once or twice per

day for 20–60 min, although some newer versions of

CES devices designed to stimulate cranial nerves stimulate

overnight for 8 h per day. CES frequencies range from 0.5

to 15,000 Hz, often with bursts of high-frequency stimula-

tion separated by low frequency stimulation to produce

recurring high-frequency pulse bursts. The higher

frequencies are better able to overcome the high impedance

of the skull. Some commercial devices offer several inten-

sity settings for individual titration for efficacy and com-

fort, and for different clinical applications. Many CES

devices use two electrodes on opposite sides of the head

(e.g., at the temples, on the mastoid processes, on the

earlobes using ear clips), and some include a third or fourth

electrode as well (e.g., on the forehead). Newer devices

designed to stimulate cranial nerves may use one or two

electrodes, supraorbitally (centrally on the forehead above

the eye sockets). Other devices used clinically or in

research may use one electrode over a target area of cortex

and a reference electrode on the top of the head (vertex) or

on the neck, arm or another location.

Stimulation parameters vary greatly among CES

instruments and experimental paradigms. Commercial

devices often use special patented patterns of stimulation

that combine a range of low to high frequencies, which the

original inventors believed produced therapeutically potent

stimulation. The alternating current can be sinusoidal or

square waves. Alternating current stimulation used in labo-

ratory experiments to probe brain function usually involves a

single frequency sinusoidal alternating current applied to the

head/scalp, or earlobes and usually is known as transcranial

alternating current stimulation (tACS).

Use of diverse forms of low intensity electrical stimula-

tion of the brain—both alternating and direct (galvanic)

current—goes back to antiquity [1, 2]. Roman physicians

Galen and Scribonius Largus prescribed application of Med-

iterranean electric fishes to the human head to alleviate

melancholia, and to the feet for gout and headaches. More

recently in the eighteenth and nineteenth centuries, Volta,

Aldini, and others studied medical and physiological effects

of direct current (DC). Aldini reported the successful gal-

vanic treatment of patients with melancholia in 1804 [2]. In

the twentieth century, various low intensity AC and DC

current devices applied to the head have been investigated

periodically. Electroconvulsive Therapy (ECT), a high inten-

sity, high frequency AC therapy, introduced in the 1930s by

Bini and Cerletti, had been the dominant psychiatric and

neurological device until the development of Transcranial

Magnetic Stimulation (TMS), Deep Brain Stimulation

(DBS) Magnetic Seizure Therapy (MST), and Vagus Nerve

Stimulation (VNS), along with revived interest in transcranial

Direct Current Stimulation (tDCS), and in diverse forms of

Cranial Electrical Stimulation (CES) in recent decades [2].

CES has been studied and used clinically for over 60

years in North America, Europe, Russia and the former

Soviet Union, to treat insomnia, anxiety, depression, drug

withdrawal, headache, other types of pain, and hypertension.

Early Russian interest sprang from the work of Ivan Pavlov,

who observed that his dogs frequently fell asleep during

experiments using a similar electrical conditioning stimulus,
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hence the earlier term, electrosleep. This was hypothesized

to happen because of spreading inhibition over the cortex,

from a specific locus to generalized inhibition [3, 4]. Electri-

cal stimulation to treat insomnia in humans was first reported

by Robinovitch in 1914, [5]; he used rectangular pulses of

6–8 kHz, of approximately 4.0 mA (35 V) between forehead

(�) and hand (+) electrodes.

Interest in electrosleep and other applications of CES in

Russia has remained high throughout the twentieth century

and continues to the present ([6–10] and many others). How-

ever, potentially useful information from a large body of

work conducted in the former Soviet Union over many

decades mostly has not been translated and therefore is little

known in the West. The methodology of many Soviet era

studies appears to predate modern clinical research standards.

Klawansky et al. [11] considered some of this literature for

their meta-analysis, and found that most of the published

studies were uncontrolled and were therefore excluded from

the meta-analysis. Some more recent Russian studies occa-

sionally have been published in English (e.g., [8, 10, 12]).

From the early twentieth century to the present, many

names have been used for low intensity alternating current

devices applied to the head, including: cranial electrical

stimulation (CES) [13], cranial electrotherapy stimulation

(CES); transcranial alternating current stimulation (tACS)

[14]; transcranial pulsed current stimulation (tPCS) [15];

transcutaneous cranial electrical stimulation (TCES),

[16–18]; transcranial electrostimulation or transcranial elec-

trical stimulation (TES) [8, 9]; cranial or cerebral electrother-

apy (CET) [19, 20]; transcerebral electrotherapy (TCET);

transcranial electric treatment (TET) [21]; neuroelectric ther-

apy (NET); cranial transcutaneous electrical nerve stimula-

tion (TENS); and descriptives such as electrosleep; brief high

intensity pulsed stimulation [17, 22]; and auricular electrical

stimulation [20].

In recent years, it has become customary to call this class

of devices either CES (for example during the 2012 FDA

hearings on possible re-classification of three of these

devices; see below), or transcutaneous stimulation for devices

intended to stimulate cranial nerves rather than directly stim-

ulate the brain. However, based on stimulation parameters of

transcutaneous devices, it is likely that these two categories of

devices act through similar mechanisms. At this point, the

relative importance of cranial nerve afferent stimulation vs.

direct effects of current on brain tissue is unknown.

Compared to the other classes of brain stimulating

devices, both FDA-approved for neuropsychiatric

indications (Deep Brain Stimulation, Electroconvulsive

Therapy, Vagus Nerve Stimulation, Transcranial Magnetic

Stimulation) and still in development (Magnetic Seizure

Therapy, transcranial Direct Current Stimulation), among

commercial CES devices there is less standardization and

less transparency regarding stimulation parameters. Among

CES devices there is more variability in stimulus intensity

(Amperage or Voltage), stimulus frequency (Hz), pattern

and duration of stimulus delivery, size, number, and type

of electrodes, and cranial placement of electrodes. CES

stimulation is delivered at 16 mA or below, because intoler-

able scalp discomfort and pain are experienced at the elec-

trode site as the intensity rises close to 16 mA. These doses

are far below the seizure threshold.

Concerning the potential significance of the pattern of

electrical stimulation, Datta et al. [15, 23] draw a distinction

between clinical devices that use pulsed, varying frequencies

of stimulation, as opposed to very low, constant frequency

stimulation used in experimental laboratory studies to probe

brain function, which is often called transcranial alternating

current stimulation (tACS). They therefore advocate that

CES be referred to instead as tPCS (transcranial pulsed

current stimulation), a term Alon et al. also employ [24,

25] and the term tACS be used for stable frequencies used

in experimental studies. To date, there has been little head-

to-head comparison among stimulation parameters to deter-

mine differential biophysical or therapeutic effects [13–15,

23, 26, 27]. If differential therapeutic benefits related to the

various parameters and methods of current delivery become

clearer, this will likely lead to a more standardized device

nomenclature.

CES types of devices have been in use for many years for

a variety of clinical and subclinical symptoms, and a sub-

stantial and diverse body of information has accumulated.

As of 2002, a bibliography by Kirsch listed 145 scientific

studies of CES involving human subjects, reportedly

encompassing over 8,800 people receiving active CES

[28]. Nonetheless, poor understanding of CES efficacy and

mechanism of action persists [29]. Potential mechanisms

and brain areas affected may vary considerably according

to all the aforementioned stimulation parameters. Stimula-

tion doses may also vary due to individual skull and brain

anatomy [15, 23]. Confusion has persisted concerning the

degree to which various devices stimulate brain structures by

electrical fields directly reaching brain tissue, or through

stimulation of afferent fibers of cranial nerves. Recent

research, from modeling [15, 23, 30, 31] and human [24,

25, 32] data indicates that CES devices can modulate corti-

cal and subcortical functions. However, the modeling studies

do not account for afferent neural input, and human studies

cannot establish whether that modulation is the result of

direct cortical stimulation or cranial nerve afferent

stimulation.

Despite the long history of CES use in Europe and the

USA, there have not been large, well-controlled clinical

trials to establish efficacy for neuropsychiatric and other

indications. Clinical studies to date have been primarily

open trials or randomized trials limited by low subject num-

ber, poor subject characterization, inclusion of subjects with
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mixed diagnoses or subclinical levels of symptoms, inactive

sham controls, inadequate blinding, and lack of systematic

collection of side effects and adverse events [11, 38]. As

devices, stimulation parameters and outcome measures also

vary, this makes comparisons and meta-analyses difficult.

Even the few well-controlled human studies that do exist

often have small numbers of subjects and thus provide

constrained evidence of effectiveness for some indications

(insomnia, depression, withdrawal from drug addiction) and

safety overall.

Earlier in the twentieth century, CES was attempted as a

treatment for a variety of of psychosomatic and “psycho-
physiological” disorders, including encephalitis, preeclamp-

sia, enuresis, acid-peptic disease, essential hypertension,

neurodermatitis [33]; and wound healing [9]. In recent

decades, the research and clinical focus has been on with-

drawal from addictive substances, anxiety, depression, head-

ache, pain, and sleep disorders. More recent studies finally

are bringing mainstream clinical trial methodologies to the

study of CES, and new indications are under study. How-

ever, scientifically unsupported claims continue to be

promoted.

There is an extensive literature of animal data using

transcranial, auricular and implanted electrodes, supporting

efficacy of CES for treatment of pain, drug dependency, and

for anesthesia. This literature is not summarized here, except

to note that as of 2005, Gilula and Kirsch [34] reported 29

CES animal studies in the literature. Typical examples are

the study of Dougherty et al. [35], who found that auricular

transcranial electrical stimulation attenuated the severity of

naloxone-precipitated morphine withdrawal in rats; and the

study of Mantz et al. [36] who found that TCES significantly

reduced halothane (a general anesthetic) requirements in a

rat model.

Contemporary Devices and Clinical
Applications

The previous most active period of interest in research on

CES was in the 1960s and 1970s, evidenced by the Interna-

tional Symposia for Electrotherapeutic Sleep and Electroa-

nesthesia, held in Graz, Austria, in 1966 and 1969 [11, 37].

In 1975, there were at least seven American-made commer-

cially available CES devices. In 1995, eight commercial

CES devices were on the market [11]. The two most widely

used CES devices today in the USA are the Alpha-Stim®

devices (Electromedical Products Int. Inc.), which deliver

stimulation up to 0.6 mA through earclip electrodes with

pulsed frequencies which can be set at 0.5, 1.5, or 100 Hz;

and the Fisher-Wallace Cranial Stimulator (Fisher-Wallace

Laboratories), which delivers pulsed higher frequency

stimulation through sponge electrodes placed at both

temples. Current range for the Fisher Wallace device is

1.0–4 mA and frequencies are 15, 500, and 15,000 Hz. The

Fisher-Wallace device uses the same patented frequencies as

the former Liss Cranial Stimulator. CES-Ultra (Neuro-

Fitness LLC), also marketed in the USA, delivers an

adjustable current amplitude from 0 to 1.5 mA, a current

intensity up to 1 A, as a 100 Hz square wave, with 2 ms pulse

duration. CES Ultra gives the option to use ear clip

electrodes or gel electrodes placed on the mastoid processes.

These three devices have 510 K approval status from the

FDA to be marketed for treatment of anxiety, depression,

and insomnia. They are available in the USA only with a

prescription from a licensed health care practitioner

(Fig. 11.1).

The “Limoge’s current” was reportedly satisfactorily used
for several years mostly in France and Russia, to produce

anesthesia (electroanesthesia) and pain control [18].

Fig. 11.1 The Alpha-Stim AID cranial stimulator
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Lefaucheur [17] has described the highly specific stimulation

parameters of Limoge’s current, primarily used for electroa-

nesthesia. Trains of stimuli are applied at 77–100 Hz, each

train composed of positive sharp pulses, delivered at

125–167 kHz and separated by large negative pulses of

smaller intensity but with the same area as the positive pulses.

This yields a non-polarized stimulus train of 3–4 ms in

duration and 30–35 V (200–350 mA) in peak-to-peak ampli-

tude. A specifically engineered device delivers the Limoge’s
current into the brain, using a cathode placed between the

eyebrows and two anodes on each posterior mastoid region.

In the years prior to 1990, high frequency (166 kHz) intermit-

tent Limoge-current transcutaneous cranial electrical stimu-

lation (TCES) was used in cardiac, thoracic, abdominal,

urological, and micro-surgery, based on observed benefits of

reduced requirement for analgesic drugs, particularly opiates,

and long-lasting postoperative analgesia [39, 40].

The CES devices commercially available in the USA and

CES devices used in Europe and the USSR are intended to

deliver non-targeted stimulation to the head and brain. Some

more recent CES-like devices, currently only available

abroad, are proposed to modulate the brain indirectly via

stimulation of cranial nerve afferent fibers. Specific cranial

nerves are chosen to treat specific disorders, for example,

supraorbital stimulation of the trigeminal nerve for migraine

relief, as in the Cefaly® device [41], and to mitigate epileptic

seizures, and possibly treat other conditions, as in the Mon-

arch™ external Trigeminal Nerve Stimulation (eTNS™)

system [42]. However, the stimulation parameters are very

similar to those of older CES devices, raising the question to

what degree these devices and CES devices also act at least

in part through direct stimulation of brain tissue vs. stimula-

tion of afferent cranial nerves.

The Cefaly® device (STX-Med, Liège, Belgium) uses a

single frontal self-adhesive electrode contained within a

rigid headband that is placed horizontally over the forehead

and over the ears. Cefaly’s model indicates the device works

by stimulating the bifurcation of the trigeminal nerve cen-

trally just above the orbits (the supratrochlear and supraor-

bital nerves); this cranial nerve transmits sensation from the

face and scalp to the brainstem. The device is thought to

stimulate endorphin release, and stimulation of sensory

afferents is thought to block headache or migraine pain

pathways into the central nervous system. Cefaly® asserts

that its technology is very safe. The Cefaly® device

generates biphasic rectangular impulses with 250 μs pulse

width, 60 Hz frequency, and 16 mA current intensity. Stim-

ulation sessions are recommended to last 20 min, once/day.

Case reports and research papers are available on the

Cefaly® site, which states that more than 5,000 treatment

sessions occurred in the cited 25 laboratory, case, pilot, and

blinded studies of Cefaly’s clinical effectiveness and safety

(http://www.cefaly.ca/site/studies). The Cefaly® device has

been submitted for FDA approval in the USA and currently

is available in Canada and Europe without a prescription.

The NeuroSigma Monarch™ external Trigeminal Nerve

Stimulation (eTNS™) system, also designed to stimulate the

trigeminal nerve at both the infraorbital and supraorbital

branches. Based on prior research [42–44], FDA has just

permitted initiation of a Phase III clinical trial of the Mon-

arch™ system for epilepsy. The manufacturer points out that

trigeminal nerve afferents project indirectly to multiple brain

areas playing key roles in seizure inhibition and initiation,

but also implicated in depression, anxiety, and pain circuits:

the nucleus solitarius, locus coeruleus, anterior cingulate,

and cerebral cortex. Based on mood improvement in patients

treated for epilepsy, this device now also is being

investigated for treatment of depression [45]; a Phase II

clinical trial is underway in the USA. In addition, a Phase I

clinical trial has just been begun of the Monarch ™ device

for Post-Traumatic Stress Disorder (PTSD), and for Atten-

tion Deficit Hyperactivity Disorder (ADHD) in children. An

implantable form of the same technology also is being

developed, sTNS™, using subcutaneous electrodes and an

implantable pulse generator. The Monarch™ eTNS™ Sys-

tem, not yet available in the USA, is available in Canada and

the European Union but only with a physician’s prescription
(www.neurosigma.com; http://www.monarch-etns.com).

Finally, the Transair device (abbreviated from

(TRANscranial electrotherapy Stimulator for Analgesia,
Immunity and Reparation), created at the Pavlov Institute

of Physiological Sciences of the Russian Academy of

Sciences, Center TES (http://neurotes.com) and marketed

in Russia and Eastern Europe (see e.g., Onkocet), is report-

edly widely used in clinics in those regions. The Transair

devices stimulate via four electrodes, two on the mastoids

and two on the forehead. Five devices are mentioned on the

site. They have multiple-programmed settings to treat a very

wide range of illnesses and conditions. Four devices are for

clinic use, including one device specialized for audiological

use, and one is for home use. Two Transair devices are

described with some detail. The types of electric current

used are: TRANSAIR-05: pulsed monopolar current and

pulsed bipolar current with frequency modulation control,

direct current in combination with pulsed monopolar cur-

rent, and direct current, with intensity up to 5 mA, at a

frequency of 50 Hz; TRANSAIR-04: pulsed bipolar current,

pulsed monopolar current and combination monopolar and

direct currents in 1:1 ratio, with intensity up to 5 mA, at a

frequency of 50 Hz (Table 11.1).

Additional novel electrode sites may be used in future

forms of cranial and transcranial stimulators. Drawing on

earlier research [46, 47], Kraus and colleagues [48]

investigated BOLD fMRI effects in response to transcutane-

ous electrical stimulation of two different zones in the left

outer auditory canal. This area is rich in vagal afferents.
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Stimulation parameters were pulse width 20 ms, frequency

8 Hz, individually titrated to be well tolerated; and mean

stimulation intensity was 32.6 V (min 14 V, max 57 V).

They found robust BOLD signal decreases in limbic

structures and the brain stem during electrical stimulation

of the left anterior auditory canal, including BOLD signal

decreases in the area of the nuclei of the vagus nerve, which

may indicate an effective stimulation of vagal afferents.

Stimulation at the posterior wall of the auditory canal

resulted in changes of the BOLD signal within the nucleus

solitarius, a key relay station of vagal neurotransmission.

Kraus and colleagues concluded that there is promise in

this specific novel method of cranial nerve X or vagal stim-

ulation, and that it could be beneficial for treatment of

psychiatric conditions. A similar in-ear electrode location

was demonstrated by Datta et al. [23] in a modeling study to

produce higher induced electrical field magnitudes in the

midbrain, pons, hypothalamus, and insula than some con-

ventional CES stimulation sites.

Evidence of CES Efficacy from Open
and Randomized Clinical Trials

Clinical conditions for which there is preliminary evidence

of CES benefit from human data include, e.g., anxiety

[49–51], review; [11], meta-analysis for anxiety indications

[52], anxiety in addicts [53] and dental patients [54]; bipo-

lar II disorder [55]; depression [51, 56–58]; hypertension

[59, 60]; fibromyalgia [61]; insomnia [62, 63]; migraine

headache [41] and tension headache [64]; nightmares,

aggression/irritability [62, 65]; pain [66–68]; surgical and

post-surgical analgesia [69–71] and anesthesia [18];

Parkinson’s disease [25] and pain in PD [72]; substance

abuse withdrawal and relapse prevention [21, 53, 73–78,

Smith, 1982]; and visual field deficits after optic nerve

injury [79, 80].

Some focused [50, 38, 81–83] and fairly comprehensive

reviews of CES [11, 13, 18] also have appeared in recent

years. According to Klawansky[11], as of 1995, evidence for

Table 11.1 Leading commercially available CES devices, USA and abroad: device type, electrode number, type and placement, clinical

applications

Device Device Electrode Electrode Electrode Clinical applications

Name Type Number Type Placement

Alpha-Stim® CES 2 Earclip electrodes Earlobes Anxiety, depression,

insomnia, chronic painAID (does not treat pain)

M (treats pain)

Electromedical Products

Int., Inc

CES-Ultra CES 2 Earclip electrodes Earlobes Anxiety, depression,

insomniaNeuro-Fitness, LLC Pre-gelled electrodes Mastoid processes

Fisher-Wallace CES 2 Sponge electrodes Temples, above

zygomatic arch

Anxiety, depression,

insomnia, chronic painCranial Stimulator®

Fisher-Wallace Laboratories

Transair CES (TES) 4 Electrode pads or Solid gel

electrodes (for home use

DOCTOR TES-03 model

only)

Central forehead/

supraorbital (2) and

Mastoid processes (2)

Pain (neuro, other), anxiety,

depression, “correction of

psychophysiological state,”
PTSD, addictions, stress,

hypertension, tinnitus,

many others

DOCTOR TES-03

TRANSAIR-03

TRANSAIR-04

TRANSAIR-05

TRANSAIR-07

Pavlov Institute, Russian

Academy of Sciences,

Center TES

Cefaly® Cranial nerve

stimulator

1 Self-adhesive electrode

patch with connector

Central forehead/

supraorbital

Migraine headache

STX-Med

(Canada, EU only)

Monarch™ e-TNSTM Cranial nerve

stimulator

2 External conductive patch Central forehead/

supraorbital

Epilepsy, depression,

ADHD (ped.), PTSDNeuroSigma

(Canada, EU only)
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efficacy, as measured by effect size based on the 14 included

pooled studies, was strongest for anxiety disorders (CES >

sham, p < 0.05).

The more robust clinical trials among the above include

studies of CES for fibromyalgia [61, Taylor, 2011]; migraine

headache [41]; addictions (e.g., [53, 74]); dental procedure

anxiety [54]; surgical analgesia [70, 71]; pain [66] and visual

field deficits after optic nerve injury [79, 80].

The Cefaly device reduced migraine frequency during

daily treatment for 2 months [41]. Compared to stimulation

with a 30 μs pulse width, 1 Hz frequency and 1 mA current

intensity. The Cefaly device also was found to promote a

sedative effect [84].

The NeuroSigma Monarch™ external Trigeminal Nerve

Stimulation (eTNS™) currently is marketed for treatment of

epilepsy and depression in Canada and the European Union,

but published data supporting efficacy is weak. DeGiorgio

[42, 43, 85] conducted a double-blind randomized active-

control trial in drug-resistant epilepsy to test the suitability

of the NeuroSigma type of CES treatment, and to try to

establish control parameters in preparation for a phase III

multicenter clinical trial. Fifty subjects with long-term epi-

lepsy (mean age approx. 22 years) and two or more partial

onset seizures per month first had a 6-week baseline period,

and then were evaluated at 6, 12, and 18 weeks during the

acute treatment period. Participants were randomized to

treatment (eTNS™ 120 Hz) or control (eTNS™ 2 Hz)

parameters, and were matched on key variables; they were

highly drug-resistant, having failed on average more than

three antiepileptic drugs prior to enrollment. eTNS™
(NeuroSigma) was well-tolerated; side effects included anx-

iety (4 %), headache (4 %), and skin irritation (14 %). The

responder rate (50 % reduction in seizure frequency) was

30 % for the treatment group vs. 21 % for the active control

group for the 18-week treatment period (n.s., p ¼ 0.31).

However, the treatment group experienced a significant

within-group improvement in responder rate over the 18-

week treatment period (from 18 % at 6 weeks to 41 % at 18

weeks, p < 0.01). eTNS™ also was associated with

improvements in mood on the Beck Depression Inventory

(p < 0.02). The authors concluded that this Class II evi-

dence suggests that eTNS™ is safe and may be effective in

subjects with drug resistant epilepsy. A larger multicenter

phase III clinical trial is being planned.

Using methods and stimulation parameters similar to

those in the NeuroSigma epilepsy studies [43, 85]. Schrader

et al. [45], examined the effects of the Neuro Sigma device

as an adjunct to pharmacotherapy for major depression. Five

adults (mean age 47 years), all with persistent depressive

symptoms despite adequate pharmacotherapy, participated

in an 8-week open-label outpatient trial. Nightly stimulation

for a minimum of 8 h over the V1 branch of the trigeminal

nerve was well tolerated, although some participants

developed skin irritation under the device contact site. The

clinician-rated Hamilton Depression Rating Scale

(p ¼ 0.006) and self-rated Beck Depression Inventory

(p ¼ 0.0004) detected significant symptomatic improve-

ment over baseline. The authors concluded that

eTNS™ may be a useful adjunct to pharmacotherapy in

major depressive disorder, and call for larger trials. It

should be noted that nightly stimulation for 8–12 h is

much more extensive than stimulation periods in most

CES studies for mood-related problems, of typically

20–30 min/day.

A number of important treatment parameters remain to be

investigated for all CES devices. Some studies suggest that

response to CES stimulation can be rapid, occurring after

2–10 sessions [8], but it is not clear how long benefits persist

after cessation of treatment. Feighner et al. [33] examined

the duration of clinical benefit after terminating use of CES

for indications such as depression and anxiety. Their double

blind, randomized controlled study tested the efficacy of

electrosleep on patients with chronic (>2 years) psychiatric

illness refractory to treatment, with symptoms of anxiety,

insomnia and depression not caused by medical illness. In a

crossover design, patients were randomly assigned to either

Group I, ten active electrosleep treatments followed by ten

sham treatments over a 4-week period, or Group II, ten sham

electrosleep treatments, followed by ten active electrosleep

treatments over a 4-week period. Repeated, blinded objec-

tive and subjective ratings were acquired to assess clinical

improvement, and follow-up ratings were done on a monthly

basis for 6 months. Results indicated that active electrosleep

treatments significantly improved sleep, anxiety, depression,

and psychosocial adjustment. However, only one patient had

sustained remission; all other patients who initially

responded relapsed during the first month following treat-

ment cessation, and of these, only two responded to a further

intensive course of electrosleep therapy, and did well with

maintenance treatments.

Further research is needed to identify optimal schedules

and duration of treatment—daily use for a specific duration

in months, or brief bursts of CES application for a few days,

then cessation of use for a specific period of time, then

repeated, or simply used ad libitum as desired. The effects

of tapering of CES treatment either at initiation or termina-

tion on efficacy, adverse events, or relapse have not been

studied, and should be. A rat model study [27] investigated

the effect of varying transcranial AC stimulus frequency,

pulse width, charge balance and polarity, electrode place-

ment, and time of day of stimulation on tail flick response to

heat. A biphasic, charge balanced waveform with a first

phase duration of 2 ms, current 10 mu Amp and repetition

rate 10 Hz was found to induce maximum tail flick latency

changes from baseline.
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There has been almost no systematic examination of

whether and how severity of depression or anxiety affects

response to CES. In the study of Feighner et al. [33], patients

diagnosed as having primary depression (major depressive

disorder) did worse with active electrosleep treatment. They

concluded that in patients with primary depression,

electrosleep therapy should be used with caution, and may

be contraindicated. Whether there are sustained or only short

term benefits of CES requires much more extensive scien-

tific study.

Lebedev et al. [8] reported that fatigue, stress, and related

psycho-physiological disturbances were significantly

improved or abolished after 2–5 transcranial electrical stim-

ulation (TES) sessions (TRANSAIR device), in mixed

groups of stressed workers, military members, patients

with PTSD and other conditions, and others (total

N ¼ 808), and according to Lebedev et al., more noticeably

in cases of more serious disturbance. Better response in

patients with more severe illness seems to contradict the

report of Feighner et al. of worse response in more severe

depression, but not enough detail is provided in either study

to compare severity of illness.

Many patients increasingly seek less invasive and less

expensive forms of treatment.

Because CES has not been adequately tested in

individuals with major depression or specific anxiety

disorders [38], there is appropriate concern that more

severely ill individuals may avoid proven interventions in

favor of CES self-treatment. Schrader et al. [45] are

investigating the NeuroSigma eTNS™ trigeminal nerve

stimulating device for major depression, but as an adjunct

to pharmacotherapy. A more appropriate role for CES might

be to help maintain remission after a course of a proven

treatment, for example for depression, but little data is avail-

able to address the question of efficacy for more severe

symptoms.

A new approach which could be particularly productive

for clinical use of CES is to target pain, depression, insomnia

and fatigue as a group of symptoms, which commonly co-

occur in inflammatory disorders, other medical illnesses, and

in situations of chronic stress [57, 86]. Anecdotally, CES

users often have reported feelings of increased energy, mild

euphoria, and a lack of concern about minor problems [87,

88]. Anecdotal documentation of this response to CES is

widespread in many studies over the decades of its use, and

also can be found on commercial device Web sites that post

consumer endorsements and informal tabulations of benefits

and side effects. There also is some evidence that a single

session of CES can attenuate acute stress responses [8],

reduce physiological and psychological arousal in healthy

subjects, and reduce vigilance and increase drowsiness in

healthy volunteers [84]. Concerning other applications of

CES for stress reduction, some human resources

professionals have suggested that CES might be used in

nonclinical populations to help alleviate workplace stress

[89].

Interestingly, relaxation benefits of CES also are reported

in animals. It was Pavlov’s early observation of the soporific
effects on dogs in his experiments that stimulated early

Russian interest in electrosleep [3]. Fisher-Wallace

Laboratories also offers an equine version of a CES device

called the Happy Halter, which is marketed to veterinarians

and trainers of high performance horses. It reputedly is

useful in calming nervous horses and in pain reduction

[90]. The Alpha-Stim device reportedly is also successfully

being used to calm horses [91].

Taylor and Lee [92], in a double-blind protocol,

administered to ninety healthy volunteers 30 min of constant

current sine-wave cranial transcutaneous electrical nerve

stimulation (TENS) of 5, 100, or 2,000 Hz frequency (current

maintained below 0.5 mA for safety), placebo TENS, or no

treatment. The five groups were compared on pretreatment to

posttreatment changes in blood pressure, heart rate, periph-

eral temperature, and anxiety. Analysis showed significant

reductions in systolic and diastolic blood pressure and heart

rate after 100 Hz cranial TENS as compared to the other

groups. No other differences achieved significance.

The military has shown interest in CES, in particular for

treatment of PTSD [93–95]. Both the Alpha-Stim and

Fisher-Wallace company Web sites indicate military use of

the devices and Armed Forces funding of clinical trials.

Clinicaltrials.gov posts the following trials of CES as of

July 2013: Cranial Stimulation for Chemotherapy

Symptoms in Breast Cancer (Virginia Commonwealth Uni-

versity, National Cancer Institute); Efficacy and Safety of

Cranial Electrical Stimulation (CES) for Major Depressive

Disorder (MDD) (Massachusetts General Hospital, Fisher

Wallace Labs, LLC); Cranial Electrical Stimulation Effects

on Symptoms in Persons With Fibromyalgia (University of

Virginia); Use of Alpha-Stim Cranial-Electrotherapy Stimu-

lation (CES) in the Treatment of Anxiety (Wyndhurst

Counseling Center, Liberty University); A Pilot Study of

Cranial Electrotherapy Stimulation [CES] for Generalized

Anxiety Disorder (University of California, Los Angeles);

Cranial Electrotherapy Stimulation (CES) to treat PTSD

(CES-fMRI-PTSD) (McLean Hospital, Mending Minds

Foundation).

Contraindications for Use and Safety of CES

There are few contraindications for use of CES on the device

manufacturers’ Web sites. Interestingly, the Russian com-

pany Transair is the only one that lists extensive contrain-

dications (see Table 11.2 below). This makes sense in that

Transair seeks to treat much more varied conditions.
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Transair TES therapy is contraindicated in: seizures, epi-

lepsy; acute brain injuries and tumors, central nervous sys-

tem infections; stage III hypertension, hypertensive

emergency; hydrocephalus; acute psychiatric disorders; thy-

rotoxicosis; atrial fibrillation; broken or damaged skin on

forehead, area of electrode application; implanted electrosti-

mulators; in children under 5 years of age.

No serious adverse events have been reported in the past

50 years of CES use in clinical and research settings. How-

ever, few trials to date have systematically and prospectively

recorded side effects. In 1974, a review of the research on

safety of cranial electrotherapy stimulation (CES) was

commissioned by FDA and conducted by the National

Research Council, Washington, DC. The NRC reviewers

concluded that “significant adverse events or complications

attributable” to the application of electric current of approx-

imately 1 mA or less for “therapeutic effect to the head”
(cranial electrotherapy stimulation) were “virtually nonexis-
tent” [96].

Electronic Products International (EPI), the manufacturer

of the Alpha-Stim device, indicates that consumer reports to

EPI in 2007–2011 concerning adverse events were

associated with <1 % of a reported 58,030 Alpha-Stim

units sold in that same period. Also drawing from 14

published studies using the Alpha-Stim device and involving

a total of 2,389 subjects who had active treatment, they

further reported that adverse events occurred in less than

<1 % of all study treatments. Side effects included pain or

itching at the earlobes, vertigo, drowsiness, nausea, head-

ache, tinnitus and others. However, for many of these studies

current was set at 0.1 mA, for 60 min, to reduce the chance

that subjects could discriminate active treatment from sham.

Recently, studies have more systematically collected data on

side effects, detecting higher rates of side effects. Even at the

low 0.1 mA intensity of stimulation, a recent controlled

study with the Alpha-Stim device found that 30 % of

subjects reported ear pain or itching at the electrode sites

[97]. Of note, at that low stimulation intensity, recent well-

controlled trials found no reduction in target symptoms of

neuropathic pain [97], insomnia or depression [98].

The NeuroSigma trigeminal nerve stimulation device,

intended to be used for 24 h continuously, was associated

with mild to moderate skin irritation under the electrodes in

eight of 13 subjects [99]. Irritation was relieved by hydro-

cortisone cream, reduction of length of exposure to stimula-

tion from 24 to 12 h, and alternation of the location from

supraorbital to infraorbital.

Studies using higher stimulation frequencies and intensity

(4–16 mA) have found that all subjects reported intense

paresthesias [41] or flickering lights [24, 100, 101].

Decades ago, electrodes sometimes were applied to the

eyes, to bypass skull impedance. but this was associated with

blurred vision which persisted for some minutes after

treatment.

Other rare, possibly related safety concerns were noted in

prior studies. A study of rural law enforcement personnel

using CES for depression reported one participant developed

increased levels of agitation, and was removed from the

study [102]. One participant in a study of CES for chronic

mental illness reported an increase in auditory hallucinations

but was able to finish the study [103].

Although CES has been suggested as a safer alternative to

antidepressant and antianxiety medication during preg-

nancy, there has been one report of a frequency-dependent

reduction in fetal weight and increased fetal death in rats, as

a consequence of 1 h of daily CES treatment at 0.125 mA

and 0.22 ms pulse width during pregnancy [104].

In 1975, Jordan and Morris investigated safety of a com-

bined AC and DC stimulation paradigm in young male

beagle dogs, using an electrosleep (ES) machine

manufactured by Hoffman-LaRoche Corporation. This par-

adigm was based on a human protocol that called for one eye

and one occipital electrode at a strength of 1 mA of AC

current and 0.33 mA of DC current. The canine protocol

Table 11.2 Contraindications for CES device use reported on manufacturer Web sites

CES device name Contraindications mentioned on Web sites

Alpha-Stim®, Electromedical Products Intl., Inc Cardiac pacemaker

CES-Ultra, Neuro-Fitness, LLC None mentioned

Fisher-Wallace Cranial Stimulator®,

Fisher-Wallace Laboratories

None mentioned

Transair, Pavlov Institute, Russian Academy of

Sciences, Center TES

Seizures, epilepsy; acute brain injuries and tumors, central nervous system infections,

stage III hypertension, hypertensive emergency; hydrocephalus; acute psychiatric

disorders; thyrotoxicosis; atrial fibrillation; broken or damaged skin on forehead, area of

electrode application; implanted electrostimulators; in children under 5 years of age

Cefaly® Driving, recent brain or facial trauma, skin conditions/rashes/abrasions on face, head,

Meniere’s diseaseSTX-Med (Canada, EU only)

Monarch™ e-TNSTM None mentioned

NeuroSigma (Canada, EU only)
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involved comparable stimulation sites, with three dogs

assigned to each of the three experimental conditions:

1 mA of AC current and 0.33 mA of DC current; 5 mA AC

and 1.33 mA DC; and Sham. Frequency was 100 Hz with a

pulse width of 5 ms. While the dogs were anesthetized, 13

daily treatments of 1 h duration were applied over a 3-week

period, at fixed AM and PM times, with extensive physio-

logic sampling on days 1, 7, and 13. At the end of the

protocol the dogs were sacrificed and both eyes and the

brain were examined grossly and microscopically. No clini-

cally significant neurologic signs were observed. Pathologi-

cal data revealed some suspicious findings (oligodendroglia,

areas of calcification) most often in the striate cortex, cau-

date nucleus and septum, but these were deemed small and

of questionable significance, except for one instance. A

dose–response relationship was observed, with the high

dose condition producing the majority of all lesions (approx-

imately 14/dog), compared to low dose and sham (between

approximately 7 and 9/dog), again the majority deemed not

likely significant. Other major findings included EEG

slowing, depression of B-wave amplitude, and a chronic

increase in pulse rate. The authors cited the small number

of animals as a reason to replicate the study on a large scale,

for valid statistical analysis [105]. Unfortunately this study

could not determine whether the AC or DC stimulation was

more likely to cause the lesions and other changes observed.

The peak electric field magnitudes generated during CES

(<1 V/m) are approximately 100–1,000-fold lower than

electric fields induced by transcranial magnetic stimulation

(TMS) or electroconvulsive therapy (ECT), which also is

AC stimulation [15]. The lack of evidence of brain injury

associated with electroconvulsive therapy provides support

for the likely safety of CES. ECT uses currents in the range

of 2–4 A applied for approximately 30 s per session,

designed to induce a seizure. CES uses a 1,000-fold smaller

current (0.1–16 mA) for a longer duration (typically,

20–60 min daily) and a greater number of therapeutic

sessions (30–60), compared to ECT (6–20). Because CES

stimulation is too low intensity to produce seizures, it also

does not produce the memory impairment often associated

with ECT. There has been no evidence of structural brain

injury associated with the far more powerful ECT, as

measured by CT or MRI scans [106, 107]. Dwork et al.

[108] presented preliminary findings, in what was then the

first well-controlled nonhuman primate neuropathological

study of ECT to use perfusion fixation, and the first to

compare ECT with magnetic seizure therapy (MST); neither

modality produced histological lesions in the brain.

There is a literature on transcranial electrical stimulation

(TES) used for intraoperative motor evoked potential (MEP)

monitoring (although the term TES also has been used by

Lebedev for more conventional applications of CES,

[7–10]). Journee [22] pointed out that the TES used in

intraoperative monitoring differs in several respects from

conventional cranial electrical stimulation, for example, it

administers brief pulses of several hundreds of volts and

currents may exceed 1 A, whereas conventional CES

stimulators are limited to <20 mA. Due to the strong scalp

pain generated, clinical use of high-intensity TES has been

restricted to monitoring of motor pathways under general

anesthesia. Transcranial magnetic stimulation, which also

causes brief scalp pain in conscious subjects, stimulates a

relatively small part of the brain. TES may elicit action

potentials in many neural structures in a large volume of

the brain, in complex intraoperative stimulation paradigms

with increasing numbers of pulses. Therefore, Journee

believes that concern about the risk of adverse or irreversible

functional changes in the brain is appropriate. High intensity

TES would seem to lie on a safety continuum between CES

and ECT. MacDonald [109] reviewed the safety of high

intensity TES, in comparison with other clinical and experi-

mental brain stimulation methods and in light of clinical

experience, in more than 15,000 cases. According to

MacDonald, remarkably few adverse events were reported.

Journee [22] pointed out that adverse events may have been

underreported, but also concluded that with appropriate

oversight and stimulation parameters, TES for intraoperative

monitoring can be safe and beneficial. The minimal adverse

events associated with the more powerful TES device offers

some comparative support for the likely safety of the much

weaker current of conventional cranial stimulators, although

TES is not used chronically.

Research experience with tDCS also provides support for

likely safety of CES. The alternating current delivered by

CES is of similar amplitude (0.1–16 mA) to the direct

current of tDCS. Since the development of tDCS in the

1960s, many hundreds of subjects have participated in stud-

ies. tDCS has been very well tolerated, with no significant

adverse effects reported after a comprehensive review [110],

other than scalp burns. In a more recent review and meta-

analysis of studies reporting tDCS-caused adverse events,

itching, tingling, burning sensation, headache, and discom-

fort were reported, more often in older and less healthy

subjects and those who got higher current intensities [111].

Of note, scalp burns have never been associated with CES

stimulation. Use of alternating current and usually no skin

abrasion at the stimulation site are characteristic of CES

administration, which may explain why skin burns do not

occur with CES, although occasional mild skin reddening

does. Additional tDCS safety findings include no elevation

of neuron-specific enolase, a sensitive marker of neuronal

damage [112]. Bikson et al. [113] discuss animal model data

showing brain lesions from use of tDCS at high intensities

(higher than would be used therapeutically in humans). The

lesions are hypothesized to result from heating of tissue.

Further discussion of safety issues for CES and tDCS can
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be found for example in Bikson et al. [113] and Lefaucheur

[16, 17].

Further work will be needed to determine whether there

are interactions between CES and neuropsychiatric

medications, that could impact efficacy or tolerability of

either CES or the concurrent medications. This has not

been studied in CES, but has been somewhat examined in

tDCS and TMS. Lefaucheur [16] points out that medication

is likely to be a major source of changes in cortical function

and patients with neuropsychiatric disorders are rarely free

of drugs affecting brain excitability. For example, a recent

study found that tDCS results improve with concurrent anti-

depressant administration [114]. The authors’ conclusions
were that in major depressive disorder, the combination of

tDCS and sertraline increases the efficacy of each treatment;

and the efficacy and safety of tDCS and sertraline did not

differ. Lefaucheur [16] discusses several kinds of

interactions of neurotransmitter agonists and antagonists

with tDCS stimulation, and additionally mentions that dura-

tion of drug administration and drug plasma levels also

influence modulatory effects of cortical stimulation on the

excitability of a target area [16]. As mentioned above,

Schrader et al. [45] are investigating the NeuroSigma tri-

geminal nerve stimulating device to treat major depression

as an adjunct to pharmacotherapy.

Future work also is needed to determine the risk to

patients with bipolar disorder of becoming manic. There is

one published report of mania being induced in a bipolar II

patient being treated with tDCS [115]. Research on CES for

bipolar II is in its infancy [55].

CES Regulatory Status (FDA)

Over the past 35 years, several CES devices were granted

510 K clearance in the USA to be marketed for the treatment

of depression, anxiety, and insomnia, because the designs

are equivalent to devices which were approved prior to 1976,

when FDA began to require evidence of efficacy. In 1989,

FDA amended its device regulations to require all devices

that had not already done so to go through a formal

premarket approval process, including submission of evi-

dence of efficacy, and if requested, safety as well. As of

1993, FDA formally requested that CES device

manufacturers comply with this requirement; they did not

do so at the time [11]. Despite having received 510 K status

in 1991 (e.g., the Fisher-Wallace device) to be marketed for

the treatment of depression, anxiety, insomnia, and also

chronic pain, due to the revised FDA approval process,

CES devices remained in the Class III category. They remain

in Class III after FDA hearings in February 2012

(Table 11.3).

Given the rise of interest in all forms of electrical and

magnetic stimulation, more and better data for CES should

gradually become available. However, because existing

devices are close to the end of their patents, there is little

incentive for conducting high quality, large-scale clinical

trials. Device reclassification for CES types of technologies

likely will be revisited in the coming years, particularly

given an emerging generations of new low intensity, high

frequency, alternating current devices, such as the Cefaly®

and Monarch™ eTNS™ devices, and others currently in the

experimental stage [15].

Proposed Mechanisms of Action of CES

Though the mechanisms by which CES may have impact on

the brain and periphery still are minimally characterized,

several have been proposed to date. Below we consider

factors that influence the nature of the stimulation, that

shape its proposed impact on the brain, and therefore the

potential mechanisms of action of CES. We summarize

evidence for several biological pathways that may be the

source of proposed clinically relevant effects, in the hope as

well of identifying clearer targets for scientific study. Pro-

posed mechanisms of action include stimulation of cortical

and subcortical regions; effects on endogenous brain

oscillations and cortical excitability; impact on

neurotransmitters, hormones and endorphins; and impact

on autonomic nervous system.

A key question regarding mechanism of action is whether

CES can penetrate through the skull (high impedance) and

cerebrospinal fluid (CSF; low impedance) to stimulate brain

tissue directly, whether CES stimulates peripheral nerves

that transmit afferent signals to the central nervous system,

or whether CES can stimulate via both pathways. For back

pain, stimulation with higher current of 60–100 mA at

50–200 Hz (i.e., a TENS device), at the skin surface is

thought to relieve pain by stimulation of afferent sensory

nerves. Implanted electrodes for stimulation of peripheral

nerves in the spine and forehead have been used for relief of

visceral pain [116] and headache [117]. Although device

makers claim that cranial nerve stimulation sites are chosen

for relief of specific symptoms based on anatomical neural

relays, there have been no comparative studies with CES

demonstrating differential efficacy based on electrode place-

ment. For example, frontal electrodes have been reported to

relieve migraine symptoms [41] and to have sedative effects

[84]; but bi-temporal electrodes also have relieved migraine

pain [118]. If varied electrode placements have similar clin-

ical effects, this would argue for a more diffuse effect of

CES on brain tissue, possibly by modulation of endogenous

oscillatory rhythms.

Figure 11.2 illustrates the range of stimulation patterns

among published studies using different devices that may

differentially shape CES effects [15, 23, 26].
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In order to study the biophysical and clinical significance

of varying stimulation parameters on the brain, until now,

analytical/spherical-based modeling approaches (see

below), animal models, resected skulls, and synthetic

phantoms all have been used [23]. However, as Datta and

colleagues point out, these are of limited value given the

need to study the effects of differing patterns of electrical

stimulation in vivo on the human anatomy and its material

properties. They cite the 1975 research of Dymond et al.

[119] as still the only study that employed direct measure-

ment in humans; the impact of DC electrosleep stimulation-

induced intra-cortical current flow was studied in patients

undergoing presurgical evaluation for epilepsy [23].

Datta and colleagues characterized scalp voltages caused

by administration of CES, to validate subject-specific finite

element method (FEM) models of current flow [23]. Each of

the four stimulation electrode configurations tested resulted

in a distinct distribution of scalp voltages. The authors

suggested that monitoring of scalp voltages may be used to

optimize electrode placement and current dose to increase

transcranial electrical stimulation safety and reproducibility.

Brain Structures Impacted by CES

Computational modeling has been used to estimate intracra-

nial penetration of electrical stimulation [30]. Two studies

used finite element modeling (FEM) to estimate the penetra-

tion and focality of alternating current compared to a time

invariant direct current stimulation [14, 120]. Using 1 mA

and 10 or 100 Hz stimulation, Lopes et al. reported that

alternating current stimulation generates cerebral fields that

are up to ten times larger and 20 % more focused, in part

because alternating current minimizes scalp resistance, with

less current shunting between electrodes prior to

propagating to deeper layers. Ferdjallah et al. [31] created

a four-concentric-spheres simulation of CES with all

dimensions and electrical properties of the model adapted

from clinical data. Results indicated that, with electrode place-

ment on opposite sides of the head to mimic CES application,

the penetrating current density was maximized and a small

fraction of the modeled CES reached the thalamus.

Datta et al. [15], using an updated, more sophisticated

form of modeling, have produced new evidence for the

proposed cortical and subcortical impacts of CES. They

used a high resolution magnetic resonance imaging (MRI)-

derived finite element head model including cortical and

subcortical structures. Cortical electric field (current den-

sity) peak intensities and distributions were analyzed. They

evaluated different electrode configurations of CES, or

montages both conventional (ear clip) and novel (in-ear,

behind ear (ear hook) and over-ear, all similar to headphone

devices; see Fig. 11.3 below). All stimulated at 1 mA inten-

sity (distributed across varying numbers of electrodes).

Table 11.3 Regulatory status of CES compared to other brain stimulation devices

Device name FDA status FDA approved indications for clinical use Device description

Cranial electrical stimulation

(CES)

Class III device FDA sanctioned: 510(k) clearances (1991), can be marketed to treat

anxiety, depression, insomnia, chronic pain

Electrical

External

Non-convulsive

Electroconvulsive therapy

(ECT)

Class III device Depression (1979) Electrical

External

Convulsive

Deep brain stimulation (DBS) Class I device Essential tremor (1997) Electrical

Parkinson’s disease (2002) Implanted/internal

Non-convulsive

repetitive transcranial magnetic

stimulation (rTMS)

Class II device Depression (2008) Magnetic

Migraine prophylaxis (2008) External

Non-convulsive

Vagus nerve stimulation (VNS) Class III device Epilepsy (1997) Electrical

Treatment resistant depression (2005) External

Non-convulsive

Magnetic seizure therapy

(MST)

None/

investigational use

only

No FDA approved indication Magnetic

External

Convulsive

transcranial direct current

stimulation (tDCS)

None/

investigational use

only

No FDA approved indication Electrical

External

Non-convulsive

Adapted from Novakovic V, Sher L, Lapidus KA, Mindes J, Golier J, Yehuda R (2011). Brain stimulation in posttraumatic stress disorder. Eur J

Psychotraumatol. 2: 5609. Review
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Fig. 11.2 The range of stimulation patterns among published studies

using different devices that may differentially shape CES effects

(Adapted from [15, 23, 26]). Adapted from: Datta A, Dmochowski

JP, Guleyupoglu B, Bikson M, Fregni F (2013a). Cranial electrotherapy

stimulation and transcranial pulsed current stimulation: a computer

based high-resolution modeling study. Neuroimage. Jan 15;65:280–7

138 J. Mindes et al.



Their model confirmed that significant amounts of current

pass through the skull to reach cortical and subcortical

structures. Depending on the electrode placement, induced

currents at subcortical areas—midbrain, pons, thalamus,

hypothalamus—can be of similar magnitude to those of

cortical areas, and occasionally greater.

The conventional ear-clip montage resulted in a 0.10 V/m

peak induced cortical electric field. Maximal currents were

induced in the temporal cortex and in the medulla oblongata,

with diffuse activation in the midbrain, pons, thalamus,

insula, and hypothalamus. The in-ear placement resulted in

a similar spatial profile of induced currents; however the

peak induced electric field in the cortex was higher

(0.16 V/m) and in the midbrain, pons, hypothalamus, and

insula. The behind ear placement led to the highest peak

induced cortical electric fields (0.47 V/m) as well as higher

Fig. 11.3 Conventional cranial electrotherapy stimulation (CES) ear

clip electrode montage and novel transcranial pulsed current stimula-

tion (tPCS) electrode montages. Adapted from: Datta A, Dmochowski

JP, Guleyupoglu B, Bikson M, Fregni F (2013a). Cranial electrotherapy

stimulation and transcranial pulsed current stimulation: a computer

based high-resolution modeling study. Neuroimage. Jan 15;65:280–7
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electric field in several deeper brain structures, except the

medulla oblongata, possibly due to superior current flow

through the mid-brain. The over-the-ear montage placement,

either two or four contacts, led to similar current activation

in sub-cortical and brainstem regions. The models of Datta

et al. suggest that even relatively minor changes in CES

electrode placement alter peak brain electric field and over-

all brain current flow patterns.

In another study that modeled multiple tDCS montages

across three normal adult participants, Datta et al. [121] also

concluded that current flow profile across all subjects and

montages was influenced by details in cortical gyri/sulci,

suggesting that subject-specific modeling could optimize

effects of tDCS. Individual differences in cortical gyri may

also influence CES effects.

Although these models predict current flow based on

anatomical structures, they do not account for facilitated

flow through afferent nerve pathways. For example, the

external ear canal is dense with vagal afferents, and a new,

less invasive form of vagus nerve stimulation, transcutane-

ous VNS (tVNS) also is being developed [46–48]. However,

it remains to be determined whether these different electrode

placements actually yield different clinical effects.

Recent neuroimaging studies in humans support the

notion that CES modulates brain activity. Cerebral blood

flow (CBF) was measured by xenon-enhanced computed

tomography (XeCT™) before and after 2 h of active

(n ¼ 17) vs. sham (n ¼ 19) TCES. Globally, CBF was

unchanged by TCES; however locally, compared to sham

stimulation, TCES caused significant CBF decrease in the

brainstem (mesencephalon) and thalamus (diencephalon),

structures involved in pain and anxiety.

Two MRI studies have shown CES impact on resting

state functional connectivity of the Default Mode Network

(DMN), which reflects normal resting state brain activity

[24, 29]. In the study by Feusner et al. [29] CES at 0.5-

and 100 Hz stimulation was applied to the earlobes at

subsensory thresholds during functional magnetic resonance

imaging in the resting state. Both 0.5 and 100 Hz stimulation

yielded significant deactivation in midline frontal and parie-

tal regions. 100 Hz stimulation was associated with both

increases and decreases in connectivity within the default

mode network (DMN). In the default mode network, nodes

oscillate at the frequency of approximately 0.1 Hz [29]. This

suggests that direct current or alternating current of fre-

quency different than the DMN can disrupt DMN

oscillations. In another study, both tDCS and CES (5, 500,

15,000 Hz) over the primary motor cortex down-modulated

the functional connectivity of the associated resting state

motor network in a recent study [24]. In major depression,

network abnormalities have been reported for both the rest-

ing state default mode network (DMN) and the cognitive

control network [122, 123]. Both antidepressants [124] and

electroconvulsive therapy [125] have been shown to normal-

ize the DMN in depressed individuals. These reports of CES

effects on the default mode network represent significant

promise for CES, even in the absence of convincing clinical

trials data.

MRI data currently are being acquired in a trial of CES

for depression at Massachusetts General Hospital, and a trial

of CES for PTSD at McLean Hospital, Belmont, Mass.

Evidence for Effects on Endogenous Brain
Oscillations and Cortical Excitability

Recent human laboratory studies have suggested that

alternating current electrical stimulation is a useful paradigm

to modulate endogenous cortical oscillations in order to

study the function of cortical networks. However, underly-

ing mechanisms concerning how periodic, weak global

perturbations alter spatiotemporal dynamics of large-scale

cortical network dynamics are unclear. Ali and colleagues

[126] simulated large-scale networks of spiking neuron

models to investigate this question in endogenously rhyth-

mic networks. They also performed multichannel extracel-

lular recordings during alternating current stimulation in

anesthetized ferrets, to verify that weak global perturbations

can selectively enhance oscillations at the applied stimula-

tion frequency. Their results support future design of

alternating current paradigms that dynamically tailor stimu-

lation frequency to the spectral peak of ongoing brain

activity.

Marshall et al. [127] studied transcranial application of

very low frequency (0.75 Hz) AC during early non-REM

sleep (a period of emerging slow wave sleep). This stimula-

tion enhanced the retention of hippocampal-dependent

declarative memories acquired prior to sleep onset. The

slowly oscillating potential also induced an immediate

increase in slow wave sleep, and slow spindle activity in

the frontal cortex. Brain stimulation at 5 Hz, a frequency

band that normally predominates during REM sleep,

reduced slow wave sleep and left declarative memory

unchanged.

Using constant low frequency AC stimulation, Kanai

et al. [101] demonstrated modulation of phosphene

thresholds to single-pulse TMS, in a frequency-dependent

manner. Of four frequencies tested (5, 10, 20, and 40 Hz)

only stimulation at 20 Hz modulated cortical excitability.

However, it is possible that referred CES stimulation of the

retina rather than occipital cortex produces phosphenes in

this [128] and other studies [129].

Schroeder et al. [130] examined CES-induced EEG

changes in 12 healthy right handed males receiving 0.5,

100 Hz, or sham in a randomized, double-blind crossover

design, using ear clip electrodes, with CES administered
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for 20 min., adjusting the current level until the subject

could feel sensation at the electrode site. The current was

then reduced to a subthreshold level. The current settings

for all subjects had a mean of 48 mA and a range of

10–100 mA. Relative to sham, 0.5 and 100 Hz caused the

alpha band mean frequency to shift downward, and 100 Hz

CES also caused a decrease of the alpha band median

frequency and beta band power fraction. Other studies

have found changes in resting EEG after a single session

[20, 130, 131] and also 2 weeks after completing 14 daily

20 min sessions [132]. Directionality of effects have been

conflicting, likely due to wide variation in stimulation

parameters among studies.

Zaghi and colleagues [13] conducted an experiment that

revealed how important specific stimulation parameters—

including electrode size, which influences current density—

are to producing neurophysiological effects using CES

(here, tACS). They cited a previous study [133] in which

tACS was applied for 2 and 5 min with current density of

0.16–0.25 A/m2 (0.4 mA, 10 Hz, 16 cm2 electrodes) that was

unable to show robust effects on cortical excitability. Zaghi

et al. applied tACS at the significantly higher current density

of 0.80 A/m2 (1 mA, 15 Hz, 12.56 cm2 electrodes), for the

considerably longer duration of 20 min, and were able to

demonstrate measurable changes to cortical excitability.

Their results revealed that active 15 Hz tACS of the motor

cortex significantly diminished the amplitude of motor

evoked potentials and decreased intracortical facilitation

(ICF), as compared to baseline and sham stimulation,

supporting the notion that AC stimulation with weak

currents can induce significant changes in brain excitability.

In this study, 15 Hz tACS led to a pattern of inhibition of

cortical excitability. They proposed that tACS may have a

dampening effect on cortical networks, and perhaps interfere

with the temporal and spatial summation of weak subthresh-

old electric potentials.

In contrast to tDCS which is thought to hyperpolarize or

depolarize neurons by electric-field induced changes in the

conformation of membrane proteins and thereby change the

resting firing rate [134], CES is thought to not hyperpolarize

or depolarize neurons, but to modulate endogenous

neurophysiologic activity or oscillations [13, 126, 127,

130, 135]. However, recent experimental laboratory studies

using targeted electrode placements shown that lower fre-

quency CES can alter visceral and somatosensory perception

[136], motor control [137, 138], and memory [127], matched

to the synchronized oscillatory activity of cortical areas

engaged in specific cognitive and motor processes recorded

through EEG [139]. To date, CES laboratory studies of

behavioral effects have not examined head-to-head possible

differential CES device efficacy based on electrode place-

ment, or any other specific configurations of stimulation

parameters. However, in one recent study, at the theta

frequency of 6.5 Hz, CES effects were hemisphere-specific

for a risk-assessment task [140].

Radman et al. [141] pointed out that it is remarkable that a

weak electric field such as that delivered by CES-like

devices has the ability to entrain an oscillating brain

network.

Abnormalities in oscillatory function have begun to be

recognized in depression, schizophrenia, and other

neuropsychiatric disorders. CES theoretically has the poten-

tial to reactivate hypoactive neuronal circuits or inhibit

overactive circuits. In addition, CES may play a therapeutic

role by counteracting deleterious, disease-related synchroni-

zation between subcortical structures interconnected with

the cortex [16].

Evidence for Impact on Neurotransmitters,
Hormones, and Endorphins

PET scanning could reveal brain-based changes in particular

neurotransmitters’ release and receptor availability as a

function of CES stimulation. Although it is frequently

suggested that CES raises brain endorphin levels, evidence

supporting this assertion still is relatively weak, and primar-

ily based on animal studies.

Two small uncontrolled human studies found increases in

cerebrospinal fluid (CSF) beta endorphin and serotonin fol-

lowing CES stimulation [58, 142, 143]. Additional reports of

CES-associated changes in urinary or blood plasma level of

hormones, neuropeptides, and neurotransmitters, including

serotonin, catecholamines, GABA, DHEA, human growth

hormone (HGH), cortisol, beta-endorphin, and thyroxine

[144–146] are likely to reflect pituitary or peripheral produc-

tion of these neuromodulators rather than spillover from

brain production. However increases in hormones which

readily cross the blood brain barrier, such as thyroxine,

could impact brain function [144] and peripheral release of

neuropeptides could activate the brain through vagal

afferents.

A number of animal studies implicate the endogenous

opioid system in the analgesic effects of CES [36, 39, 40].

Further animal studies report CES effects on hormones

and neurotransmitters [147, 148]. Warner and colleagues

[147] found that serotonin (5-HT) was involved in analgesia

induced by low current transcranial electrostimulation (TE),

10 mu-Amp, 10 Hz, pulsed current via electrodes in the rat

ear, in a tail pressure paradigm. This involves putting pro-

gressively increasing pressure on the rat tail 1/4 in. from the

tip with a pneumatically driven, right angle wedge. The

amount of pressure at which the rat moved its tail was

measured both before and after TE, or sham TE, and

recorded as the difference in tolerated peak pressure

(DTPP). TE produced analgesia as manifested by a 613 %
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increase in DTPP compared with sham TE treatment values.

Among TE-treated rats, pretreatment with pCPA (para-

chlorophenylalanine, a synthetic amino acid which is a

selective, irreversible inhibitor of tryptophan hydroxylase,

a rate-limiting enzyme in biosynthesis of serotonin)

decreased DTPP 91.5 % compared with saline control

values, indicating 5HT involvement. 5HTP restored TE-

induced analgesia in pCPA-treated rats to the level of saline

treated control animals, confirming 5HT involvement.

Warner et al. also reported [148] on anesthetized rats

exposed either to a 10 Hz, 10 muAmp transcranial electrosti-

mulation treatment (TCET) current for 30 min, via

electrodes placed in the ears, or to 0 muAmp sham stimula-

tion. Post-sacrifice, brain levels of several neurotransmitters

and their metabolites were measured in selected

homogenized brain areas by high performance liquid chro-

matography. Levels of norepinephrine (NE) and dopamine

(DA) were significantly higher in the hypothalamic region of

stimulated rats compared to control rats; midbrains of TCET

rats contained significantly elevated levels of DA, MHPG

(3-Methoxy-4-hydroxyphenylglycol, a metabolite of norepi-

nephrine), and 5HT and 5HIAA (5-Hydroxyindoleacetic

acid, the primary metabolite of serotonin); in the hindbrain

no significant differences were observed. They did not find

any change in serum endorphin levels which they suggest

indicated that TCET-induced opioid activity may be con-

fined to the central nervous system.

A small randomized trial of low-frequency (0.5 Hz)

CES to try to improve the rest/activity pattern of patients

with Alzheimer’s disease did not find an effect of CES on

salivary cortisol [149].

Evidence for Impact on Autonomic Nervous
System

An open trial of CES for hypertensive subjects found an

increase in heart rate variability during treatment with CES,

suggesting changes in sympathetic and parasympathetic tone

[60]. Many studies and consumer anecdotes report relaxation

and meditation-like experiences, post-CES, which are in

keeping with reduced sympathetic tone and increased para-

sympathetic tone [20, 88, 145, 146]. An increase in parasym-

pathetic tone, or a decrease in sympathetic tone, could play a

role in many of the proposed clinical benefits of CES, includ-

ing improvements in insomnia, anxiety, and pain.

Whether or not CES methodologies can be developed to

target specific brain areas, non-focal modulation of endoge-

nous brain activity also may be an effective approach to

depression treatment. ECT is non-focal, and investigators

in Denmark have been conducting human clinical studies

with a technology called T-PEMF [150, 151], a device using

multichannel low voltage transcranial pulsed electromag-

netic fields generated by seven coils (R/L anterior temporal,

R/L posterior temporal, R/L parietal, and midline occipital)

which has shown efficacy in treatment resistant depression

[151]. Wires in a housing create a magnetic field orders of

magnitude weaker than that generated by TMS; the neural

impact of this stimulation is non-focal, similar to CES.

Results show a statistically significant benefit for patients

with treatment resistant depression treated with T-PEMF

plus antidepressant medication [150, 151].

CES and Alternative Medicine

Since the beginnings of the alternative medicine movement

in the USA in the 1960s, up to the present, some practices

have been mainstreamed, such as acupuncture, meditation,

and healthful dietary patterns, while others, including CES,

have remained marginalized. The reasons for the failure of

CES to enter the mainstream along with acupuncture, yoga,

and meditation are not entirely clear but the relatively lower

number of individuals, and physicians, aware of and using

CES may be a factor. In addition, although we live in an era

of ever-proliferating electronic gadgetry, both medical and

nonmedical, which now extends to new brain stimulating

devices, the decades-old negative reputation of ECT may

have biased many against even much more gentle electrical

devices to directly stimulate the head and brain. This bias

against electrical devices may be receding as new knowl-

edge reaches the alternative medicine community [152] and

the wider public.

Of note, sometimes CES is linked to alternative and

complementary medicine, and sometimes it is not. The

National Center for Complementary and Alternative Medi-

cine (NCCAM) of the National Institutes of Health (NIH)

does not list CES as a therapy on its Web site. Perhaps this is

because it is an FDA sanctioned device, because it does not

fall into existing categories such as interventions derived

from World traditional medicine systems, or is not seen as

a “natural” treatment. The Wikipedia page for CES (http://

en.wikipedia.org/wiki/Cranial_Electrotherapy_Stimulation),

a primary source for many people researching the topic, lists

it under the heading “Alternative medicine /fringe

therapies.”
The association of CES with alternative medicine also

may have contributed to the relative lack of academic

neuropsychiatric research interest over the past 50 years.

CES has had longstanding acceptance within the alternative

medicine community due to interest in therapies perceived

to be gentler, less invasive, and more likely to support the

body’s endogenous systems and properties [153, 154],

including Chi (Xi), the body’s endogenous life force as
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understood in Chinese and other Eastern medical traditions

[155].

Another factor contributing to the popularity of CES in

the alternative medicine community is that it can be pre-

scribed by non-M.D. practitioners, including nurses,

acupuncturists, chiropractors, and psychologists, in contrast

to pharmaceuticals and more invasive devices and

procedures which require prescription by a physician. For

medical professionals, even if CES might be helpful, this

understandably raises the concern that non-physician

practitioners will use CES for more severely ill individuals

who would be better served by pharmaceuticals or more

powerful electric or magnetic interventions.

A related issue is that CES, because of its minimal side

effects, and availability to nonmedical practitioners, often has

been applied to subclinical conditions, which have not been

well characterized, and often fall outside diagnostic categories

of conventional medicine. While this use is mostly not scien-

tifically documented, patient testimonials and other informa-

tion on company and alternative medicine Web sites and

online communities offer evidence of benefit. In addition,

many who are coping with hard-to-diagnose or treat

conditions, such as withdrawal from addictive substances

and fibromyalgia, have turned to CES and other alternative

medicine approaches for symptom relief, for a sense of per-

sonal control, and to avoid side effects of mainstream

treatments [151].

Rehabilitation medicine has long employed both main-

stream and alternative low intensity, high frequency,

alternating current devices for peripheral nerve stimulation,

typically for pain relief, although their efficacy and optimal

stimulation sites and parameters continue to be debated: e.g.,

transcutaneous electrical nerve stimulation at noncranial sites

(TENS); implantation of subcutaneous electrodes or percuta-

neous electrical nerve stimulation (PENS); and electroacu-

puncture, a form of acupuncture in which a weak alternating

electric current is passed between pairs of acupuncture

needles [156]. Both PENS and electroacupuncture have

been applied to sites on the head, which could be considered

a form of CES stimulation as well.. Several trials of electroa-

cupuncture for conditions such as depression are listed on the

Web site Clinicaltrials.gov. Stimulated acupuncture points,

via traditional needling and electroacupuncture, have been

shown to activate diverse brain regions and physiological

pathways detectable by brain imaging [156].

Ultimately, major reasons why CES has failed to garner

mainstream interest comparable to that in tDCS, despite a

century of evidence of therapeutic potential, are circular: the

absence of large scale wellcontrolled clinical trials, system-

atic safety studies, and standardization of parameters of

stimulation [155]; proprietary devices with patented

frequencies that are not embraced by scientists; the mostly

non-targeted nature of CES treatment and therefore non-

focal brain effects, if any; and unclear mechanism(s) of

action. In addition, because the existing CES devices are

coming to the end of existing patents, there is limited moti-

vation to invest in large-scale randomized clinical trials.

Interest in CES devices now may be increasing, as the

effects of differing electrode configurations and stimulation

parameters are investigated for their varied cranial nerve and

brain stimulating effects, and as a new interest in therapeutic

cranial nerve stimulation develops. Renewed interest in CES

also is being swept along by greatly increased academic

research interest in tDCS, and rTMS, which are subject to

the current more stringent FDA efficacy and safety criteria

for approval, and restricted to use by physicians.

Barriers and Future Directions

It is remarkable that CES has not gained traction in the world

of modern brain stimulation research. This has continued to

puzzle many, given considerable evidence that it may be

therapeutically useful. Another major reason why CES never

gained traction—companies were understandably concerned

to market their “special patented” waveform, but this then

greatly limits the interest of neural scientists. Commercial

CES over many decades has been characterized by changing

waveforms, as different devices were engineered and pat-

ented, therefore any safety and efficacy data applies only to

the characteristics of that device, and to the specific dose

used in a given study using a specific CES device [26, 158].

By comparison, tACS, where the waveforms are simple, i.e.,

constant sinusoidal alternating current and no special pat-

ented waveforms, allows for replication of studies using any

tACS device or paradigm. Laboratory-designed tPCS stimu-

lation similarly could be controlled and studied just as any

other scientifically investigated protocol or device. Put

another way—we cannot establish what CES does or does

not do, until we can control what CES is.

While regulators (FDA) allow any similar low intensity

AC device to call itself CES, to scientists these various

devices are not the same and will have different neural and

clinical impacts [26]. That said, increasingly there are valid

scientific and clinical motivations to systematically study a

range of low intensity electrical devices, and vary a range of

stimulation parameters, using both constant (i.e., tACS) and

pulsed (i.e., tPCS) alternating current stimulation, as well as

DC stimulation (tDCS), and low intensity magnetic devices

such as T-PEMF (Table 11.4).

It remains to be seen whether CES will attain the

degree of scientific and commercial interest which has

been focused on tDCS, which is undergoing continued
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technical development with an aim to target specific brain

areas more effectively [134]. The ability to localize tDCS

stimulation has made it more attractive to researchers. The

degree to which transcranial CES/external and cranial nerve

stimulation can have well-documented localized and thera-

peutically focal effects within the brain remains to be deter-

mined, as does the potential usefulness of deliberately using

more generalized stimulation for therapeutic ends.

As of October 2013, searching Pubmed.org for “direct
and current and stimulation and treatment and human and

brain” yields 637 references, one quarter of them published

in 2012–2013. Substituting “alternating” for “direct” yields
only 40 references, 11 of them published in 2012–2013,

although this particular search does not capture all CES

papers in part due to the highly variable nomenclature for

AC devices. Among the numerous publications for tDCS are

several reporting positive results of double-blind

randomized sham-controlled trials for depression [159],

Parkinson’s disease [160], epilepsy [161], memory function

[162], and addiction [163]. Additional open label evidence

exists for pain and fibromyalgia [164].

Although bioengineering modeling studies indicate that

electrode placement can affect how CES impacts the brain

with respect to which cortical and subcortical areas are

stimulated, with what intensity and magnitude [15, 23,

165], it remains to be determined whether different electrode

placements actually yield different clinical effects. In

Fig. 11.3 above, schematic images depict one conventional

CES electrode placement and several novel ones. Placement

of CES electrodes bilaterally in the ear canal yielded, as one

might expect, enhanced transcranial stimulation [15]. Even

if CES stimulation has less potential for localization com-

pared to tDCS, synchronization of brain oscillatory currents

by CES may have unique therapeutic effects, such as ability

to beneficially modulate aberrant CNS activity patterns, and

enhanced anti-inflammatory and autonomic action. Much

work needs to be done to identify any such generalizing

neural and physiological effects of CES.

Despite remaining barriers, the future of minimally

invasive, low intensity electric therapeutics looks bright.

Bioelectronics is a rapidly developing collaboration among

engineers, computer scientists, and biomedical scientists.

Proponents envision more rapid development of new and

potentially more effective electrical and magnetic thera-

peutics [86]. Medical treatment of the future increasingly

may include what some now are calling electroceuticals,

disease-specific low intensity electrical therapeutics

designed as an alternative to pharmaceuticals ([86, 166].

The proliferation of neuromodulating devices may

increase, not decrease, as some classes of devices become

sub-specialized for specific therapeutic tasks and targets.

CES devices recently developed (Cefaly®, Neuro Sigma

Monarch eTNS™) to stimulate cranial afferents for relief
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of specific ills (migraine; epilepsy and depression, respec-

tively) are an example. Modulating cranial nerves for nar-

row therapeutic purposes has been called the “low-hanging
fruit” of the next generation of brain stimulation [86]).

Conclusion

In summary, CES variants and other low intensity brain

stimulation technologies such as tDCS, tVNS and T-

PEMF, may hold significant promise for the treatment

of neuropsychiatric disorders. Given the proliferation of

these devices, and unclear mechanisms of action, much

work lies ahead to establish possible therapeutic

rationales and roles for each of them in mainstream psy-

chiatry, neurology, and rehabilitation medicine. Experi-

mental and modeling studies are providing new insights

into putative mechanism(s) of action of CES, which

should shed light on pathophysiology of target conditions

and at the same time help to refine CES device designs

and treatment protocols. Rapidly growing interest, indus-

try funding [167] and academic scientific involvement in

investigating the so-called electroceuticals [86, 152]

should hasten the emergence of better science and new

understanding of the multiple ways therapeutic electricity

can be used to modulate brain function [15, 23, 26].

If efficacy is established, CES could be an attractive

primary or augmentation treatment for psychiatric and

neurological conditions, with potentially fewer side

effects than medications, and potentially lower cost than

medications and more invasive forms of brain stimulation

(ECT, TMS, VNS) , and psychotherapy. CES devices are

inexpensive and can be used in the home, making this

treatment approach relatively affordable and convenient.

Because of low side effect burden and expense, CES may

be very useful when it would be preferable to avoid use of

medications, such as in the elderly, in individuals with

substance abuse disorders, and for pregnant and nursing

women. In addition to a possible role in treating diagnosed

neuropsychiatric conditions, CES also may be useful for

less disabling degrees of anxiety, depression, and insom-

nia, to help prevent clinical levels of illness from develop-

ing in the first place, and to helpmaintain remission. These

potential therapeutic uses have not yet been studied.

In conclusion, a great deal more research on CES—

mechanistic studies, well-powered, rigorously designed

clinical trials, and studying updated technologies – is very

much needed. All accumulated evidence to date would

suggest it is very warranted.
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The Mechanisms and Actions of Motor Imagery
Within the Clinical Setting 12
Nicola E. Walsh, Louise Jones, and Candida S. McCabe

What Is Motor Imagery?

Motor imagery (MI) refers to the process of imagining a

movement in the absence of either actual movement or

execution of the mentally rehearsed task. It is a dynamic

simulation of the performed action incorporating temporal,

sequential, and biomechanical planning, which changes in

content as the action is imagined over time [1, 2]. The

mechanisms for imagining movements are diverse and

described in terms of the modality and perspective of

techniques employed. Modality refers to whether the empha-

sis is on visualisation of the action (seeing the movement

happen), whereas kinaesthetic imagery focusses on the sen-

sation of the movement, including balance mechanisms,

force production and the effort of execution (feeling the

movement happen) [3]. Visualisation can be further

categorised according to perspective and whether the indi-

vidual sees the movement in the first person, as if they were

performing the action, or in the third person, where they are

a spectator to the movement being performed either by

themselves or somebody else [4]. Furthermore, MI may be

“implicit”, such as when judging the laterality of a

photographed hand (see “Clinical application of MI”
below), or “explicit”, as when mentally evoking the action

of a movement.

Neuroimaging work by Guillot et al. [5] has demonstrated

that visual imagery activates the visual cortical pathways

whilst kinaesthetic imagery predominantly involves the

motor-associated regions and inferior parietal lobe. Previous

research suggests that visualisation imagery is easier to

perform, but kinaesthetic imagery may be more closely

allied to actual movement processes [6]. From a clinical

perspective a combination of these two processes may be

appropriate.

MI was originally developed as a strategy to improve

performance outcomes in sport [7, 8], and today is an

accepted part of athletic training used to enhance specific

motor skills and improve psychological factors such as

confidence, focus, motivation and arousal [9]. Given the

requirement of these physical and psychological traits in

performance of “normal movement”, MI is gaining recogni-

tion as a rehabilitation technique to assist motor recovery for

movement dysfunction and as a pain management technique.

Neurophysiology of Movement Initiation

The ability to initiate and control motor function involves

high-level neural processing and infinite sensorimotor inter-

action. The cerebral cortex acts as a “central processing unit”
integrating information from our environment, previous

experiences, sensorimotor feedback and action readiness,

the consolidation of which forms the basis for movement

initiation. Anatomically the cortex has subdivisions

according to functionality, but it is the motor cortices of

the frontal lobes, consisting of the primary motor cortex,

premotor cortex and supplementary motor areas, that are

directly responsible for voluntary movement tasks [10].

Figure 12.1 outlines the cortical areas primarily involved.

Primary Motor Cortex

Controls voluntary contractions, each muscular area is

mapped out and represented according to the dexterity

required within those muscles: The representative area of

the hand for example, which performs fine finger movements,

is significantly larger than that devoted to the large muscleN.E. Walsh (*) � L. Jones � C.S. McCabe
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groups of the thigh that have a gross rather than specific

movement function. This area funnels considerable amounts

of information to the spinal cord which initiates movement

via descending tracts.

Premotor Cortex

A motor association area, involved in planning or program-

ming of voluntary movements: The medial region is

involved in tasks from memory (neurones here discharge in

advance of the onset of self-initiated movement); the lateral

area is involved in movement selection, particularly in con-

ditional motor tasks involving visual cueing. Both are gen-

erally involved in selecting a movement or pattern of

movements.

Supplementary Motor Areas

Involved in planning complex movements, and co-ordinating

movements involving both hands: Movements are frequently

not associated with the trigger of an external cue.

Other areas that also provide information for motor per-

formance include the basal ganglia, limbic system, cerebel-

lum and thalamus. Figure 12.2 outlines the interactions that

occur between the systems to facilitate normal movement.

Motor Imagery and Movement

Exactly how much of the above movement pathway is actu-

ally activated during MI remains unclear. Electroencepha-

lography (EEG) and functional MRI (fMRI) studies have

demonstrated that actual movement and MI share similar

autonomic, temporal organisation and neural substrates. For

example, those with a motor disorder, such as the

bradykinesia exhibited in Parkinson’s disease, demonstrate

a mirroring of these motor problems when conducting MI, so

their imagined movements are similarly slow [11]. Neuro-

imaging studies reveal significant cortical activity in the

motor-related areas of the brain (e.g. the supplementary

motor area and premotor cortex) when MI is performed,

and in those areas required for motor execution (see [1] for

review). Isochronicity between actual and imagined

movements, even for complex tasks, is well known and in

some studies used as a marker of motor imagery ability [12,

13]. Furthermore motor imagery tasks obey Fitts’ law (the

duration of a task requiring accuracy increases with the

degree of accuracy) and share similar autonomic responses

to execution [14, 15]. Neuroimaging techniques confirm

these psychophysical findings, showing that comparable

brain areas are activated during actual performance and

mental rehearsal of the same tasks and support the notion

of functional equivalence between movement execution and

imagination [16].

However, MI involves the inhibition of movement and

this inevitably leads to variation in neural patterns between

movement performance and MI. Quite at what level this

inhibition occurs is unclear but Guillot and colleagues [1]

have proposed three possible routes: (1) as an integral part of

mental representation; (2) suppression by cortical regions

once the motor command has been constructed and (3)

within the cerebellar and spinal networks. Electromyogra-

phy (EMG) data has demonstrated peripheral muscle activa-

tion during MI, and although this activity is reduced

compared to actual movement data, it provides evidence

that inhibition is not complete [17–19].

Fig. 12.1 Cortical representation of motor areas
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Fig. 12.2 Neurophysiological process of normal movement
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Clinical Application of Motor Imagery
(See Table 12.1 for Summary of Studies)

The potential therapeutic benefits of MI are thought to be

associated with the activation of neural networks that are, as

described above, remarkably comparable to those activated

during physical execution. Recent reviews provide guidance

on the elements most observed in successful interventions

[20, 21]. Precisely how MI has a positive rehabilitative

effect is unclear as there is no objective evidence to date of

an association between activation of muscles during MI and

improvement of motor performance [1]. However, recent

research suggests that cortical disorganisation in the primary

and premotor cortices, secondary to neuropathic and muscu-

loskeletal pain, may be ameliorated through visualisation of

motor patterns resulting in cell plasticity, neural

reorganisation and subsequent enhanced sensorimotor func-

tion [22–24]. Rehearsal of movement in patients with move-

ment dysfunction may help to reverse cortical changes

resulting from inactivity via the recruitment of intact

neurones, thus allowing earlier commencement of rehabili-

tation when little or no actual movement is possible [25, 26].

However, it should be noted that MI is not an innocuous

intervention and has been shown to increase pain and

oedema in some patients with chronic pain [27].

Clinical use of MI for functional rehabilitation post-

stroke suggests that it improves motor processing and per-

haps function, even in those with chronic symptoms (see

[28] for review). Improvements have been found in acute,

subacute and chronic stroke [29–33]. Similar improvements

in motor performance with MI have been reported in those

with Parkinson’s disease [34, 35].
In addition to improvements in function, there is also

evidence of MI improving chronic pain and aberrant cortical

reorganisation [36–38]. MacIver and colleagues [36]

demonstrated a reversal of cortical reorganisation, and a

significant reduction in pain interference and intensity in

13 patients with amputee phantom limb pain after a

6-week motor imagery training intervention. In addition,

all participants found MI to be a relaxing technique to

undertake. MI has also been shown to reduce pain in com-

plex regional pain syndrome (CRPS), a chronic pain condi-

tion of unknown aetiology with associated movement

disorders that commonly affects a single limb [39]. MI is

most commonly used for CRPS within a three-stage graded

motor imagery programme (see below) designed to correct

the individual’s disrupted body schema, thereby reducing

pain and disability [24, 40]. The positive results of motor

imagery interventions may help to benefit other chronic pain

conditions such as osteoarthritis where emerging evidence

suggests that altered cortical activity is similar in nature to

CRPS and phantom limb pain [41].

Graded Motor Imagery

Graded motor imagery (GMI) comprises three progressive

stages. Devised by Moseley (2004), it is designed to improve

cortical organisation [24, 40] and ultimately function.

Research studies suggest improvements in pain and function

in patients with CRPS and amputee phantom limb pain [24,

43]. However, further research regarding the application of

GMI techniques within a routine clinical setting is required

as a prospective clinical audit has demonstrated limited

benefit using GMI for pain management in CRPS patients

[42].

In the first stage of the GMI, the patient performs Parsons’
left-right judgement tasks where they identify pictures of left

or right hands or feet in a variety of orientations [44]. The

left-right orientation of a hand is determined via the assimi-

lation of the visual representation of the pictured hand and a

proprioceptive representation of the observer’s own hand.

The calibration of this data evokes the perception of owner-

ship, or movement if observing a moving imaging, by the

observer and recognition of the laterality of that hand. This

task is considered an example of implicit MI, though recent

research by Viswanathan and colleagues [45] has challenged

this, demonstrating an ability to evoke ownership and per-

ceived movement in the “wrong” hand when the subject’s
attention is experimentally manipulated. The underlying

principle is that an intact body image is required to under-

take laterality tasks [40], and that rehearsal of such tasks will

assist in facilitating an accurate cortical representation of

their own body. Progress on to stage two is determined by

accurate and pain-free recognition [46].

The progressive second stage requires the patient to visu-

alise matching specific hand postures; they actively imagine

moving the affected hand to match the orientation of a hand

on a picture [24]. The goal is for the imagined movement to

be pain free.

The third stage integrates mirror therapy into the

programme. The affected hand is placed behind the mirror

(or inside a “mirror box”) and the unaffected hand positioned
in front of the mirror. The patient is asked to move the

unaffected hand and observe it in the mirror—the mirror

provides the illusion that the affected hand is moving.

Once the patient is able to perform movements with the

unaffected hand pain free, the exercise can be progressed

to perform the same movements with the affected hand

whilst still observing the reflected contralateral hand in the

mirror. This protocol differs somewhat from the original

trial of mirror visual feedback for CRPS [47]. In this study,

the participants performed bilateral synchronised

movements at each time point. Subsequent research has

demonstrated increased/new pain and reduced function in

some participants when asynchronous movements are
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Table 12.1 Studies addressing the clinical application of motor imagery

Patient group Study

Participant

numbers Methodology Outcome measures Main findings

CRPS Johnson et al. [43] n ¼ 41 Prospective audit

Graded motor imagery

(GMI) treatment in two

clinical practices

Brief pain inventory

Accuracy and response

time of left-right hand

judgements

Function

Hospital anxiety and

depression scale

No improvement in pain

with GMI

Significant functional

improvement with GMI at

one practice

CRPS Moseley [40] n ¼ 20 Randomised trial

Graded motor imagery

in different orders

Neuropathic pain scale

(NPS)

Function numerical

rating scale

Significant improvement in

pain and disability in hand

laterality, imagined

movements, mirror

movement group compared

to other groups

CRPS Moseley [48] n ¼ 13 RCT

6-week GMI versus

therapy

NPS Significant improvement in

NPS with GMI

CRPS or phantom

limb pain

Moseley [24] Control (n ¼ 26)

Intervention

(n ¼ 25)

Graded motor imagery

versus physiotherapy

Function numerical

rating scale.

McGill pain

questionnaire

Significant improvement in

pain and function with GMI

compared to control

Parkinson’s disease Braun et al. [65] Control (n ¼ 22)

Intervention

(n ¼ 25)

RCT

6-week physiotherapy

with relaxation versus

6-week physiotherapy

with mental practice

Walking performance

(VAS)

Timed “up and go”
10 m walk

No significant difference

Parkinson’s disease Subramanian

et al. [34]

Control (n ¼ 5)

Intervention

(n ¼ 5)

RCT

Motor imagery with

�2 neurofeedback

session versus motor

imagery without

neurofeedback

Unified Parkinson’s
disease rating scale

(UPDRS)

Finger tapping test

Functional magnetic

resonance imaging

(fMRI)

Significantly increased

movement speed during

motor imagery with

feedback compared to no

feedback

Significantly increased

activity in the

supplementary feedback

area of the brain during

motor imagery with

neurofeedback

Parkinson’s disease Tamir et al. [35] Control (n ¼ 11)

Intervention

(n ¼ 12)

RCT

1 h, �2/week for

12-week physiotherapy

versus physiotherapy

with motor imagery

Timed sequence of

movements

Balance test

UPDRS

Cognitive tests

Significantly reduced

bradykinesia with motor

imagery group compared to

control

Phantom limb pain MacIver et al. [36] Control (n ¼ 6)

Intervention

(n ¼ 13)

�6 1-h mental imagery

sessions once a week or

fortnight

fMRI

Phantom limb pain

questionnaire

Vividness of imagery

scale

Pain

Significant reduction in pain

and reversed neuroplasticity

following MI training

Spinal cord injury Cramer et al. [66] Control (n ¼ 10)

Intervention

(n ¼ 10)

�2 60-min sessions per

day for 7-day motor

imagery training tongue

and foot

fMRI

Tapping test

Transcranial magnetic

stimulation

Significantly improved

speed of movement in non-

paralysed muscles

Increased left putamen

activation in SCI and

control group

Stroke Lee et al. [67] Control (n ¼ 11)
Intervention

(n ¼ 13)

3 � 30-min treadmill

training plus motor

imagery versus treadmill

training alone

Gait ability Motor imagery significantly

improved gait ability

(continued)
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performed whilst viewing a mirror image [41, 49, 50].

Although mirror visual feedback is not a direct representa-

tion of motor imagery it does signify an important compo-

nent of GMI.

Outcome Measures in Motor Imagery

The ability of an individual to use MI determines the effec-

tiveness of its use in practice [51], as a subject who is unable

or finds it difficult to engage in MI practice may not benefit

from this form of therapy. The assessment of ability is

particularly important in presentations such as stroke where

subjects with parietal lobe lesions have been found to have

MI impairment [52]. Various ways of assessing the ability to

perform MI have been developed, each of which evaluates a

different dimension of MI tasks.

Questionnaires
Questionnaires aim to establish the vividness of motor imag-

ery [53] and are either self-administered or assessor led

(Table 12.2). One of the earliest questionnaires was the

Vividness of Movement Imagery Questionnaire (VMIQ)

[54]. This 24-item questionnaire is commonly used in sport

and involves the participant imagining movements such as

jumping off a high wall or running downhill. Firstly the

participant imagines that they are watching someone per-

form the movement, after which they imagine that they are

performing the movement themselves. The vividness of the

image is reported on a five-point scale (1 ¼ clear and vivid

as normal vision; 5 ¼ no vision at all). The VMIQ originally

intended to measure visual and kinaesthetic imagery; how-

ever a structured factor analysis suggested that it only

measures the vividness of visual imagery [55]. Given the

nature of the tasks included in this questionnaire its clinical

utility is questionable.

The Revised Movement Imagery Questionnaire

(MIQ-R), used in healthy adult populations to measure

motor imagery vividness in the visual and kinaesthetic

dimensions [56], was created as a revision of the earlier

Movement Imagery Questionnaire (MIQ) [57]. In this self-

administered questionnaire, the subject assumes a starting

position and performs a movement after reading a descrip-

tion of the movement. After resuming the starting position,

Table 12.1 (continued)

Patient group Study

Participant

numbers Methodology Outcome measures Main findings

Stroke Page et al. [29] Control (n ¼ 8)

20 min (n ¼ 8)

40 min (n ¼ 6)

60 min (n ¼ 7)

RCT

Comparison of 20-, 40-

or 60-min taped mental

practice sessions or no

mental practice

Fugl-Meyer motor

assessment (FMA)

Action research arm test

(ARA)

Significantly increased

FMA score with increased

treatment duration

No significant effect of

increased duration on ARA

score

Larger score changes on the

FMA and ARA with mental

practice

Stroke Page et al. [30] Control (n ¼ 5)

Intervention

(n ¼ 6)

RCT

30-min therapy �2/

week plus 30 mental

practice delivered by

tape versus 30-min

relaxation delivered by

tape for 6 weeks

Motor activity log

ARA

Increased use of affected

upper limb following

mental practice

Significantly greater change

in ARA score in mental

practice group

Stroke Dijkerman et al.

[31]

Control 1

(n ¼ 5)

Control

2 (n ¼ 5)

Intervention

(n ¼ 10)

4-week upper limb

mental practice �3/

daily versus control

group 1; imagery using

pictures and control

group 2; no imagery

Motor function

Locus of control

Attention

ADL independence

All groups improved motor

function

Greater improvement in

training task in motor

imagery group

Stroke Liu et al. [32] Control (n ¼ 22)

Intervention

(n ¼ 27)

RCT

�5 1-h MI sessions/

week for 3 weeks versus

conventional functional

training

Performance of 15

trained and five

untrained tasks

FMA

Color trails test

Improved relearning of

trained and untrained tasks

in MI group compared with

the control group

Stroke Page et al. [33] Control (n ¼ 5)

Intervention

(n ¼ 8)

RCT

Mental imagery of

ADLs delivered by tape;

�3/week at home, �2/

week in clinic versus

taped stroke information

FMA

ARA

Significant improvement in

FMA and ARA in mental

practice group compared to

control
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the subject has to imagine the movement and report the ease

or difficulty at which he or she could imagine the movement

on a 7-point scale (7 ¼ very easy to see/feel; 1 ¼ very hard

to see/feel). Due to the complexity of some of the tasks the

questionnaire is unlikely to be suitable for affected

populations.

More recently the Movement Imagery Questionnaire-

Revised, Second Edition (MIQ-RS), has been developed to

assess movement imagery in the stroke population [58]. The

action of jumping was removed from the MIQ-R and eight

functional items were added to the questionnaire. The ques-

tionnaire has been found to be both valid when compared to

the KVIQ-10 and reliable with test–retest analysis ranging

from 0.83 to 0.99 [59].

The Kinaesthetic and Visual Imagery questionnaire

(KVIQ) has been specifically developed for people with

physical disabilities [60]. As with the MIQ-R and MIQ-RS

it measures visual and kinaesthetic dimensions in the first

person perspective. The questionnaire consists of 20 differ-

ent movements, split into 10 visual and 10 kinaesthetic

subscales, which are performed in sitting. The subject is

shown a movement and then asked to repeat. They are

invited to answer questions regarding the clarity and inten-

sity of the sensation of the movement on a five-point ordinal

scale. Unlike the MIQ-R and the VMIQ, the questionnaire is

not self-administered and can take up to 45 min to complete.

A shorter KVIQ-10 was developed by the authors to reduce

the completion time. Test–retest reliability in both the KVIQ

and KVIQ-10 has been measured in healthy subjects and

those who have sustained a stroke. A high level of internal

consistency has been found. Bifactorial structure analysis

indicates that the questionnaires do assess the two

dimensions (visual and kinaesthetic) of motor imagery [60].

Mental Chronometry
Mental chronometry investigates temporal coupling between

real and imagined movements [53]. Differences in timing

between the two test conditions may indicate an inability to

perform MI [61]. The Time Dependent Motor Imagery

screening test (TDMI) records the number of a predefined

movements performed over three different time periods

(e.g., 15, 25, and 45 s). The TDMI indicates that subjects

who are able to imagine an increase in the number of

movements over an increase in time are able to understand

instructions and perform motor imagery. Malouin et al. [62]

confirmed reliability in a TDMI involving stepping in a

seated position in both stroke and able-bodied subjects.

Temporal congruence tests record the duration of a num-

ber of real and imagined movements. This method of testing

has been found to be reliable (ICC 0.77–0.97) in a test timing

real and imagined five stepping movements whilst seated in

both stroke and able-bodied subjects [62]. It is important to

note that subjects who pass chronometric tests may have

difficulty generating vivid imagined movements; therefore

it is important to measure several aspects of motor imagery

to gain an understanding of a person’s ability [53].

Mental Rotation
Mental rotation tasks are thought to assess the accuracy of

motor imagery performance [62]. One of the most common

assessments is the laterality tasks where subjects are shown

images of hands or feet in different orientations [44] and

asked to determine whether it is a left or right hand or foot.

The time taken to make a decision and the orientation is

recorded. This method of assessment is also used as part of

the GMI programmes as described above [24, 40].

In summary, there are many ways to assess the domains

of MI. In a clinical setting it is best to consider several

different aspects of motor imagery to gain a better under-

standing of an individual’s ability to perform it prior to

commencing with therapy [53].

Conclusion

Research to date suggests that MI is an important addition

to the therapeutic “toolbox” of rehabilitation techniques.

It can provide functional and analgesic benefits in

Table 12.2 Outcome measures to determine the ability to undertake motor imagery tasks

Outcome Population Administration

Type of imagery

measured Type of measure

KVIQ Stroke or physical

disabilities

5-point scale Visual and kinaesthetic 20-item assessor-administered

questionnaire

KVIQ-10 Stroke or physical

disabilities

5-point scale Visual and kinaesthetic 10-item assessor-administered

questionnaire

MIQ-R Able bodied 7-point scale Visual and kinaesthetic 8-item self-administered questionnaire

MIQ-RS Stroke or physical

disabilities

7-point scale Visual and kinaesthetic 14-item self-administered questionnaire

VMIQ Able bodied 5-point scale Visual 24-item self-administered questionnaire

Laterality test All Orientation and reaction

time

Accuracy Mental rotation test

Temporal

congruence

All (task dependent) Timed Timing Mental chronometry

TDMI All (task dependent) Timed Timing Mental chronometry
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selected populations and may yet prove to have benefit in

other chronic pain groups where central mechanisms are

thought to play a role, such as osteoarthritis. Furthermore,

MI is “easy to learn and apply and is neither physically

exhausting nor harmful” [63]. The therapeutic benefit of

MI is thought to occur by training the neural correlates of

movement without actual muscle contraction and there-

fore enhancing motor output without the deleterious

effects of pain and fatigue [5, 64].

Further research is required to understand precisely

which peripheral and central networks are engaged

when MI is performed so as to better understand which

conditions may be best helped by this technique. Further-

more, the relative novelty of MI training in rehabilitation

means that training parameters have yet to be optimised,

even in the conditions it has proven beneficial for. These

successful trials of MI also demonstrate that MI is not

beneficial or even practically possible for all, and may in

some cases worsen pain and other symptoms. Therefore

future research should focus on identifying the clinical

phenotypes that gain most fromMI and at what time point

in a condition MI is optimal.

From a clinical perspective, MI is a potentially excit-

ing new therapy which can deliver functional and analge-

sic gains in some chronic diseases that have proven

intractable to more traditional interventions.
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Introduction

An injury- or stimulation-related increase or decrease of

sensory input into the brain leads to changes in the respective

primary sensory and usually also the motor areas and these

alterations can be associated with unpleasant sensations such

as pain. In these disorders sensory or motor training seems to

be useful and is increasingly employed. In this review we

will focus on sensorimotor training in states of chronic pain

such as phantom limb pain, complex regional pain

syndrome, chronic back pain, or fibromyalgia. First, we

will briefly describe cortical changes that are characteristic

for these disorders and will then discuss sensorimotor

training including stimulation methods and will focus

on their effects, potential mechanisms, and future

developments.

Brain Changes in Chronic Pain

Injury-Related Brain Changes in Neuropathic
Pain Disorders

In persons with amputations it has been shown that the

region of the somatosensory cortex that formerly received

input from the now amputated limb reorganizes and receives

input from neighboring regions [1–3]. These changes are

mirrored in the motor cortex [4–7]. Interestingly, reorgani-

zational changes were only found in amputees with phantom

limb pain after amputation, but not in amputees without

pain. This suggests that pain may contribute to the changes

observed and that the persisting pain might also be a conse-

quence of the plastic changes that occur. In several studies

carried out on human upper-extremity amputee patients,

displacement of the lip representation in the primary motor

and somatosensory cortex was positively correlated with the

intensity of phantom limb pain and was not present in pain-

free amputee patients or healthy control subjects. In addi-

tion, in the patients with phantom limb pain, but not in the

pain-free amputee patients, imagined movement of the

phantom hand was shown to activate the neighboring face

area [7]. This co-activation probably occurs due to the high

overlap of the hand, arm, and mouth representations.

Similar observations have been made in patients with

complex regional pain syndrome (CRPS). In these patients,

the representation of the affected hand tended to be smaller

compared with that of the unaffected hand, and the individ-

ual digit representations had moved closer together [8–12].

The extent of the pathological changes in the cortical

representations correlated with the intensity of pain or

motor dysfunction [10, 13, 14] but was additionally related

to a degradation of sensibility in the affected hand. It was,

however, unrelated to a loss of motor function [14]. It is so

far not known how an expansion of adjacent representations

and a shrinking of adjacent representations as observed in

phantom limb pain and CRPS, respectively, can both be

associated with pain. However, it is possible that a

degradation of the representations resembles a reduction of

representational areas, whereas an expansion and overlap is

visible as enlargement.

Brain Changes in Musculoskeletal Pain
Disorders

Not only decreased input related to deafferentation but

also increased behaviorally relevant input related to

non-neuropathic pain leads to changes in the cortical map

or different processing of pain in chronic musculoskeletal

pain syndromes such as chronic back pain (CBP) or fibro-

myalgia (FM) [15–21]. For example, Flor et al. [16] reported

a close association between the chronicity of back pain and
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enhanced excitability and map expansion of the back repre-

sentation in the primary somatosensory cortex in patients

with non-neuropathic back pain. The back representation

had expanded and shifted toward the leg representation the

longer the pain had persisted. This was site specific since the

hand representation was unaffected. Similar changes were

reported by Giesecke et al. [17] using functional magnetic

resonance imaging. Recently, Tsao et al. [19] observed a

close interaction between changes in the motor cortex and

postural control in patients with CBP suggesting an intricate

interaction between peripheral and central traces of plastic

changes related to chronic pain.

In patients with fibromyalgia greatly enhanced

representations of painful stimulation were found. Gracely

et al. [18] reported that comparable levels of subjectively

reported painful pressure stimulation resulted in cerebral

activation patterns that were similar in FM patients and

healthy controls. However, similar stimulation intensities

resulted in stronger activation in regions specific for pain

processing in FM patients, supporting the hypothesis of

augmented pain processing in FM patients. Cook et al. [22]

examined painful heat stimuli (47 �C) to the nondominant

thenar in patients with FM and healthy controls and observed

activations in the primary and secondary somatosensory

cortices, the anterior cingulate cortex, the supplementary

motor area, and the insular cortex. Contrasts between both

groups revealed significantly more activation for the FM

group in the contralateral insular cortex. A repetitive injec-

tion of protons (low pH) and prostaglandin E2 (PGE2) in

isotonic solution into the left extensor carpi radialis brevis

muscle of FM patients revealed significantly stronger acti-

vation for FM patients in the left anterior insula and a more

prolonged perception of pain compared to controls [23]. For

perceptually equivalent pain ratings, FM patients failed to

respond to pain provocation in the descending pain

regulating system (the rostral anterior cingulate cortex) [24].

These changes were present in cortical activation maps as

well as in areas involved in the affective and cognitive

processing of pain [15]. Catastrophizing was found to be

significantly associated with increased activity in brain areas

related to anticipation of pain (medial frontal cortex, cere-

bellum), attention to pain (dorsal anterior cingulate cortex,

dorsolateral prefrontal cortex), emotional aspects of pain

(claustrum, closely connected to amygdala), and motor con-

trol when depressive symptomatology was controlled for

[25]. Symptoms of depression and the presence of major

depressive disorder were associated with the magnitude of

pain-evoked neuronal activations in brain regions associated

with affective pain processing (the amygdalae and contralat-

eral anterior insula) [26]. Patients with major depressive

disorder show hyperalgesia, but the hyperalgesia is more

pronounced in FM and a deficit in pain inhibition is specific

to FM [27, 28]. A recent study with 83 subjects showed that

depressive symptoms, anxiety, and catastrophizing scores

were correlated, but did not correlate with ratings of clinical

pain or with sensitivity to pressure pain [29]. Brain activity

during experimental pain was not modulated by depressive

symptoms, anxiety, or catastrophizing [29]. The general and

widespread nature of pain in FM suggests the involvement of

central mechanisms via spinal and/or supraspinal modula-

tion of experimental peripheral input. The exact interplay of

pain, anxiety, depression, and catastrophizing needs to be

further investigated and can be different in different

subgroups of patients [30].

Interventions

Sensory and Motor Training

In amputees with phantom pain, several stimulation-related

procedures were found to be effective. Intense input into the

cortical amputation zone by the use of a myoelectric pros-

thesis or other prosthetic devices like a Sauerbruch prosthe-

sis, for example, was found to reduce both cortical

reorganization and phantom limb pain [31, 32]. By wearing

a Sauerbruch prosthesis, the use of the amputation stump is

increased and could produce a countervailing use-

dependent, afferent increase [31]. A myoelectric prosthesis

directly controls the prosthesis trough electromyography

signals of the stump, increasing the efferent input into the

stump [32]. The negative correlation between prosthesis use

and phantom limb pain became nonsignificant when the

effect of cortical reorganization was removed by partial

correlation. This is interpreted that the phantom limb pain

reduction is mediated by cortical reorganization [32]. In a

longitudinal study Dietrich et al. [33] showed that a sensory

feedback prosthesis effectively reduces phantom limb pain,

modulated by visual and sensory feedback to the brain via

the prosthesis, combining efferent input into the stump with

afferent increase into the brain. The results of these studies

suggest that muscular training and stimulation of the stump

combined with visual feedback from the prosthesis might

have a beneficial effect on maladaptive cortical reorganiza-

tion and phantom limb pain. This is also in accordance with

animal experiments which showed that the cortical represen-

tation of the stimulated body region expands through input

from behaviorally relevant tactile stimulation [34, 35].

In patients in whom the use of prosthesis is not possible,

sensory discrimination training might be beneficial. In one

study, electrodes were closely spaced over the amputation

stump in a region where stimulation excites the nerve that

supplies the amputated portion of the arm (see Fig. 13.1).

Patients then had to discriminate the frequency and location

of the stimulation in an extended training period that lasted

90 min/day over a 2-week period. Substantial improvements
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to both two-point discrimination and phantom limb pain were

demonstrated in the trained patients. These improvements

were accompanied by changes in cortical reorganization,

indicating a normalization of the shifted mouth representation

[36]. An asynchronous stimulation of the stump and lip area

also yielded a significant reduction in phantom limb pain

suggesting that the separation of overlapping cortical

networks involved in pain may be important [37].

Similar results were found in CRPS patients where active

discrimination between tactile stimuli led to an improvement

in pain intensity and two-point discrimination compared to

passive stimulation alone [38]. When patients watch the

reflected image of their unaffected limb during training, the

effect of tactile discrimination training is enhanced [39].

Tactile spatial acuity also improved when a Hebbian

stimulation protocol of tactile coactivation [40] was used.

The question arises whether active stimulation is necessary

or if passive stimulation is sufficient. In rats it could be

shown that associative (Hebbian) pairing of passive tactile

stimulation leads to a selective enlargement of the areas of

cortical neurons representing the stimulated skin fields and

of the corresponding receptive fields [41]. In humans paired

tactile stimulation goes along with an improved spatial dis-

crimination performance [41, 42] matched by alterations of

the primary somatosensory cortex [43] indicating that fast

plastic processes based on coactivation patterns act on a

cortical and perceptual level. It is possible that in healthy

controls passive stimulation without a task is sufficient for

changes on the perceptual and cortical level, whereas

patients, who are less able to discriminate stimuli [38, 40],

may need active stimulation for an improvement in

discrimination ability (and pain intensity). These training

effects can be enhanced by the use of pharmacological

agents. For example, two-point discrimination after a

coactivation protocol was doubled by amphetamine and

was blocked by a N-methyl-D-aspartate-receptor blocker

[44], or lorazepam, a GABAA receptor agonist [45].

However, these pharmacological modulation effects are not

easily translated into clinical practice. In stroke patients

amphetamine showed mixed results [46].

Mirror and Motor Imagery Training

Ramachandran et al. [47] suggested that the use of a mirror

might reverse the reorganizational changes observed in

patients with phantom limb pain, and they provided

anecdotal evidence that viewing movements of one’s intact
hand in a mirror, which provides the impression of viewing

the amputated hand, led to better movement of and less pain

in the phantom limb (see Fig. 13.2). In lower limb amputees

Brodie [48] reported a significantly greater number of

movements in the phantom when a mirror box was used.

Hunter et al. [49] showed that a single trial mirror box

intervention led to a more vivid awareness of the phantom

and a new or enhanced ability to move the phantom.

Contrasting a mirror box with executed movement, Brodie

et al. [50] reported that movements in front of a mirror as

well as movements without a mirror attenuated phantom

Fig. 13.1 Sensory discrimination training: four pairs of electrodes

were closely spaced over the amputation stump in a region where

stimulation excites the nerve that supplies the amputated portion of

the arm. Patients then had to discriminate the frequency and location of

the stimulation in an extended training period that lasted 90 min/day

over a 2-week period [36]

Fig. 13.2 Mirror box: viewing movements of one’s intact hand in a

mirror provides the impression of viewing the amputated or affected

hand
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limb pain and phantom sensation. Contrary to these findings,

which were based on a single trial, 4 weeks of mirror training

led to significantly more decrease in phantom limb pain than

training with a covered mirror or using mental visualization

in lower limb amputees [51] suggesting that phantom pain

can be altered by visual feedback. The visual system has a

perceptual dominance in intersensory conflicts. The reason

is the better spatial solution provided by vision compared to

other senses (including touch) [38, 52, 53]. We recently

observed in an fMRI session that amputees with phantom

limb pain were unable to activate the sensorimotor cortex

opposite to the amputated limb when the intact hand was

moved in front of a mirror (appearing as movement of the

phantom, see Fig. 13.3). A similar lack of activation was,

however, also present with executed movements of the intact

hand and with imagery of the phantom hand [54]. Moreover,

phantom limb pain was inversely correlated with activation

on the hemisphere contralateral to the amputation suggesting

that mirror training may not be special [55].

Other reports on imagined phantom movements in

amputees [7, 56–59] showed activation in the primary

sensorimotor cortex representing the amputated limb in

the pain-free amputees and the healthy controls but not in

the patients with phantom limb pain [54] and were

supported by results from transcranial magnetic stimulation

(TMS), which showed that perceived phantom hand move-

ment could be triggered by stimulation over the motor

cortex in an area that represented the now amputated limb

[60]. Both Giraux and Sirigu [61] and MacIver and

colleagues [62] showed that imagery alone also affects

the cortical map representing the amputated limb and

relieves phantom limb pain in contrast to Chan and

colleagues [51] who did not find changes in phantom pain

related to imagery but did not assess cortical changes.

These studies suggest that several types of modification of

input into the affected brain region may alter pain sensa-

tion. For a review on the effects of mirrored and imagined

movements, see [63].

Fig. 13.3 Subjects executed

movements with the right/intact

hand. The reflection in the mirror

showed a left hand. First and

second rows show brain

activations for amputees’ with
phantom limb pain (PLP) without

PLP (non-PLP) and healthy

controls (HC). The circles show

the missing activation in the

primary sensorimotor cortex in

the PLP group. The third row

shows overlays of these three

groups. PLP failed to activate the

primary somatosensory (SI) and

primary motor (MI) cortices

contralateral to the mirror image.

The fourth row shows contrast

between non-PLP and PLP as

well as non-PLP and HC with

differences in SI and MI

contralateral to the mirror image.

Montreal Neurological Institute

(MNI) coordinates [54]
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Moseley used a tripartite program to treat patients with

CRPS [64, 65]. This program consisted of a hand laterality

recognition task (a pictured hand was to be recognized as left

or right, see Fig. 13.4), imagined movements of the affected

hand, and mirror therapy (patients were asked to adopt the

hand posture of both hands shown on a picture in a mirror

box while watching the reflection of the unaffected hand).

After a 2-week treatment, pain scores were found to be

significantly reduced. They replicated this result in CRPS

and phantom limb pain patients [66]. In addition, McCabe

and colleagues [67] found a reduction in pain ratings during

and after mirrored visual feedback of movement of the

unaffected limb in CRPS patients. Gieteling and colleagues

[68] asked CRPS patients with dystonic postures of the right

upper extremity to execute or imagine movements during a

functional magnetic resonance (fMRI) measurement. Com-

pared with controls, imaginary movement of the affected

hand in patients showed reduced activation in the ipsilateral

premotor and adjacent prefrontal cortex and, in a cluster

comprising the frontal operculum, the anterior part of the

insular cortex and the superior temporal gyrus. On the con-

tralateral side, reduced activation was seen in the inferior

parietal and adjacent primary sensory cortices. There were

no differences between patients and controls when they

executed movements, nor when they imagined moving

their unaffected hand. Watching an enlarged view of the

limb during movement significantly increased the pain and

swelling evoked by movements while shrinking the view of

the limb decreased pain and swelling [69]. These observations

were interpreted as being due to a top-down effect of body

image on the integration of incoming sensory information

[69]. Transcranial motor cortex stimulation (TMS) contralat-

eral to the CRPS-affected side has also been found to reduce

pain intensities in CRPS [70].

Until now only little research has focused on mirror

training, distorted body image, and cortical representations

in chronic musculoskeletal pain. A recent study suggested

the use of mirror training to treat fibromyalgia and found

anecdotal evidence for reduced pain ratings [71]. In chronic

back pain a disrupted body image and decreased tactile

acuity, measured by two-point discrimination, in the area

of usual pain was found [72]. Patients in this study reported

that they could not find the outline of their trunk in the region

of chronic pain. The larger two-point discrimination thresh-

old in patients with chronic back pain could be positively

related to worse performance on voluntary lumbopelvic

movements, suggesting that a tactile acuity training might

support recovery of normal motor performance [73]. In

another study patients with chronic back pain participated

on a left/right trunk rotation judgment task and a left/right

hand judgment [74]. The patients made more mistakes and

were less accurate in the trunk rotation task. No differences

were found for the hand judgment task. This gives further

evidence of a disrupted working body schema of the trunk in

patient with chronic musculoskeletal pain. By visualizing

the back in chronic back pain patients, it could be shown

that seeing the back during repeated lumbar spine

movements reduces movement-evoked pain [75]. This

approach works not only for movements but also for

visualizing one’s own back on experimental pain perception

at this site (see Fig. 13.5). Therefore, online video feedback

of the back during painful stimulation of the trapezius mus-

cle was implemented. Visual feedback of the back reduced

perceived pain intensity compared to feedback of the hand in

both chronic back pain patients and controls [76]. These

findings suggest that multisensory modulation could

enhance pain treatments as previously suggested [77–79]

and may lead to novel intervention modes for chronic back

Fig. 13.4 The graded motor

imagery consisted of a hand

laterality recognition task,

imagined hand movements, and

mirror therapy. Displayed are

examples of hand postures used in

the hand lateralization task.

Patients have to decide if the

presented hand is a left or right

hand [64]
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pain based on visualization of body parts by augmented

reality applications.

In these disorders also another kind of visual feedback is

used in behavioral treatments that focus on the extinction of

pain behaviors and the acquisition of healthy behaviors.

There video feedback of patients’ pain behaviors and activ-

ity trainings as well as spouse trainings are used to extin-

guish pain and to increase healthy behaviors [80, 81] with

concomitant positive brain changes [82]. Of particular inter-

est was the activation in the insula which shifted bilaterally

from a more anterior site before treatment to a more poste-

rior location after treatment. The pre- to posttreatment

reduction in both interference related to pain and pain sever-

ity were significantly associated with bilateral activation in

pain-evoked activity in the posterior insula, the ipsilateral

caudate nucleus/striatum, the contralateral lenticular

nucleus, the left thalamus, and the primary somatosensory

cortex contralateral to the stimulated side [82].

Virtual Reality Approaches to Mirror Training
and Robotic Applications

Using a mirror box has some technical limitations. The intact

limb has to move symmetrically with the mirrored limb. This

is especially highly unnatural for the leg. This led to the

invention of virtual reality (VR) and augmented reality (AR)

mirror boxes (for a review see [83]). In a first approach the

perceived phantom arm was presented on a flat screen in 3D

and controlled via a wireless data glove on the intact arm

[84]. The advantage of the VR mirror box was the possibility

of incongruent movements between the intact hand with the

data glove and the virtual phantom hand. For example, some

of the virtual/phantom fingers were frozen and movements

of the complete phantom led to more pain. The number of

moved phantom fingers was thus gradually increased, and it

came to a relaxation and less pain sensation in two of the

three cases. A different approach used immersive virtual

reality (IVR) to transpose the movements made by an

amputee’s remaining anatomical limb into movements of a

virtual limb [85]. These authors found a reduction of phan-

tom pain intensity in two of three cases [86, 87]. The advan-

tage of this system is that the entire body is implemented in

the IVR, and thus, complex hand-eye coordination is possi-

ble. A novel variation on this method is using motion capture

to collect data directly from a patient’s stump and then

transform it into goal-directed, virtual action in the VR

environment [88]. In a first experimental study with 14

patients, 72 % reported the ability to move the phantom

and a reduction in phantom limb pain. Another possibility

is an augmented reality home training systems. Here several

training tasks could be implemented to make the training

more exciting and increase the commitment of the patients

(for an example of a task, see Fig. 13.6). Therefore, a head-

mounted display equipped with cameras captures one hand

Fig. 13.5 Experimental setup of site-specific visual feedback: stimuli

were applied to the upper back, while subjects watched the online

image taken by a video camera placed behind them. Seeing the back

reduces pain perception compared to seeing the hand [76]

Fig. 13.6 Augmented reality mirror box: ball grasping task. The

image shows a participant performing the tasks and an external screen,

which is not part of the standard setup, showing the view presented to

the head-mounted display [89, 90]. The subjects have to grasp a ball by

forming a “C” with thumb and index finger and carry it to a quadratic

target area
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held in front of the body, mirrors it, and displays it in real

time [89–91]. These VR applications are promising and

could be extended in the future. With the rubber hand illu-

sion, it could be shown that the transfer of tactile sensations

from the stump to a prosthetic limb by tricking the brain is

possible [92]. This is an important contribution to the field of

neuroprosthetics where a major goal is to develop artificial

limbs that feel like a real part of the body. Another possibil-

ity is a flexible multielectrode implantation for multi-

movement prosthesis control and sensory feedback. The

multielectrodes were implanted in the median and ulnar

nerves of an amputee and led to real-time control of motor

output [93].

Conclusions

Based on neuroscientific evidence on alterations in the

primary sensory and motor areas in sensory and motor

disorders such as chronic pain, sensory and motor training

methods have been developed. They include training of

perceptual abilities, motor function, direct cortical stimu-

lation, as well as behavioral approaches and have been

shown to reorganize altered sensory and motor maps. The

cellular mechanisms underlying these changes still need

to be determined, but they involve changes in inhibitory

circuits and long-term synaptic changes. In addition,

treatments that combine several modalities such as imag-

ery or mirror treatment as well as use of prostheses seem

to have beneficial effects. Direct brain stimulation

methods such as TMS or tDCS have also been employed

successfully in these disorders. Further, much work still

needs to be done to demonstrate the efficacy of these

plasticity-related treatment approaches, which were usu-

ally tested in small heterogeneous samples without ade-

quate controls and without adequate follow-ups.

However, they may point out new approaches to treat-

ment of chronic disorders and rehabilitation for the

future. Future research should explore additional benefits

which might arise from using brain stimulation methods

in conjunction with behavioral trainings, virtual reality

applications, or plasticity-modifying pharmacological

interventions.
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Major Depressive Disorder

Major depressive disorder (MDD) is an incapacitating disor-

der associated with significant personal, social and economic

impairment. Patients with MDD present a “double burden,”
characterized by a lower quality of life associated with a

higher prevalence of medical comorbidities [1]. The main

symptoms of MDD include persistent low mood, anhedonia

(i.e., diminished pleasure in previous significant activities),

impairment in sleep, psychomotor retardation, weight

changes, and negative thoughts that range from pessimism

to guilt and suicidal ideation (Table 14.1). Moreover,

although only the most severe spectrum of depression is

associated with suicide, its chronic, incapacitating

symptoms make depression one of the most incapacitating

conditions worldwide. Thus, MDD has been projected to be

the second most disabling condition by 2020 [2]. Since

MDD is known to be a recurrent and relapsing psychiatric

condition, approximately 50 % of the patients who present a

depressive episode shall undergo a new episode further in

life [3]. Finally, nearly 30 % of patients present themselves

in a refractory state, i.e., when depressive symptoms are

observed despite the appropriate psychological and pharma-

cological treatment [4]. For these reasons, continuous

research on MDD in terms of newer treatment techniques

presents itself as a mandatory need.

Pharmacotherapy

Antidepressant drugs are considered the pillar stone when

analyzing treatment approaches for depression. The pharma-

cological arsenal includes first-generation antidepressants

(tricyclic antidepressants and monoamine oxidase

inhibitors), SSRIs (serotonin selective reuptake inhibitors,

such as sertraline and fluoxetine), serotonin–norepinephrine

reuptake inhibitors (SNRIs) (“dual-inhibitors,” such as

venlafaxine and duloxetine), and others (e.g., bupropion

and mirtazapine). A recent meta-analysis suggested that

escitalopram and sertraline are the antidepressants that best

combine effectiveness with tolerability and therefore should

be the first choice for treatment [5]. Given the multiple

pharmacological treatments available, the STAR*-D

(Sequenced Treatment Alternatives to Relieve Depression),

a NIMH-sponsored trial, enrolled almost 3,000 patients to

evaluate the efficacy of several antidepressant treatments

[4]. STAR*-D highlighted the importance of refractoriness

in pharmacotherapy, i.e., remission rates decay as more

antidepressant treatments fail—in fact, after four consecu-

tive antidepressant interventions, 30 % of patients still pres-

ent depression symptoms. Also, different meta-analyses

[6–8] observed that dropout rates are relatively high

(20–30 %) irrespective of the drug class assessed—the

causes of dropouts are multiple and include side-effects,

time gap observed from the initial treatment and consequent

improvement of depressive symptoms and patient–physician

relationship [9] all of each can increase relapse rates in the

long-term. These issues reinforce the need for newer

interventions in the treatment of MDD.

Neuromodulation Strategies

Noninvasive brain stimulation (NIBS) stands as a general

term used to describe techniques that might aid to overcome

some of the current challenges that both pharmacological

and psychotherapy undergo. Ideally, NIBS techniques
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should not only be as effective as pharmacotherapy but

should also present a lower rate of adverse effects, thereby

increasing treatment adherence.

Neuromodulation techniques include old techniques such

as electroconvulsive therapy (ECT) to novel clinical and

preclinical techniques, such as transcranial magnetic stimu-

lation (TMS), vagus nerve stimulation (VNS), transcranial

direct current stimulation (tDCS), and trigeminal nerve stim-

ulation (TNS). Since these techniques are still considered to

be unfamiliar to both most of the medical community and to

the general public, a cited description of its physiological

mechanism is necessary.

Electroconvulsive Therapy
ECT is one of the most effective treatments for acute depres-

sion, especially when psychotic features and/or severe acute

suicidal ideation are present. ECT was the first

neuromodulatory therapy, initially described by Cerletti

and Bini (1940), who were in fact investigating safer alter-

native therapies for therapeutic seizures against the most

used strategies at the time (e.g., intramuscular injection of

camphor oil, malaric fever, and so forth). In 1938, these two

psychiatrists successfully treated one psychotic patient with

11 cycles of ECT [10]. This technique, however, would only

become widespread by the end of World War II.

The energy provided by the ECT is approximately 100 J

with a peak pulse in the order of 8 A, which lasts from 0.5 to

2 ms. In fact, the induced seizure—and not the electric

charge itself—is considered responsible for the observed

antidepressant effects [11].

The UK ECT review group [12], in a systematic review

and meta-analysis of different ECT protocols, found that

active ECT was more effective than (a) sham ECT (differ-

ence in Hamilton scores of 9.7; Confidence Interval [CI],

95 % between 5.7 and 13.5), (b) antidepressant drugs

(difference 5.2 points, 95 % CI 1.4–8.9); and that bilateral

ECT was more effective that the unilateral protocol (reduc-

tion of 3.6 points, 95 % CI 2.2–5.2). Currently, ECT is

considered the most effective treatment for the acute depres-

sive episode and is particularly suitable for severely ill

patients with suicidal ideation and/or psychotic depression

[13]. ECT devices, in spite of a vast range of clinical

protocols, use preestablished and independent (within cer-

tain limits) amplitudes of pulse determined by the imped-

ance found in each electrical circuit. Some devices allow the

physician to specify the stimulation parameters (frequency,

width, current, and duration) towards a more individual

approach. Shorter pulse durations appear to be more effec-

tive in inducing seizures, and increases in stimulus duration

may be more effective than increases in frequency. The main

clinical indications for ECT are summarized in Table 14.2.

Nevertheless, ECT has some important limitations. It

requires anesthesia and, therefore, specialized personnel

and adequate medical apparatus for advanced life support.

When considering cognitive effects, although anterograde

amnesia is relatively common and self-limiting, Sackeim

and colleagues [14], in an observational study with 751

patients with MDD who underwent ECT, showed significant

impairment in several neuropsychological tests, with an

emphasis on attention and memory performance worsening.

In terms of safety, some possible adaptations have been

suggested in different studies: right unilateral stimulation

(vs. bilateral), short pulse (vs. sinusoidal), ultrashort pulse,

use of smaller doses, and limiting the total number of

sessions [15–17]. Other frequent ECT collateral effects

include headache and myalgia [18].

Therefore, ECT is a biological alternative in the treatment

of MDD, particularly suitable for the most severe cases [19].

Moreover, difficulties inherent in the application of the tech-

nique (sedation, number of sessions) associated with the side

Table 14.1 Diagnostic criteria for MDD and main clinical symptoms of depressive episode according to DSM-IV [122]

Diagnosis criteria for MDD

A. Presence of two or more Major Depressive Episodes.

B. The Major Depressive Episodes are not better accounted for other psychiatric disorder

C. There has never been a Manic Episode, a Mixed Episode, or a Hypomanic Episode.

Main clinical symptoms of Depressive Episode

Depressed mood most of the day, nearly every day, as indicated by either subjective report (e.g., feels sad or empty) or observation made by others

Markedly diminished interest or pleasure in all, or almost all, activities most of the day

Significant weight loss when not dieting or weight gain

Insomnia or hypersomnia

Psychomotor agitation or retardation

Fatigue or loss of energy

Feelings of worthlessness or excessive or inappropriate guilt

Diminished ability to think or concentrate, or indecisiveness

Recurrent thoughts of death (not just fear of dying), recurrent suicidal ideation without a specific plan, or a suicide attempt or a specific plan for

committing suicide

MDD major depressive disorder
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effects cited previously and the risk of cognitive impairment

in the long-term exposure represent a limitation of the tech-

nique [20], which is intended to be overruled with newer

neuromodulatory therapies.

Repetitive Transcranial Magnetic Stimulation
(rTMS)
Transcranial magnetic stimulation (TMS) was first

introduced as a neurophysiological technique in 1985,

when Anthony Barker and his team developed a compact

machine that allowed noninvasive stimulation of the cere-

bral cortex [21]. TMS is based on the physical property that

an electric current can generate a varying magnetic field

which in turn induces a new electric current over a conduc-

tive material. In humans, the TMS coil is placed over the

scalp above the targeted stimulation area. The resulting

magnetic field is perpendicular to the electric field. In the

case of a circular coil, the magnetic field is stronger near the

outer circumference of the coil and weaker near the center.

The magnetic field can activate neurons at a depth of

20–30 mm over an area of 30 mm long by 20 mm wide

reaching mainly cortical areas.

RTMS for MDD typically involves 10–30 treatment

sessions of 15–45 min. duration, administered once a day,

5 days a week on an outpatient basis. For MDD, the dorso-

lateral prefrontal cortex (DLPFC) is the targeted area; typi-

cal protocols apply either high-frequency, excitatory

stimulation to the left DLPFC or low-frequency, inhibitory

stimulation to the right DLPFC. There are two types of

rTMS of interest in MDD: (1) low-frequency rTMS

(<1 Hz) that is applied over the right DLPFC to induce a

decrease in cortical excitability, and (2) high-frequency

(>5 Hz, typically 10–20 Hz) rTMS that is applied on the

left DLPC to increase cortical excitability. Both approaches

induce neuroplasticity changes in the targeted areas [18]

(Tables 14.3 and 14.4).

The rationale for rTMS in the depression treatment is

based on the hypothesis that the DLPFC is hypoactive in

patients with depression—therefore high-frequency rTMS

on this area could restore its activity to physiological levels.

The use of low-frequency rTMS over the right DLPFC is

based on the prefrontal cortical asymmetry theory that states

that the left DLPFC is relatively hypoactive whereas the

right DLPFC is relatively hyperactive in MDD [22, 23].

Table 14.2 Main clinical indications for ECT

Catatonia or other psychotic symptoms

Severe risk of suicide

History of prior good response to ECT

Need for rapid, definitive treatment response on either medical or psychiatric grounds

Risks of other treatments outweigh the risks of ECT (i.e., comorbid medical conditions make ECT the safest treatment alternative)

History of poor response to multiple antidepressants

Intolerable side effects to all classes of antidepressant medications (e.g., seizures, hyponatremia, severe anxiety)

Patient preference

ECT electroconvulsive therapy

Table 14.3 Summary of rTMS parameters for depression protocols

Parameter Summary

Stimulation site Regarding left vs. right stimulation, the accumulated evidence favors the former as more studies were performed stimulating

the left DLPFC

Frequency of

trains

Most low-frequency protocols use 1 Hz or less; while high-frequency stimulation ranges from 5 to 20 Hz with more recent

studies favoring the 10 Hz-frequency

Intensity of

stimulus

Vary from 80 to 120 % MT; issue of safety needs to be addressed

Frequency of

sessions

Usually delivered daily in weekdays (5 sessions per week) although some studies used different protocols such as three times

a week or two times per day

Duration of

treatment

Vary from 10 to 30 sessions

DLPFC dorsolateral prefrontal cortex, MT motor threshold

Table 14.4 Adverse effects related to rTMS

Adverse effects

Seizure and syncope

Cognitive impairment

Headache

Nausea

Pain

Manic episodes

Motor effects

Sleep/tiredness

rTMS repetitive transcranial magnetic stimulation
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An important phase III study using rTMS for MDD was

performed by O’Reardon et al. [24]. In this trial, 301 patients
with depressive disorder without concurrent antidepressant

therapy were enrolled. RTMS was performed at a 10 Hz

frequency (120 % of the motor evoked potential, MEP),

3,000 pulses per session for 4–6 weeks. Active rTMS was

statistically superior to sham intervention in terms of

improvement in depressive symptoms, which was assessed

through the Hamilton Rating Scale for Depression. Despite

the positive results obtained, there was only a trend for

superior active rTMS efficacy considering the primary out-

come that employed the Montgomery–Åsberg Depression

Rating Scale (MADRS), which resulted in conflicted doubt

regarding rTMS’s efficacy. This issue was finally resolved in
another multicentric randomized controlled trial [25], which

evaluated rTMS effects in 199 depressed patients using a

10 Hz frequency stimulation (120 % MEP), with 3,000

pulses per session for 3–6 weeks. The authors found that

patients who underwent active rTMS stimulation had 4.2

times greater chance of meeting remission rates scores than

patients receiving sham stimulation (95 % confidence inter-

val, 1.32–13.24), with remission rates of 14.1 % and 5.1 %

for active and sham rTMS, respectively. Recent meta-

analyses confirmed the efficacy of two rTMS modalities:

both high-frequency rTMS over the left and low-frequency

rTMS over the right DLPFC are effective for MDD [26, 27].

Long-lasting effects are unclear in medical literature as

follow-up studies are still incipient [28]. Cohen and

colleagues [29] followed 204 patients performing rTMS

every other week. The mean time remission period was of

120 days. Demirtas-Tatlidede et al. [30] followed 16 patients

for 4 years performing rTMS protocols when the patients

relapsed. The mean period free of depressive symptoms

were 5 months. Fitzgerald et al. [31] showed that the time

of relapse was 10 months in a sample of 19 patients, who

also had clinical response for repetitive rTMS protocols. To

some that, O’Reardon and colleagues [32] followed ten

patients for a period varying from 6 months to 6 years,

with weekly or twice a week maintenance of rTMS sessions.

At the end of follow-up, only two patients presented remis-

sion of symptoms with exclusive rTMS maintenance ther-

apy. Further studies are necessary to establish the optimal

rTMS protocols on the maintenance phase of MDD

treatment.

The adverse effects of rTMS procedures are generally

well tolerated. Although discomfort and facial pain are com-

mon symptoms, only a small percentage of patients

discontinued treatment due to these symptoms [33]. Another

concern is the risk of seizures, which is, in fact, very low for

healthy subjects [33]. There are other potential adverse

effects, represented by a more rare incidence, which

includes: syncope due to a vasodepressor related mecha-

nism, headache, and acute psychiatric changes such as

induced mania for bipolar patients (0.84 % mania for active

rTMS vs. 0.73 % for sham rTMS) [34].

Currently, rTMS can be considered an interesting thera-

peutic tool due to its mild side effects and potentially satis-

factory clinical outcomes [28]. However, the relatively high-

cost for rTMS application remains as an important limita-

tion. In a study carried by Simpson and colleagues, the cost-

effectiveness of the technique in question, was analyzed.

They concluded that therapy through rTMS had a satisfac-

tory cost-effectiveness when compared to standard antide-

pressant regimens [35].

In conclusion, rTMS is a safe, well-tolerated strategy,

which has been recently approved in several countries as a

treatment for Major Depressive Disorder. Given the high-

costs, the need of specialized staff for delivering rTMS and

the uncertainty regarding its long-term effects, these current

limitations still reinforce the need for further research.

Transcranial Direct Current Stimulation
The rationale behind the use of tDCS for depression is based

on its properties for increasing (anode) and decreasing (cath-

ode) cortical excitability [36]. Some initial clinical trials

showed significant depression improvement. Fregni et al.

in a sham-controlled, randomized clinical trial, found a

significant decrease in the Hamilton Depression Rating

Scale and Beck Depression Inventory after 5 days of active

stimulation with 1 mA for 20 min once a day [37]. The mean

reduction in the depression scores were between 60 and

70 % for active tDCS group when compared to the baseline

values. Similar results were demonstrated in a posterior

study with antidepressant-free patients [38].

Rigonatti et al. [39] compared the clinical effects of

active prefrontal tDCS vs. a 6-week treatment protocol

with 20 mg/day fluoxetine finding that the effects of both

therapies were similar.

Another study investigated the long-lasting antidepres-

sant effects of tDCS. The authors evaluated a protocol of ten

tDCS sessions with 2 mA [40]. A total of 40 patients with

moderate to severe major depression without current use of

antidepressants were included and randomly assigned to

prefrontal (21 patients), occipital (9 patients), or sham

stimulation (10 patients). Depressive symptoms were

assessed before, immediately after, 15 and 30 days after

stimulation. Only prefrontal tDCS reduced depressive

symptoms significantly—reaching approximately 40 % of

baseline ratings, and these effects were stable 30 days after the

last stimulation session. Loo et al. [41] did not find significant

differences between active tDCS and sham stimulation in a

double-blind randomized study including 40 outpatients with

depression. Treatment was provided for five treatment

sessions, 3 days per week, with anodal stimulation over the

left DLPFC at 1 mA for 20 min. In a more recent trial, this

same group enrolled 64 participants with current depression to
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receive active or sham anodal tDCS to the left prefrontal

cortex (2 mA, 15 sessions over 3 weeks), followed by a

3-week open-label active treatment phase. There was a sig-

nificant improvement in mood after active compared to sham

treatment (p < 0.05).

Ferrucci and colleagues [42] used tDCS in patients with

severe depression applying 2 mA per day, twice a day for

five consecutive days demonstrating an improvement that

reached near 20 % on diminishing depressive symptoms.

Brunoni et al., in a study with 31 patients, found that the

same protocol was effective in patients with bipolar depres-

sion [43], with a mean reduction of 18 % in clinical

symptoms. Another recent open study [44], demonstrated

the efficacy of the same protocol in a group of 23 patients

with refractory depression reducing symptoms in 25 %.

Finally, Martin et al. [45] performed tDCS sessions consec-

utively for 20 days, with 2 mA for 20 min, in 11 patients with

depression. In this open study, which placed the cathode on

the right deltoid muscle, the reduction of symptoms was

around 44 %.

Recently, a systematic review and meta-analysis [46]

reviewed the efficacy of tDCS for MDD treatment, showing

that active vs. sham tDCS is an effective treatment for MDD.

However, there is still a need for further studies investigated

tDCS efficacy in depression, as there was significant

between-study heterogeneity in the reviewed trials.

Deep Brain Stimulation (DBS)
DBS consists on the implantation of an electrode in subcor-

tical areas, with further application of an electrical current of

130–180 Hz. This preferred region is the subgenual cingu-

late area, since this area is hyperactive in depression, with

partial normalization of its activity after antidepressant treat-

ment [47]. The literature concerning DBS for depression is

scarce, since there are few studies on the matter. One recent

open label trial enrolled 17 patients with severe depression

who were followed for 2 years, with significant improve-

ment of mood symptoms [48]. Another study [49] enrolled

six patients with treatment resistant depressive disorder to

receive DBS. The authors found a sustained remission of

depression among four out of six patients and hypothesized

by neuroimaging assessment that disrupting focal activity in

limbic-cortical circuits may be a key target of novel

neuromodulation approaches.

Further follow-up data was obtained from an extended

cohort of 20 patients with treatment resistant depression who

underwent DBS for 3–6 years (mean 3.5 years) showing an

average response rate of 64.3 % and an average remission

rate of 42.9 % in depressive symptoms. Patients showed

considerable improvement in social functioning and in the

degree of involvement in work-related activity [50].

Cranial Nerve Stimulation
Vagus nerve stimulation (VNS) procedure stands for the

disposal of a bipolar electrode around vagus nerve and

further dissemination of low frequency electric pulse from

the nerve towards central nervous system. The stimulation

can be performed in several ways as with surgical implanta-

tion of electrodes around vagus nerve or transcutaneously.

Electric stimulation of the nerve provides direct modulatory

effect in subcortical sites. The specific network activated

during the procedure varies according to certain parameters,

suggesting that with more extensive knowledge, one could

“direct” the VNS signal within groups of patients or even

individually.

Recently, Mohr et al. found, in review of four clinical

trials (n ¼ 355) using VNS for resistant depression, a

steadily increasing improvement of depressive symptoms

after 6–12 months, which sustained up to 2 years follow-

up. Bajbouj and colleagues [51], in an open label study

analyzed 74 patients diagnosed with treatment-resistant

depression, showing clinical response and benign adverse

effects over a 2-year follow-up.

Safety-wise, Gerson et al. [52] described a case in which

VNS treatment in a patient with epilepsy and unipolar

depression was associated with the rapid development of

manic symptoms. Another study described, in a sample of

nine patients, transitional changes of time perception with

vagus nerve stimulation (VNS), which was considered a

minor, but relevant collateral effect [53]. When analyzing

the cardiovascular risk, the same research group pointed

VNS as a safe therapeutic strategy for treating depressive

disorder [54]. Further collateral effects presented in litera-

ture include cough and vocal disturbances.

Another site of stimulation is the trigeminal nerve (TNS),

which is performed in a 120 Hz frequency with pulse wave

duration of 250 μs and cycle of 30 s. Electric stimuli deter-

mine an asymmetrical biphasic pulse wave adjustable from

0 to 100 mA. The trigeminal nerve conveys information to

important structures in the brain including the nucleus

solitarius, the locus coeruleus, the vagus nerve and the

cerebral cortex. It also specifically sends signals to the ante-

rior cingulate cortex, which is involved in mood, attention

and decision-making. Shraeder et al. treated five patients

(60 % female; man age: 49.6 years) with treatment-resistant

depression who received TNS for 8 weeks. The authors

verified depressive-symptoms remission rates up to 70 %

among patients in a 2-month follow-up [55].
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Bipolar Disorder

Bipolar disorder (BD) is a recurrent, chronic and severe

disease. It causes significant impact in the quality of life

and also considerable distress in the relatives of the patients

and in the society in general. The prevalence of the BD in the

USA varies around 0.4–3.7 %. The functional incapacity of

the disease is comparable to most of chronic diseases such as

cardiac conditions, since its comorbid both physical and

psychiatric are due to low adherence in the prescribed

treatment.

Pharmacotherapy

The treatment of bipolar disorder is divided in the acute and

maintenance phases. In the acute phase the objective is to

treat manic/depression symptoms whereas the maintenance

phase aims to decrease relapse with concomitant improve-

ment of general psychological functions. Mainstream treat-

ment is based on the use of mood stabilizers and

antipsychotic agents [56]. These pharmacological groups

have been clinically used as the first-line treatment for bipo-

lar depression, largely because longer-term preventative

therapies with these agents are useful. Depressive episodes

that do not respond to lithium, divalproate, or another mood

stabilizer, or episodes that “breakthrough” despite preven-

tive treatment, often warrant treatment with further

strategies such as antidepressant agents and ECT. Clinical

trials suggest that lithium is superior to placebo in treating

bipolar depression, but the efficacy of lithium in comparison

to antidepressants remains uncertain [57–60].

Electroconvulsive Therapy

Different clinical trials have reported the efficacy of ECT in

bipolar depression. Response rates are quite variable among

studies with a general tendency of satisfactory clinical out-

come. The possibility of shifting from depression to hypo-

mania or mania in patients treated with ECT appears

equivalent to that associated with conventional antidepres-

sant treatment [61]. For the manic episode, ECT is an adju-

vant treatment in manic/mixed acute states. It can also be

used in treatment-resistant patients.

Repetitive Transcranial Magnetic Stimulation
(rTMS)

The physiological rationale concerning the use of rTMS for

treating BD is the same as for MDD: high-frequency stimu-

lation on the left DLPFC and/or low-frequency stimulation

on the right DLFPC. Dolberg et al. [62] randomized 20

patients to receive either active or sham rTMS, finding

superiority for active rTMS [62]. Nahas and colleagues, in

a study with similar design, did not demonstrate efficacy of

the technique in 23 patients with BD [63]. Tamas and

colleagues conducted a study with five patients diagnosed

with bipolar depression in current use of mood stabilizers.

Positive clinical outcomes were observed after 6 weeks of

follow-up [64]. A recent open-label study with 11 subjects

focused on treatment-resistant bipolar depression. The

authors showed improvement in depressive symptoms with

low frequency rTMS over the right DLPFC [65]

(Table 14.5).

A few studies also investigated rTMS for the treatment of

manic episodes. An initial study with 18 patients in mania

demonstrated the clinical efficacy of high-frequency rTMS

in improving manic symptoms [66]. Other two open-label

studies showed significant improvement in manic symptoms

[67] and/or mixed episodes [68] in BP patients. Both studies

applied rTMS in the right DLPFC. In addition, a sham-

controlled study also found significant improvement in

manic symptoms also using high-frequency rTMS in the

right DLPFC [69]. Another study used rTMS for over

2 weeks, finding improvement of manic symptoms [67].

Table 14.5 Summary of rTMS studies with bipolar depression

Study Sample

Age

(years)

Stimulation

site

Stimulation

frequency Design

MEP

(%) Control

Use of

medication

Tamas 2007 [64] 4 44.5 Right

DLPFC

1 Double blind,

randomized

95 1 Sham, 3 active Yes

Dell’Osso 2009

[65]

11 54.4 Right

DLPFC

1 Open label 110 110 Yes

Nahas 2003 [63] 23 43 Left DLPFC 5 Blind, randomized 110 No Yes

Huang 2008

[123]

46 44 Left DLPFC 5 Open label 100 No Yes

Dolberg 2002

[62]

20 54 – – Double blind,

randomized

– 10 Sham, 10

active

–

DLPFC dorsolateral prefrontal cortex, MEP motor evoked potential
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Transcranial Direct Current Stimulation

Currently, there are no trials that investigated tDCS as a

treatment for the manic episode. For the depressive episode,

Brunoni et al. [43] used anodal tDCS over the left DLPFC in

31 patients (14 with BD, 17 with MDD). Depressive

symptoms in both study groups improved immediately

after the fifth session. The beneficial effect persisted after 1

week and 1 month [43].

Schizophrenia

Schizophrenia is a common psychiatric disorder with an

overall prevalence of 1–1.5 % and a chronic course through

life. The disease onset is in early adulthood although pre-

clinical symptoms might be present in childhood and ado-

lescence [70, 71]. Its symptoms can be grouped into three

relatively distinct phenomenological presentations: (a) posi-

tive symptoms, (b) impairment or “negative” symptoms, and

(c) cognitive dysfunction. Positive symptoms are

characterized by hallucinations and delusions; negative

symptoms by impairments in sociability, expression of

affect and motivation; and cognitive dysfunction by deficits

in executive functioning (attention and/or memory) [72, 73].

Diagnostic criteria according to the DSM-IV are based on

the presence of at least two of five symptoms (hallucinations,

delirium, disorganized speech, disorganized or catatonic

behavior and negative symptoms) (Table 14.6) [74]. Tradi-

tionally, positive symptoms occur within the first 10–15

years of the disease, while negative and cognitive symptoms

exhibit a more chronic, persistent, and sometimes progres-

sive presentation [75].

Patients with schizophrenia have, in general, low-

functionality in performing daily life activities, lower quality

of life and greater incidence of comorbidities such as depres-

sive symptoms, substance related disorders, suicidal behav-

ior, and cardiovascular risk [76, 77].

Pharmacological Treatment for Schizophrenia

Approximately 25 % of patients with schizophrenia do not

respond to conventional drug treatment [78]. Several

antipsychotics among “typical” (first generation, developed

between 1950 and 1970) and “atypical” (second generation,

developed since the 1990s) are available for the pharmaco-

logical treatment of schizophrenia. However, recent clinical

studies using some of these drugs have failed to show effi-

cacy of any particular medication. The CATIE study (Clini-

cal Antipsychotic Trials of Intervention Effectiveness),

sponsored by the National Institute of Mental Health

(NIMH) recruited almost 1,500 patients with schizophrenia

to receive olanzapine, quetiapine, risperidone, or

ziprasidone in a double blind, randomized study. The

authors observed high rates of dropouts (74 %), similar

effectiveness among different drugs and relevant collateral

effects such as metabolic and extrapyramidal symptoms

[79]. Another study (the Cost Utility of the Latest Antipsy-

chotic Drugs in Schizophrenia Study [CUtLASS]), spon-

sored by the National Health System (NHS), randomized

227 people with schizophrenia to receive either first or

second generation antipsychotics, which found no

differences in quality of life, symptom improvement, or

financial costs in 1 year of follow-up [80].

One antipsychotic drug, however, needs to be analyzed

separately: clozapine, which is two times more effective

than other antipsychotics, according to a meta-analysis

[81]. Clozapine also seems to be one of the few, if not the

only, antipsychotic that may show some improvement over

negative symptoms [82]. Although effective, clozapine use

is limited by potentially severe collateral effects such as

neutropenia and agranulocytosis. This requires constant

monitoring for leukopenia for patients on clozapine [83].

Other side effects include sedation, drowsiness; drooling

and weight gain [84]. Nonetheless, approximately 40 % of

refractory patients do not respond adequately to clozapine—

a condition known as super-refractory [82].

Table 14.6 Diagnosis criteria for schizophrenia based on DSM-IV [122]

A. Characteristic Symptoms: delusions, hallucinations, disorganized Speech, grossly disorganized or catatonic behavior, negative symptoms of

time during a 1-month period

B. Social/Occupational dysfunction

C. Duration: Continuous signs of the disturbance persist for at least 6 months

D. Schizoaffective and Mood Disorder exclusion

E. Substance/General Medical Condition exclusion

F. Relationship to a Pervasive Developmental Disorder exclusion
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The treatment of schizophrenia usually starts with either a

typical or atypical antipsychotic with expected clinical

response within 4–6 weeks. Further adjustments may be

required and whether symptoms persist, a second antipsy-

chotic is associated. For these cases, lack of clinical response

will characterize refractoriness and clozapine should be,

therefore, recommended over the following 6 months. If

still no response is observed, there are several strategies

available, however, with discrete level of evidence such as

ECT, rTMS, and tDCS.

Electroconvulsive Therapy

Electroconvulsive therapy alone is less effective than

antipsychotics according to trials comparing directly these

two therapeutic modalities [85]. It also has better clinical

response for patients with positive symptoms or catatonic

presentation [11, 86]. In a systematic review performed by

Chanpattana et al. [87], the authors suggested that ECT

might be effective in acute episodes of certain types of

schizophrenia and for the reduction in relapse occurrence.

Repetitive Transcranial Magnetic Stimulation

Several trials evaluated the efficacy of rTMS for auditory

hallucinations (AH) and negative symptoms in schizophre-

nia. For AH, low-frequency rTMS is applied on the left

temporoparietal site. Studies addressing the use of rTMS

for AH mostly target the temporoparietal cortex region

[88], since this area is related to primary auditory

processing. Hoffman et al. [89] conducted a double blind,

cross-over trial with three schizophrenic patients with per-

sistent AH. They used low frequency rTMS (1 Hz) on the

left temporoparietal area (80 % of motor threshold, total of

2,880 pulses). All three patients showed improvement in the

intensity of hallucinations, and two had nearly complete

remission of hallucinations for 2 weeks. Similar results

were found by d’Alfonso et al. [90]. Recently, Hoffman

et al. [91] randomized 20 patients with schizophrenia or

schizoaffective disorder who had refractory AH to receive

either rTMS or sham intervention. The stimulation was

performed at 1 Hz for 9 days with 90 % motor threshold.

These authors found a response (reduction of at least 50 % in

symptoms) in 9 of 12 patients treated with rTMS.

It seems that negative symptoms are related to decreased

activity of the left prefrontal lobe. Cohen et al. [92]

performed the first study showing improvement of negative

symptoms with rTMS. The authors studied six patients with

chronic schizophrenia on standard antipsychotic regimen.

They received high-frequency rTMS for 2 weeks at 80 %

of motor threshold. There was a statistically significant

decline in negative symptoms of Positive and Negative

Syndrome Scale (PANSS) [92]. Nahas et al. [63] conducted

a crossover double-blind study with seven patients with

schizophrenia with predominantly negative symptoms.

Patients were randomized to receive either active vs. sham

rTMS (20 Hz, 100 % motor threshold, 40 pulses at two

second intervals over 20 min, total stimuli: 1,600) over the

left DLPFC. Results showed that active rTMS improved

negative symptoms. A recent meta-analysis was conducted

to assess the efficacy of prefrontal rTMS for treating nega-

tive symptoms of schizophrenia. The authors evaluated nine

trials (n ¼ 213) and found that overall mean weighted effect

size for rTMS vs. sham was statistically significant

(d ¼ 0.43; 95 % CI, 0.05–0.80). Studies with a longer dura-

tion of treatment (>3 weeks) had a larger mean effect size

when compared to studies with shorter treatment duration

[93].

Transcranial Direct Current Stimulation

Hitherto, only one trial investigated tDCS for the treatment

of AH in schizophrenia. Thirty patients with persistent AH

were randomized to receive either active or sham tDCS. The

cathode was placed on the left temporoparietal region and

the anode on the left DLPFC. The rationale was to simulta-

neously perform an inhibitory stimulation over the area

related to positive symptoms (AH) and an excitatory stimu-

lation over the area correlated with negative symptoms.

TDCS was applied twice daily for 5 days. The authors

showed an improvement of AH (primary endpoint) after

the end of stimulation, with sustained clinical response

after 1 and 3 months of treatment [94].

Eating Disorders

Eating disorders present two main diagnostic categories:

anorexia nervosa (AN) and bulimia nervosa (BN). There

are other categories of Eating Disorders (ED) that are not

diagnosis “per se,” but rather include partial characteristics

of AN and BN, referred as Eating Disorders Not Otherwise

Specified.

The DSM-IV criteria for anorexia nervosa consist of

intense fear for gaining weight or becoming fat, distortion

of one’s body shape, intense food restriction, and amenor-

rhea. Bulimia nervosa is characterized by periods of binge

eating when large amounts of food are consumed and a sense

of control is absent. Both can be indulged with different

types of purging behavior to prevent weight gain.

The physical complications of a long-term eating disorder

are important issues, and because of that, anorexia nervosa

and bulimia nervosa are illnesses that should involve a more
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careful approach when considering the course of therapy

applied. With limited resources endorsed by the medical

community in terms of efficient treatment for eating

disorders, neuromodulation techniques may play a role in

unveiling the mechanisms behind cerebral functions and as a

possible strategic therapeutic treatment tool. In this context,

non-pharmacological brain stimulation might aid to over-

come current challenges in treating eating disorders. The

techniques further discussed aim to increase response and

remission rates and also to decrease adverse effects, thereby

increasing treatment adherence.

Pharmacotherapy

When analyzing separately the pharmacotherapy used for

each type of eating disorder, the literature on medications is

sparse and inconclusive [95]. For AN, few trials found

positive results in weight outcome and relapse events, even

though diverse classes of medications were evaluated. AN

might be associated with serotonin dysregulation and often

presents comorbid anxiety, depression, and obsessive-

compulsive disorders. Thus, several studies have examined

the efficacy of SSRIs. It should be noted that SSRIs are

preferable over tricyclics given the more common adverse

effects of the latter [96–98]. Further, there is limited evi-

dence as to whether antidepressants improve the comorbid

disorders as a secondary outcome or if they primarily induce

to weight gain and improvement of dysfunctional cognition

related to eating [99]. In fact, psychotherapy is the main-

stream treatment for AN. Cognitive behavioral therapy

(CBT) is the form of psychotherapy best supported by the

available evidence [100]. There are limitations when consid-

ering psychotherapy, given the cognitive rigidity of patients

with AN, this might reflect its limited progress with the

cognitive component of treatment [101].

In BN, antidepressants show more positive results than

AN [102]. Early studies have analyzed the use of tricyclic

medication, which shows efficacy in decreasing binge

episodes compared to placebo. However, currently the

psychopharmacological research focuses on the SSRIs,

since tricyclic have considerable side effects [103–105].

There are several studies showing that the use of fluoxetine

at 60 mg/day is also successful in reducing binge/purge

frequency as well as concerns with food, drive for thinness

and it has been well tolerated by the patients. CBT is also

used in BN. Currently, fluoxetine and CBT combined are

considered the optimal treatment for BN, although the

remission rates are still below the expected, which maintains

the need for continued new approaches.

Neuromodulation Strategies

In order to summarize the current neuromodulation

techniques, a systematic review of all available studies was

carried through (Table 14.7).

In the reviewed studies, only 6.7 % of patients were

males. Comorbidity with depression occurred in all studies,

except for one, in which no scale was used for assessment.

Anxiety was observed in one study concomitantly with

depression. These data reinforce the general concept that

eating disorders have a significant relationship with mood

disorders.

Craving and purging were the primary outcomes assessed

in studies with BN, and decrease in symptoms was observed

for both. AN was contemplated only in case reports/pilot

studies and outcome assessment varied considerably, but all

articles observed improvement either in one of the criteria:

“feeling full,” concern with shape/body, increase of body

mass index (BMI). Urge to restrict or urge to exercise was

less clear.

The techniques applied appear to be safe and with mini-

mal side effects. Brain modulation might possibly have an

effect in the core symptoms of eating disorders. In the

majority of the studies, samples were small and larger stud-

ies are needed to validate these techniques as adjuvant ther-

apeutic tools. From these preliminary results, it can be

speculated that neuromodulation techniques shed a

promising filed of treatment in a psychiatric disorders that

lacks still nowadays a current effective pharmacological

treatment.

Obsessive Compulsive Disorder (OCD)

Obsessive-compulsive disorder (OCD) has a prevalence of

approximately 2–3 % in the general population [106, 107].

This makes OCD the fourth most prevalent psychiatric dis-

order. Among adults the prevalence is equivalent in men and

women, differing only in adolescents and children with

higher rates for men. The mean age is 20 years. This syn-

drome is characterized by the presence of obsessions and

compulsions sufficiently severe to cause disruption in the

patient’s life, resulting in considerable suffering. Symptoms

are perceived by the patient as intrusive and often cause

significant distress [108] Obsessions are described as

thoughts, images and impulses undesired and repetitive.

Compulsions are behaviors or mental attitudes that the

patient feel compelled to execute. This pattern has the objec-

tive of reducing the anxiety caused by the obsessions

(Table 14.8).
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Pharmacotherapy

Common treatments include the antidepressant clomipra-

mine, followed by the selective serotonin reuptake inhibitors

(SSRIs) such as paroxetine, sertraline, fluoxetine,

citalopram, and fluvoxamine. The protocol used for medical

intervention consists of starting with SSRIs, followed by the

use of three different SSRIs and, after that, by a trial with

clomipramine. The addition of an atypical antipsychotic

such as risperidone can be used [109].

Cognitive-Behavioral Therapy

It is generally agreed that cognitive-behavioral therapy

(CBT) such as exposure and response prevention, should

be the first approach to treatment, along with family

counseling for children and adolescents [110, 111]. For

adults, CBT can be initially combined in association with

pharmacotherapy [111].

Transcranial Magnetic Stimulation

Recent studies have reported mixed findings regarding the

efficacy of rTMS for OCD treatment. For instance, Sachdev

et al. [112] found negative results using high-frequency rTMS

over the DLPFC. Conversely, Nauczyciel et al. [113] found

positive findings when stimulating the orbitofrontal cortex, in

a sham-controlled study. Recently, Volpato et al. [114]

investigated the effects of rTMS and tDCS in a case report.

They suggested tDCS to be more effective than rTMS in

reducing depression and anxiety, although both therapies

had no effect on obsessive-compulsive symptoms.

To conclude, given the heterogeneity of the protocols

used, it is difficult to directly compare the results. This

could indicate that disparate protocols lead to different

outcomes (given that the higher frequency used could

increase the potential of excitability) and, therefore, more

rTMS studies to address the efficacy of the technique are

necessary.

Attention Deficit Hyperactivity Disorder
(ADHD)

ADHD is a syndrome defined by a persistent pattern of lack

of attention and/or hyperactive behavior and impulsiveness,

which tends to be more severe than what should be expected

in children of the same age and in the same level of cognitive

development [115]. Attention Deficit Hyperactivity Disor-

der (ADHD) is one of the most frequently diagnosis made in

neuropsychiatric childhood disorders. A core symptom is a

motor hyperactivity. It accounts for approximately 3–8 % of

the diagnosis made in childhood. Over the past decade the

use of medication for treating ADHD increased

considerably.

Pharmacotherapy

The treatment of ADHD involves a multidimensional

approach combining psychosocial and psychopharma-

cological interventions. When considering the psychosocial

treatment, efforts should be directed towards information

regarding the clinical aspects of the disorder to family

members. A special training program for parents in order

to learn how to manage their children’s symptoms can be

endorsed. The school environment also has to be specialized

for these children, and teachers should have a special train-

ing so that external stimuli can be minimal. Physical

activities are an important therapeutic tool in terms of

enhancing concentration in other school activities. Also, it

can be necessary in some cases psychomotor reeducation for

motor control. In terms of psychosocial interventions, clini-

cal psychotherapy can be introduced to cope with

comorbidities such as depressive and anxiety symptoms,

self-esteem issues, lack of control of hyperactivity, and

impulse symptoms [116].

The psychostimulants are the first line of pharmacologi-

cal treatment for ADHD. Effectiveness is similar for

adolescents and children. Methylphenidate is used between

20 and 60 mg/day (0.3 to 1 mg/kg/day); it acts through

increasing dopaminergic and noradrenergic synaptic efflux

throughout the brain and presents a rapid onset of action

[117].

Neuromodulation Strategies

In a preliminary study, 13 adults, who had ADHD diagnosed

on DSM IV criteria, participated in a double blind

randomized crossover study that compared sham and active

rTMS [118]. There was a specific beneficial effect on atten-

tion 10 min after a real rTMS course with no effect evident in

Table 14.8 Diagnosis criteria for OCD [122]

Either obsessions or compulsions.

At some point during the course of the disorder, the person has

recognized that the obsessions or compulsions are excessive

unreasonable.

The obsessions or compulsions cause marked distress, are time-

consuming.

If another Axis I disorder is present, the content of the obsessions or

compulsions is not restricted to it.

The disturbance is not due to the direct physiological effects of a

substance.

14 Clinical Applications of Neuromodulation in Psychiatry 181



the sham rTMS. Another study applied rTMS over the right

DLPFC at 10 Hz, with 100 % of the observed motor thresh-

old, for 2,000 pulses per session, in a 10-session course over

2 weeks in a sham-controlled crossover design. The patients

showed no significant difference in symptoms comparing

sham and active stimulation [119]. Niederhofer et al. [120]

applied low frequency at 1 Hz, 1,200 pulses per session for 5

days of rTMS and it was observed improvement in attention

and hyperactivity symptoms that lasted for 4 weeks. Finally,

Bloch et al. [121] found substantial improvement on atten-

tion 10 min after active rTMS. This study applied a single

session of high-frequency of rTMS in the right DLPFC in a

double-blind randomized, sham controlled design. The sham

stimulation had no effect in the analyzed patients [121].

Conclusion

Mental disorders are estimated to be the leading cause of

disability worldwide. Presently there are still important

challenges to optimize psychiatric treatment, which faces

high refractoriness and recurrence rates with well-known

burden for patients, their families, and society.

Neuromodulation strategies have been systematically

addressed as valuable tolls to face these challenges as

shown by clinical and basic scientific investigations. The

development of research in neuromodulation techniques

can impact outcome of different neuropsychiatric

disorders as major depression. Lower costs, a decreased

rate of adverse effects and satisfactory clinical outcomes

have been reassuring tDCS as a relevant issue in current

neuroscience. Further translational research is also crucial

to guide a more practical use of neuromodulation research

findings in clinical psychiatric with a broad understanding

of advantages and limitations inherent to each treatment

strategy. Further research in neuromodulation is a current

challenge in psychiatric scenario.
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Applications of Neuromodulation
in Pain Management 15
Helena Knotkova, Aaron Greenberg, Eliezer Soto, and Ricardo A. Cruciani

Complex Regional Pain Syndrome (CRPS)

Complex regional pain syndrome (CRPS) is a debilitating

pain syndrome that includes CRPS I (formerly known

as Reflex Sympathetic Dystrophy), that typically follows

trauma without a known nerve-lesion, and CRPS II (formerly

called Causalgia), in which the same signs and symptoms are

observed together with an identifiable major nerve lesion.

The diagnostic criteria for CRPS were developed by the

International Association for the Study of Pain in 1994 [1],

and clinical signs of CRPS include pain, allodynia, edema,

abnormal regulation of blood flow of the affected area,

movement disorders, and changes in the skin trophism, typi-

cally affecting a part of a limb. It is estimated that CRPS is

twice as common in the upper limb as in the lower limb, and

occurs more frequently in adult females [2, 3]. There are

approximately 17,000 new cases reported each year, which

may actually represent only a fraction of total cases [4, 5].

Numerous trigger mechanisms for CRPS have been

identified, including trauma [6, 7], limb immobilization [8,

9], ischemia/reperfusion [10, 11] and genetic factors

[12, 13]. The neurophysiological mechanisms underlying

CRPS symptoms, including CRPS-related pain, are not

well understood but are thought to be multifactorial and

may or may not include involvement of the sympathetic

symptom. There is evidence indicating that functional and

structural properties of pain-processing neurons and neuro-

nal networks undergo pathological changes at peripheral,

spinal, and cortical levels [14–23], that may contribute to

the development and maintenance of CRPS-related pain. For

a comprehensive review see Pappagallo et al. [24].

Recent findings suggest that CRPS patients present with

cortical reorganization involving pathological changes of

somatotopic maps within the somatosensory and motor

cortices. It has been shown that there is a close relationship

between the degree of cortical reorganization and the

magnitude of pain [14, 25–28], and normalization (or a

trend toward normalization) was paralleled by pain relief

[14, 16, 27, 29]. This evidence facilitated exploration of

neuromodulatory treatments to relieve CRPS-related pain.

Treatment Strategies in CRPS

The usual treatment of CRPS often relies on a multimodality

approach, which includes a combination of pharmacologi-

cal, interventional, and physiotherapeutic strategies, and in

selected cases also psychological interventions.

There is no FDA-approved medication specifically for

CRPS, and pharmacological pain management in CRPS

therefore relies at large on the use of conventional agents

for neuropathic and inflammatory pain, such as the

gabapentinoid anticonvulsants (gabapentin, pregabalin)

[30–32], non-gabapentinoid anticonvulsants such as carba-

mazepine, lamotrigine [33], topiramate [34], levetiracetam,

zonisamide, oxcarbazepine, and tiagabine [35], tricyclic

antidepressants (amitriptyline, nortriptyline, and desipra-

mine) [36], α2-adrenergic agonists (e.g., clonidine,

tizanidine) [37–40], γ-aminobutyric acid (GABA) agonists

(e.g. intrathecal baclofen) [13], local anesthetics (transder-

mal lidocaine) [41], or opioids (methadone, morphine,

fentanyl, and oxycodone) [42–47].
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Other medications for CRPS-related pain include nonste-

roidal anti-inflammatory drugs (NSAIDs), steroids (methyl-

prednisolone) [48, 49], bisphosphonates [50–55], bone

metabolism modulators (calcitonin) [56, 57], neuro-

immunomodulatory and anticytokine therapies (thalido-

mide) [58, 59], N-Methyl-D-Aspartate (NMDA) receptor

antagonists (dextromethorphan, memantine, ketamine)

[60–62], antioxidants (dimethylsulfoxide; N-acetylcysteine)

[63, 64], or topical capsaicin. Further, selected interven-

tional strategies, such as sympatholytic procedures [65]

and nonpharmacological treatments, such as rehabilitation

and physiotherapy, have been used in CRPS [66].

Neuromodulation

Repetitive Transcranial Magnetic Stimulation
(rTMS)
Up to date, only few studies explored the use of rTMS to

relieve CRPS-related pain. Pleger and colleagues [29]

applied a high-frequency (10 Hz) rTMS in ten right-handed

patients with CRPS in one upper limb (Fig. 15.1). The

subjects received one session of real rTMS and one session

of sham in the cross-over design on 2 consecutive days. The

visual analog scale (VAS) was used for the patients’ self-
reports of pain intensity. Out of the ten patients, seven

responded to verum rTMS and showed significant decreased

in pain level starting 30 s after stimulation and reaching

maximum analgesic effect 15 min later, but it re-intensified

45 min later. Sham rTMS caused no changes in individual

pain intensity.

In the study by Picarelli and colleagues [67], 23 patients

with CRPS I-related unilateral pain in upper limb ten

sessions or either real rTMS or sham rTMS over the motor

cortex were added to the medical treatment regimen

consisting of analgesics, adjuvant medications, and physical

therapy. Pain intensity was assessed daily during the round

of the 10-session rTMS, and 1 week and 3 months after the

last rTMS session. The mean reduction of pain during the

real rTMS treatment was 50.9 % as compared to 24.7 % in

the sham group. The pain relief was most prominent at the

last treatment session and correlated with the improvement

of the affective and emotional scores measured with the

McGill Pain Questionnaire and the Health Survey-36. The

findings from the rTMS studies justify further research and

explorations of the clinical potential of this neuromodulatory

technique in the treatment of CRPS-related pain.

Transcranial Direct Current Stimulation (tDCS)
There is some empirical evidence indicating that tDCS can

relieve CRPS-related pain that does not respond to conven-

tional pharmacological treatment [68]. For example, there is

a case report [69] of CRPS patient with intractable CRPS-

related pain in lower limb who received a total of five blocks

of anodal tDCS (2 mA for 20 min, saline-soaked sponge

electrodes 25 cm2) applied over the primary motor cortex

over the course of 42 weeks in “as needed” regime. Each

block of tDCS resulted in pain relief, which substantially

over-lasted the stimulation, by up to 11 weeks. The patient

also gained secondary benefits from tDCS (for example

improvement in sleep, mood, and activity) that over-lasted

the stimulation by weeks. The repeated stimulation (five

blocks, each block consisting of tDCS session on 5 consecu-

tive days) did not cause any serious adverse effects, and

did not show the effect of “desensitization” to the tDCS

treatment.

Further, there is a case report [70] suggesting that not

only anodal tDCS over the motor cortex, but also cathodal

tDCS over the somatosensory cortex may alleviate CRPS-

related chronic pain (Fig. 15.2).

Motor Imagery
Findings on the use of motor imagery for the treatment of

CRPS-related pain are mixed. For example, Lagueux and

colleagues [71] noted pain relief after the graded motor

imagery in series of seven patients with CRPS of upper

limb, as did Walz and colleagues [72] in a patient with

unilateral CRPS. On contrary, findings by Johnson and

colleagues [73] from a prospective evaluation of 32 CRPS

patients who received the graded motor imagery treatment at

two UK medical centers, reported failure of the motor imag-

ery treatment to improve CRPS-related pain in clinical

settings. The failure of the real-world implementation of

graded motor imagery suggests that better understanding of

both the graded motor imagery methodology and its interac-

tion with other treatment methods is needed in order to
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Fig. 15.1 The box-whisker-plot shows the benefit of verum rTMS

when compared to sham rTMS. Pain levels (VAS) differences between

pre-rTMS and the four successive evaluations over 90 min post-rTMS

(the black point within the box gives the median of data. The top and

bottom of the box gives the 25 and 75 percentiles, respectively. The top

and bottom of the whisker gives the maximum and the minimum,

respectively). To elucidate the difference between the two conditions

a Student’s paired t-test was utilized (p < 0.005). (From Pleger et al.,

2004, with permission [66])
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translate the research results of motor imagery into clinical

practice.

Motor Cortex Stimulation (MCS)
Fonoff and colleague [74] report on two patients with pain

related to CRPS and severe functional deficits treated with

motor cortex stimulation (MCS) who not only had signifi-

cant analgesic effects, but also improvements in sensory and

motor symptoms. In the long term (27 and 36 months after

surgery), visual analog scale pain scores were improved

by 60–70 % as compared to baseline. There was also a

significant increase in the range of motion in the joints

of the affected limbs and an improvement in allodynia,

hyperpathia, and hypoesthesia. Positron emission tomogra-

phy scan in both subjects revealed that MCS influenced

regions involved in the circuitry of pain. Study by Velasco

and colleagues [75] analyzed the MCS efficacy in patients

with CRPS. Five patients with CRPS of different etiologies

underwent a small craniotomy for unilateral 20-grid-contact

implantation on MC, guided by craniometric landmarks.

Preoperative and postoperative monthly evaluations were

performed during 1 year. A double-blind maneuver was

introduced assigning two groups. One had stimulators turned

OFF from day 30 to 60 and the other from day 60 to 90. Four

patients showed important decrease in pain, sensory and

sympathetic changes during the therapeutic trial, while one

patient did not have any improvement and was rejected

for implantation. VAS and McGill pain scales diminished

significantly (p < 0.01) throughout the follow-up,

accompanied by disappearance of the sensory (allodynea

and hyperalgesia) and sympathetic signs. MCS is effective

not only to treat pain, but also improve the sympathetic

changes in CPRS. Son and colleagues [76] report the effi-

cacy of motor cortex stimulation (MCS) in a patient with

complex regional pain syndrome (CRPS) Type II, formerly

known as causalgia, with hemibody allodynia. Pain and

allodynia in the areas associated with this sensation were

alleviated significantly. The analgesic effect of stimulation

proved to be long lasting and was still present at the

12-month follow-up.

Spinal Cord Stimulation (SCS)
Implantable devices, such as spinal cord stimulators (SCS),

have been used successfully to produce symptomatic relief

[77]. Systematic review of the literature and meta-analysis

support the usefulness of SCS in the management of CRPS

[78]. Although spinal cord stimulation can produce inhibi-

tion of sympathetic outflow, its mechanism is likely related

to neurochemical changes at both spinal and supraspinal

targets, and not to sympatholysis [79]. Indeed, it was

shown that spinal cord stimulation produced sufficient anal-

gesia even in patients who had undergone previous sympa-

thectomy, suggesting that spinal-cord-stimulation related

analgesia might not be mediated by inhibition of the sympa-

thetic function. Spinal cord stimulation may cause inhibition

of the A-beta fiber-mediated dorsal horn neuron excitability

through a GABA mechanism.

For example, Pahapill and Zhang [80] have shown a

reversal of cortical reorganization in CRPS after SCS. Two

patients treated with either thoracic or cervical SCS with leg

or arm CRPS were studied with MEG. Baseline and tactile-

evoked responses were recorded with and without effective
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Fig. 15.2 Pain relief was induced by a block (five tDCS sessions on 5

consecutive days) of either cathodal tDCS over the somatosensory

cortex (a), or anodal tDCS over the motor cortex (b) at intensity of

2 mA for 20 min, using saline-soaked sponge electrodes, size 25 cm2.

The interval between the two blocks of stimulation was 6 weeks. Both

modalities cathodal tDCS over the somatosensory cortex and anodal

tDCS over the motor cortex resulted in significant pain relief. (From

Knotkova el al., 2010, with permission [70])
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SCS therapy. In the patient with arm CRPS, with the stimu-

lator off, first and fifth digit primary somatosensory (SI)

cortical representations (D1/D5) were significantly disorga-

nized and spatially inverted as compared with the opposite

unaffected limb. Effective SCS therapy was then able to

acutely normalize or restore hand cortical organization in

the affected CRPS limb. This restoration of cortical organi-

zation was partially maintained with lingering pain relief

when the stimulator was subsequently turned off. This is

the first report of a MEG study showing D1/D5 cortical

disorganization and its apparent reversal or restoration with

cervical SCS therapy. Sears and colleagues [81] reviewed

the medical records of patients with complex regional pain

syndrome (CRPS) implanted with SCS systems using paddle

leads between 1997 and 2008 at the Cleveland Clinic with a

minimum 6-month follow-up. Patients were contacted to fill

out a questionnaire evaluating outcomes with the NRS-11 as

well as overall satisfaction. More than 50 % of the CRPS

patients with CRPS reported greater than 50 % pain relief at

a mean follow-up of 4.4 years, and 77.8 % of patients with

CRPS indicated that they would undergo SCS surgery again

for the same outcome.

Phantom-Limb Pain

Phantom limb pain (PLP), is commonly defined as pain that

is localized to the missing limb [82], and has to be distin-

guished from other amputation-related pains and abnormal

sensations, such as stump-pain or telescoping. While stump

pain encompasses pain sensation in the remaining part of the

limb [83], telescoping is sensation where the distal part of

the phantom is gradually felt to approaching the residual

limb and may even perceived to be within the stump [84].

PLP develops in about 80 % of patients with partial or

total loss of a limb, affects more women than men, and more

often after upper extremity amputation [85]. PLP belongs

among neuropathic pain syndromes and the pain sensation in

PLP is often described as tingling, itching burning, or ach-

ing. Mechanisms underlying PLP are not fully understood,

but the recent findings suggest that both peripheral- as well

as central mechanisms, including neuroplastic changes in

CNS, can contribute to PLP [25, 26, 86]. Notably, a patho-

logical change of the afferent input after amputation

represents a significant source of neural plasticity, i.e.

dynamic changes in function of neurons and neural networks

in CNS, including both spinal and cerebral parts of pain

processing network [87, 88]. Indeed, it has been shown that

amputees with PLP often present with changes in organiza-

tion of somatotopic maps in the somatosensory and motor

cortices (so called cortical reorganization), and that normal-

ization of the changes was paralleled by pain relief

[26]. Therefore it is not surprising that exploration of

neuromodulation for management of phantom limb pain is

on the rise.

Treatment Strategies in PLP

The conventional treatment options in PLP include pharma-

cological treatment, supportive nonpharmacological nonin-

vasive strategies, such as physiotherapy, and invasive

treatments.

Medications that show significant benefits in pain man-

agement of PLP and were assessed in controlled clinical

trials specifically in PLP patient-population include amitrip-

tyline [89], gabapentine [84], tramadol [90]; and morphine

[91]. There are also some case reports with mitrazapine [92],

duloxetine [91], milnacipran [93], memantine [94, 95], and

baclofen [96], and buprenorphine [97]. Further, other

analgesics that have not been assessed specifically for PLP

but show efficacy in other types of neuropathic pain can also

be considered in the treatment of PLP. For a review, see

Knotkova and colleagues [98]. Some pharmacological treat-

ment strategies in PLP suggest preemptive analgesia, i.e. the

administration of analgesic and anesthetics prior to a surgi-

cal intervention [99, 100], in order to prevent the develop-

ment of central sensitization due to impulses generated at the

level of the amputation. However, supporting evidence for

that varies. Epidural analgesia, ropivacine, and patient-

controlled analgesia (PCA), during the perioperative period

have shown to decrease PLP, but ketamine and ketamine

plus bupivacaine showed conflicting results [101–103].

In selected, pharmacotherapy-resistant cases, nondestruc-

tive interventions such as nerve blocks, interscalene blocks,

or stellate ganglion blocks for upper extremity phantom limb

pain, or lumbar sympathetic blocks for lower extremity

phantom limb pain can be considered [104]. Destructive

procedures like thermal nerve root destruction, rhizotomy,

spinal ganglionectomy, or dorsal root entry zone lesion

(DREZ) [105] are reserved only for selected patients with

severe refractory PLP, and the overall volume of the inva-

sive destructive procedures is continuously decreasing.

Supportive nonpharmacological therapies include physi-

cal therapy, reflexology, hypnosis [106, 107] or various

psychotherapeutic approaches [108].

Neuromodulation

rTMS
Although several studies have shown that a single session of

rTMS can transiently relieve pain in some patients with

chronic neuropathic pain [109–114], and a multiple applica-

tion on several consecutive days lead to prolongation of the

effects [115, 116], evidence on the analgesic effects of rTMS

190 H. Knotkova et al.



specifically in patients with PLP are mostly based on case/

series reports, such as that reported by DiRollo and Pallanti

[117] (Fig. 15.3), and others [115, 116].

However, Ahmed and colleagues [118] report findings

from a randomized sham-controlled trial to assess analgesic

effects of high-frequency (20 Hz) rTMS of motor cortex in

27 unilateral amputees with PLP, delivered in five daily

sessions. The real rTMS lead to more profound decrease

of pain scores and to a significant increase of serum beta-

endorfine as compared to sham, through different time-

points of follow-up for 2 months. The findings indicate that

the rTMS 5-day treatment protocol over the motor cortex

can produce longer-lasting analgesic effects and be benefi-

cial in PLP.

Visual Feedback Therapy and Motor Imagery
Visual feedback (also called Mirror-box therapy) is based on

illusions of movement and touch in a phantom limb by

inducing somatosensory and motor pathway coupling

between the phantom and real limb [119]. Motor imagery

is a dynamic state during which an individual mentally

simulates a given action and the subject feels herself/himself

performing the action [120]. A rationale of this approach

arises from the existence of maladaptive neuroplastic

changes underlying PLP, specifically cortical reorganization

in the somatosensory and motor cortices, a relation between

the cortical reorganization and the occurrence of PLP, and

beneficial effects of cortical normalization on PLP. Both the

visual feedback therapy (mirror-box therapy) and motor

imagery in PLP are based on behaviorally relevant sensory-

motor stimulation of the stump [121–125], and can be very

beneficial for PLP patients. MacIver and colleagues [121]

observed a therapeutic effect of 6-week training in mental

imagery in 13 amputees with phantom limb pain. Following

training, patients reported a significant reduction in intensity

of constant pain (Fig. 15.4), and in exacerbations, with a

corresponding elimination of cortical reorganization.

Further, a controlled neuroimaging study of motor imag-

ery in PLP by Brodie and colleagues [123] showed evidence

of cortical reorganization of motor and somatosensory corti-

ces and its correlation with patients’ pain scores prior the

motor imagery training. The training resulted in a significant

decrease of intensity and unpleasantness of pain which

correlated with reduction (improvement) of cortical reorga-

nization. Overall, the mirror-box therapy and motor imagery

are safe and nonexpensive add-on therapies for PLP.

MCS and DBS
On contrary to surgical destructive procedures, invasive

neuromodulatory techniques are PLP-mechanisms-driven,

specifically addressing maladaptive central neuroplastic

changes in pain-processing networks. Nevertheless, invasive

neuromodulation is considered the last-resort treatment for

patients who failed various trials of noninvasive treatments.

A review of evidence [126] suggests that MCS yields

favorable results in about 53 % of PLP patients. MCS for

PLP of the upper limb seems to be favorable due to the large

representation on the convex part of the precentral gyrus, but

interhemispheral lead implantation for the lower limb has

also been reported, and PLP is an accepted indication for

MCS in many treatment centers [109, 126–129]. As for

DBS, evidence up to date is controversial. Nevertheless,

some PLP patients clearly benefit from DBS, experiencing

long-term pain relief and improved quality of life [130].

Fig. 15.3 Pain relief induced by low-frequency (1 Hz) rTMS stimula-

tion in a patient with phantom limb pain. The stimulation was delivered

over the motor cortex of the unaffected hemisphere (that was not

involved in the phantom limb pain). The graph shows a reduction in

percentage of pain in time. The percentage of pain level modification

was calculated from the VAS score by the following equation (post.

rTMS—pre.rTMS pain scores) � 100/(pre.rTMS pain scores). (From

Di Rollo et al., 2011, free access article [115])

Fig. 15.4 Scores of constant pain intensity and unpleasantness before

and after training, measured by daily pain diaries using numerical rating

scores. Reduction in pain intensity was significant (p < 0.0005), as was

reduction in pain unpleasantness (p < 0.01). (From McIver et al., 2008;

free access article [119])

15 Applications of Neuromodulation in Pain Management 191



SCS
As PLP is difficult-to-treat pain syndrome and many PLP

patients do not respond to other treatment strategies, SCS

represents a promising treatment option for selected popula-

tion of patients. Clinical results indicate beneficial effects of

SCS in PLP patients on immediate as well as long-term

outcomes [129, 131], although percentage of benefiting

patients declined with time. For example, good results

have been observed at 2-year follow-up in 52.4 % of 64

PLP patients, that decreased to 39 % at 5-year follow-up

[132]. Notably, Nandi and colleagues [133] performed a

neuroimaging (SPECT) comparison of two PLP cases that

have been satisfactorily treated with CNS stimulation; motor

cortex stimulation followed by periventricular gray stimula-

tion was used in one case, while SCS in the other. SPECT

images were compared before the stimulation, and then

during the stimulation with noted pain relief. Interestingly,

regardless of the type/site of stimulation in the CNS, pain

relief was in both cases associated with blood-flow changes

in similar areas of brain, mainly in the parietal and

cingulated cortex and also in the thalamic nuclei and the

central gray matter. Although further controlled studies are

warranted, the findings indicate that different invasive

neuromodulatory treatments may at least to some degree

trigger a cascade of similar neurohumoral changes that are

associated with pain relief.

Central Post-stroke Pain (CPSP)

Central post-stroke pain (CPSP) is a neuropathic pain syn-

drome following a cerebrovascular accident. CPSP is

characterized by pain and sensory abnormalities in the

body part that corresponds to the brain territory injured by

the cerebrovascular lesion, and where other causes of obvi-

ous nociceptive, psychogenic, or peripheral neuropathic

origin have been ruled out [134, 135]. CPSP belongs to a

class of chronic pain disorders named central neuropathic

pain because the pain is due to lesion or dysfunction of the

CNS. Besides PSPC, this class includes for example trigem-

inal neuropathic facial pain, multiple sclerosis related pain,

or pain due to spinal cord injuries.

The prevalence of CPSP in patients with stroke is

estimated to be between 1 and 12 % [136]. The few epide-

miological studies of CPSP indicate that the development of

CPSP is associated with the presence of sensory impairment

and the location of the lesion. In specific, the occurrence of

CPSP is high after the lateral medullary infarction or lesions

in the ventroposterior thalamus.

Clinical features of CPSP substantially vary among

patients and there are no uniform signs with regard to

onset, intensity, presentation, or characteristics, and the

pain can be either spontaneous or evoked. The distribution

of pain in CPSP can range from a small well-localized area

to large areas, such as one side of the entire body [136]. The

hemibody pain is frequently experienced by patients with

thalamic lesions, while patients with lateral medullary

infarction may develop pain involving one side of face and

the contralateral side of the body or limbs [136]. The diag-

nosis of CPSP is based on clear evidence of a CNS injury,

pain and sensory alterations, and the exclusion of other

possible mechanisms of pain.

Treatment Strategies in CPSP

Central post-stroke pain is among the most intractable types

of pain, and is often resistant to conventional pharmacologic

strategies which are limited in number and efficacy. Several

drug categories have been reported to have an analgesic

effect in this patient population including: anticonvulsants,

tricyclic antidepressants, NMDA antagonists, GABA

agonists, cannabinoid receptor agonists and systemic

opioids. However, evidence based on controlled trials for

pharmacologic therapies of CPSP is limited.

Results of randomized trials of amitriptyline for the

treatment of CPSP were mixed [137, 138]. The efficacy

of anticonvulsants such as lamotrigine, phenytoin, and

gabapentin, as a treatment options for this syndrome, have

been investigated in several small studies [139]. In a

randomized, placebo-controlled study, lamotrigine showed

a pain reduction of 30 % in 44 % of the patients at doses of

200 mg per day [139], but further clinical trials are needed to

evaluate this therapy in the treatment of CPSP.

Several small trials have studied the use of local anes-

thetic agents as possible therapy for CPSP [140–143]. In a

small double-blind, placebo-controlled study in CPSP

patients, IV lidocaine resulted in significant short term relief

of spontaneous pain, mechanical allodynia and mechanical

hyperalgesia; however, the transition to oral mexiletine had

no effects on the pain [140]. The injection of the putative

GABA agonist propofol has also been shown to reduce

spontaneous and evoked pain and allodynia in CPSP using

subhypnotic dosages without hemodynamic side effects

[144].

Trials of other medications, such as noncompetitive

NMDA blockers, (e.g. dextromethorphan and ketamine)

and systemic opioids [145–149] provided mixed results.

Therefore pharmacological options for CPSP often follow

the consensus guidelines regarding pharmacologic

approaches for the treatment of neuropathic pain of all types,

that recommend tricyclics and calcium channel ligands (e.g.

gabapentin) as the first line of treatment and anticonvulsants

drugs and opioids as the second line [150, 151].
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Neuromodulation

rTMS
Although CPSP was mostly treated by invasive

neuromodulatory interventions, there are some very limited

research findings from applications of noninvasive

neuromodulation as well. For example, Khedr and

colleagues [116] delivered high-frequency rTMS (20 Hz)

or sham over the motor cortex on 5 consecutive days in 48

patients, of which 24 were CPSP patients. Real rTMS

resulted in significantly greater pain relief than sham stimu-

lation and the effects were present at a 2-week follow-up

(Fig. 15.5).

Saitoh and colleagues [152] evaluated outcomes of rTMS

in 13 patients with intractable chronic pain, of which seven

patients had CPSP due to thalamic hemorrhage, putaminal

hemorrhage, or thalamic infarction. All patients underwent

rTMS stimulation over the motor cortex at 1, 5, and 10 Hz,

and sham. In the CPSP patients, the 5- and 10-Hz stimulation

resulted in significant pain relief immediately after the stim-

ulation, however the durability of the effects was minimal

and not present at 90 or 180 min after the stimulation. In the

remaining six patients with pain syndromes other than

CPSP, the 5- and 10-Hz analgesic effects persisted up to

90 min. Although rTMS in other chronic pain syndromes has

shown clinical potential and longer-lasting analgesic effects,

it does not seem promising in the treatment of CPSP.

DBS
Alves and Asfora [135] report results of DBS in case of

CPSP patient. DBS was targeted to the left centromedian

thalamic nuclei and lead to a symptomatic improvement.

Although DBS can provide an excellent control of invol-

untary movements associated with post-stroke condition,

the results of DBS for CPSP are, with some exceptions,

disappointing [153]. Indeed, evaluating outcomes of DBS

targeting sensory thalamus and the periventricular and peri-

aqueductal gray area (PVG/PAG) in 47 patients with various

pain syndromes, Owen and colleagues [154] found that

CPSP patients were the most like to fail trial stimulation,

as compared to those with phantom-limb pain or pain due

to post-brachial plexus injury. A meta-analysis of DBS

outcomes in the period between 1966 and 2003 [155],

found that the DBS trial was successful in about 50 % of

CPSP patients, and about 58 % of those with permanent

implantation achieved ongoing pain relief. And better results

in CPSP control were reported from the Motor Cortex Stim-

ulation (MCS).

MCS
Tsubokawa and colleagues [153] and Katayama et al. [156]

noted that excellent pain control can be achieved in about

50 % of CPSP patients treated with MCS and in some

patients, pain relief is accompanied by an improvement of

involuntary movements that are a frequent symptom of post-

stroke condition. Interestingly, Katayama and colleagues

[127] compared analgesic effects of MCS, DBS of the

thalamic nucleus ventralis caudalis, and SCS in patients

with CPSP. The results from 45 patients indicated that satis-

factory pain control was obtained more frequently as the

stimulation site was moved to higher levels (7 % by SCS,

25 % by DBS and 48 % by MCS). Indeed, MCS has become

the preferred option for neurosurgical management of

intractable central neuropatic pain, including post-stroke

pain [134, 157, 158]. Tanei and colleagues [134] evaluated

outcomes of MCS at 1 month and 6 months after initiation of

the treatment in patients with CPSP as compared to other

central pain syndromes. Of 11 evaluated patients, 8 were

those with CPSP caused either by thalamic hemorrhage or

thalamic infarction, 2 patients had postoperative neuropathic

pain caused by spinal cord lesions and 1 had facial pain

caused by a brainstem lesion due to multiple sclerosis. At 1

month after the implantation, MCS was effective for pain

control in six of eight CPSP patients and in all three patients

with other central pain. The analgesic efficacy continued for

the remaining 6 month observational period.

SCS
Tanei and colleagues [159] retrospectively reviewed effects

of SCS in eight CPSP patients. Six of eight patients reported

pain relief at least 50 % during the test stimulation, and the

benefits continued for about 12 months in five patients with-

out any significant complications.

Fig. 15.5 Changes in mean pain rating scores (visual analog scale

VAS) at the five assessment points in the post-stroke patients. The first

assessment was done immediately prior to commencing rTMS treat-

ment (Pre), the second (Post 1) was immediately after the first session

of rTMS, and then the fourth (Post 2) and fifth (Post 3) rTMS sessions,

and 15 days after the last session. The mean scores of the patients who

received real rTMS decreased more over the course of the treatment

than those who received sham rTMS. (From Khedr et al., 2005, with

permission [114])
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Facial Neuropathic Pain

Facial neuropathic pain due to cranial neuralgias is

debilitating conditions characterized by burning, stabbing

pain, and disesthetic sensations in the distribution of the

affected nerve. The most common cranial neuralgia known

to cause severe morbidity is trigeminal neuralgia. The

classification system by Burchiel [160] distinguishes seven

diagnostic entities according to the cause of damage to the

trigeminal nerve: (1) Trigeminal neuralgia, type 1, (TN1):

which is facial pain of spontaneous onset with predomi-

nantly episodic pain; (2) Trigeminal neuralgia, type 2,

(TN2): facial pain of spontaneous onset with predominantly

constant pain; (3) Symptomatic trigeminal neuralgia, (STN):

pain resulting from disturbance of trigeminal nerve by a

demyelinating plaque in the central pathway of the trigemi-

nal nerve due to multiple sclerosis; (4) Trigeminal neuro-

pathic pain, (TNP): facial pain resulting from unintentional

injury to the trigeminal system from facial trauma, oral

surgery, ear, nose, and throat (ENT) surgery, root injury

from posterior fossa or skull base surgery, stroke, etc.; (5)

Trigeminal deafferentation pain, (TDP): facial pain in a

region of trigeminal numbness resulting from intentional

injury to the trigeminal system from neurectomy,

gangliolysis, rhizotomy, nucleotomy, tractotomy, or other

neuroablative procedures; (6) Postherpetic neuralgia,

(PHN): pain resulting from trigeminal Herpes zoster (shin-

gles) outbreak in the trigeminal distribution. The pain is

often described as constant, intense, and unbearable, fre-

quently with presence of allodynia. The Burchiel’s classifi-
cation includes also Atypical facial pain (AFP), which is

defined as pain having a substantial psychological compo-

nent or being psychological rather than of physiological

origin. Therefore, the atypical facial pain may or may not

include the neuropathic component of the pain.

Treatment Strategies in Facial Neuropathic Pain

Invasive and noninvasive approaches may be used to treat

facial neuropathic pain depending on the etiology. It has

been more than seven decades since a medication (phenyt-

oin) was first utilized to treat facial pain. New treatments are

continually being tried for the treatment of facial neuro-

pathic pain because most pharmacotherapies have a very

low success rate and prevalent side effects. There is a wide

spectrum of pharmacological agents that can be used for

the management of neuropathic facial pain (depending of

the etiology) including: anticonvulsants, antidepressants,

nonopioid analgesics, benzodiazepine, muscle relaxants,

topical agents, and in selected cases opioids as well.

Carbamazepine, has been considered the first-line agent

used by most physicians. It decreases the response of trigem-

inal mechanoreceptive neurons to peripheral stimulation.

This drug has been proven to be highly effective, causing

pain relief in up to 80 % of patients, both short and long term

[161]. Oxcarbazepine, a keto derivative of carbamazepine, it

is probably equal or superior to its mother drug due to its

very rapid onset, efficacy and better side effect profile [162].

Topiramate, is another anticonvulsant that has been shown

to be successful treating refractory trigeminal neuralgia in

multiple sclerosis patients [163]. Other medications in the

same category that have been used to treat facial neuropathic

pain include: valproic acid, lamotrigine, phenytoin (now a

second-, or third-line) and gabapentin.

Baclofen, a gamma-aminobutyric acid (GABA) analog,

has also been utilized alone or in combination with phenyt-

oin or carbamazepine for the treatment of facial neuropathic

pain. Its possible mechanism is the suppression of the

response of spinal trigeminal neurons to maxillary nerve

stimulation. Clonazepam, a benzodiazepine, has been

found to be effective in 65 % of individuals with trigeminal

neuralgia, however, side effects such as dizziness and ataxia

are prevalent if started at higher dosages [164].

When choosing the medical therapy for this pain syn-

drome it is recommended to comply with the following

recommendations: do not over-treat (reduce dosages if pain

remission), be aware that convulsive therapy in the elderly

may cause further cognitive deficits, recognize presence

of drug resistance over time (adjust dosages accordingly),

minimize medications side effects, choose monotherapy

over polypharmacy and utilize tolerable and effective

medications first (e.g. lamotrigine, gabapentin, topiramate,

and oxcarbazepine). Despite the existence of a wide variety of

effective medications to treat facial neuropathic pain, many

patients do not respond to the treatment or experience side

effects that limit the titration of the drug to effective dose, and

suffer from refractory pain and severe impairment of function.

In those patients, nonpharmacological treatment strategies,

including brain stimulation techniques, represent a promising

venue to explore. Indeed, a recent study by DaSilva and

colleagues [165] confirmed the existence of functional cortical

changes in patients with facial neuropathic pain, supporting

the rationale for the use of brain stimulation in facial neuro-

pathic pain, and indicating that this patient-population may

benefit from brain-stimulation treatment strategies.

Neuromodulation

rTMS and tDCS
Although no rTMS studies targeted exclusively facial-pain

population, various rTMS trials in neuropathic pain included
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patients with neuropathic facial pain as a subpopulation

of study samples (total n ¼ 231, neuropathic facial pain

n ¼ 74) [112–114, 116, 166–169]. The main purpose of

these trials was to explore various rTMS parameters, target

groups, and designs of rTMS in order to maximize its anal-

gesic potential as noninvasive and safer variant to invasive

brain stimulation techniques.

A double-blind sham-controlled study by Lefaucheur and

colleagues [166] involving seven patients with chronic

treatment-resistant trigeminal neuropathy patients and

seven patients central pain due to thalamic stroke delivered

a single session of real high-frequency (20 Hz) rTMS over

the motor cortex and a single session of sham were delivered

in a 3-week interval. Notably, individual results in the tri-

geminal neuropathy group showed a significant pain relief

(>30 %) in four of seven patients. This was the first study

showing that high frequency (20 Hz) rTMS delivered over

the motor cortex in patients with treatment resistant neuro-

pathic pain, including facial pain, can overlast the time of

stimulation. Although the pain-relief induced by high fre-

quency rTMS in this study was short-lasting, the findings

provided initial evidence for further explorations of

stimulation-parameters to optimize rTMS analgesic effects.

Later studies [112, 113] in patients with various types of

neuropathic pain (total n ¼ 96), including neuropathic facial

pain (n ¼ 30), suggested that pain origin and site of pain

play a role in defining the clinical outcomes: rTMS was

significantly less effective in patients with pain due to

brainstem stroke as compared with pain due to trigeminal

nerve lesion, spinal cord- or brachial plexus lesion, and

facial pain yielded better response to the stimulation than

pain in upper or lower limb. Other studies [111, 114, 168] in

patients with various types of neuropathic pain (total

n ¼ 60), including neuropathic facial pain (n ¼ 11)

suggested better analgesic effects and longer duration (up

to 1 week) of a single-session high frequency rTMS as

compared to low frequency rTMS or sham. Possible

prolongation of analgesic effect after five daily sessions of

high frequency (20 Hz) rTMS (instead of a single session as

delivered in previous studies), as compared to sham was

explored by Khedr and colleagues [116] in 24 patients with

trigeminal neuralgia and 24 patients with post-stroke pain

syndrome. In this study, the set of five real 20 Hz rTMS

sessions lead to significantly better pain-improvement than

sham and the effect was evident even at the 2-week follow-

up after the treatment. Average pain relief of 45 % was

reported among TN participants in the active rTMS group,

with 79 % of participants acknowledging significant pain

relief persisting for the follow-up period of 2 weeks,

indicating that repeated rTMS sessions can produce longer-

lasting pain relief.

Zaghi and colleagues [169] presented a longitudinal case-

report of patient with refractory trigeminal neuralgia treated

with high frequency (10 Hz) rTMS over the motor cortex in

four treatment periods over 1 year. The treatment periods

consisted of 10, 10, 5, and 10 rTMS sessions respectively.

The interval between the treatment periods was 4 months,

2 weeks, 3 months, and 1 month respectively. The results

showed that although individual treatment periods could

result in significant and meaningful pain relief, the observed

effects were persistent to about maximum of 4 weeks after

the end of stimulation period. This case-study provided

valuable evidence that repeated long term application

of rTMS is safe and would be beneficial, though costly

therapy.

Although up to date there are no findings from

randomized sham-controlled studies in patients with neuro-

pathic facial pain yet, open-label tDCS was applied in clini-

cal cases of patients with trigeminal neuralgia and

neuropathic facial pain due to surgical disturbance of trigem-

inal nerve respectively. Figure 15.6 shows a decrease of pain

intensity posttreatment and a decrease of consumption of “as
needed” pain-medication used to manage break through pain

in a patient with trigeminal neuralgia. Five sessions of tDCS

at 2 mA were applied on 5 consecutive days.

Although these very preliminary findings indicate clinical

usefulness of tDCS in the treatment of facial neuropathic

pain, sham-controlled studies in larger samples are

warranted.

DBS
The experience with DBS for the management of trigeminal

neuropathic pain is based on evaluation of cases reported

individually or within large samples of patients with neuro-

pathic pain of various origin [130, 170–173].

Kumar and colleagues [130] reported results of the DBS

targeting nucleus ventralis posterior medialis (VPM) in

patients with various diagnoses (total n ¼ 68), including

four patients with trigeminal neuropathy. All four patients

with the neuropathic facial pain experienced an excellent

pain relief during entire follow-up period that ranged

between 12 and 28 months. Similarly, in a case presented

by Green and colleagues [170], a patient with a 10-year

history of post-herpetic trigeminal neuralgia who underwent

a successful treatment with DBS targeting the region of

periventricular gray area (PVG) contralateral to the site of

pain, and ventral posterior lateral thalamic nucleus (VPL)

experienced substantial pain relief. At the 6 months follow-

up, the patient remained pain free. Rasche and colleagues

[171] observed pain reduction of >25 % up to 100 % by

DBS that combined stimulation of VPM and PVG in 4/6

patients with dysesthesia dolorosa in trigeminal nerve

region. Cordella and colleagues [173] performed DBS in

five patients for the treatment of trigeminal neuralgia due

to multiple sclerosis with a goal to assess the efficacy of the

DBS on the paroxysmal ophthalmic pain. The patients
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underwent implantation of DBS leads into the hypothalamic

posterior nucleus. All five patients reported immediate pain

relief, followed by a long-term pain control in the follow-up

period up to 4 years, a reduced need for analgesic medica-

tion, and improved quality of life. Pain relief specific to

ophthalmic branch of trigeminal nerve sustained for the

entire follow-up period in all five patients. Pain relief related

to second and/or third trigeminal branch was recurrent after

11–28 months. Broggi and colleagues [172] reported results

of DBS of posterior thalamus in a mixed sample of patients,

including three patients with atypical facial pain, for which

DBS was not beneficial.

MCS
There is more experience with MCS than with DBS for the

treatment of facial pain of neuropathic origin, with reports

emerging since the early 1990s [158, 174–180]. Meyerson

and colleagues [174] were the first to report experience with

MCS in patients with trigeminal neuropathic pain (n ¼ 5)

after surgery in the trigeminal territory. MCS in these patients

was beneficial, yielding pain relief >50 % in all five patients.

In the study by Herregodts and colleagues [175], MCS was

performed in seven patients of which six had chronic pain

involving facial region: one trigeminal neuralgia, four trigem-

inal neuropathic pain due to damaged trigeminal nerve after

surgery, one pain in the face and upper extremity due to post-

stroke central pain syndrome. Follow-up period ranged

between 4 and 22 months. Full pain relief was achieved in

one patient with TNP; pain relief >50 % was reported in five

of the six patients, as one patient with TNP experienced minor

temporary pain relief (20 % to 0 in 6 weeks).

Notably, Anderson and colleagues [181] implemented

MCS in a patient with neuropathic facial pain that included

elements of trigeminal neuralgia, glossopharyngeal neural-

gia, and dysphagia. After failing pharmacological and surgi-

cal decompressive treatments, the patient underwent a

successful MCS trial followed by implantation of a neurosti-

mulation device. During the MCS trial, pain decreased from

VAS 10 to 7; after the implantation, pain increased again,

but adjustment of stimulation parameters resulted in satis-

factory pain relief as well as substantial improvement in

swallowing, absence of gagging sensation, and a reduction

in episodes of nausea and vomiting. At 2 years, MCS gener-

ator was replaced and patient continued to experience

benefits from MCS. Improvement of symptoms, namely

the improvement of dysphagia had profound positive impact

on the patient’s functional status.
Overall, evidence on benefits from MCS in patients with

facial pain is extensive and supports the use of MCS in facial

pain syndromes, with understanding that as an invasive

procedure, MCS is reserved for specially selected patients

with severe chronic pain that substantially diminishes the

patient’s function and quality of life and does not respond to
noninvasive therapeutic approaches.

Fibromyalgia

Fibromyalgia is a chronic pain syndrome characterized by

bilateral pain above and below the waist, axial skeletal pain

and at least 11 of 18 discrete tender points. Other symp-

toms include extreme fatigue, mood disturbances, cognitive

Fig. 15.6 Pain intensity and consumption of “as needed” pain-medication used to manage break through pain in a patient with trigeminal

neuralgia after five sessions of tDCS at 2 mA on 5 consecutive days. (From Knotkova et al., 2013; courtesy of the authors [68])
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disturbances, nonrestorative sleep, and decreased physical

function [182]. Although the underlying mechanisms

have not yet been fully elucidated, it is thought that fibromy-

algia involves imbalance between nociception and normal

physiologic pain control, including a pathological decrease

of the activity in the inhibitory pain-related pathways

[183–186].

It is estimated that fibromyalgia affects 4–10 million

individuals in U.S., and about 75–90 % of cases are

women (www.fmaware.org, www.wrongdiagnosis.com,

[187, 188]).

Treatment Strategies in Fibromyalgia

Pharmacotherapy is considered the first-line of treatment and

most commonly used treatment approach in fibromyalgia.

However, FDA-approved agents for fibromyalgia, such as

pregabalin, duloxetine, and milnacipran have shown high

proportion of adverse events and/or patient drop-out from

the treatment [182, 189–191]. Therefore, multidisciplinary

treatment strategies have been recommended for fibromyal-

gia, including pharmacotherapy, physical therapy, behav-

ioral interventions, and complementary medicine

[192–194]. Despite the combined treatment strategies,

many fibromyalgia patients remain with unsatisfactory pain

relief, and novel treatment approaches are needed for this

difficult-to-treat pain syndrome.

Neuromodulation

Up to date, only noninvasive neuromodulatory approaches,

such as rTMS, tDCS, CES, or ECT, have been explored with

various degree of success in fibromyalgia.

rTMS
Studies of rTMS in fibromyalgia targeted either the primary

motor cortex [195, 196] or the dorsolateral prefrontal cortex

(DLPFC) [197–199], which is typically used in the

neuromodulatory treatment of depression. Although the

stimulation parameters varied, the studies mostly yielded

positive results. Notably, the study by Mhalla and colleagues

[196] for the first time explored a possibility of a long-term

maintenance of rTMS-induced pain relief. The study

involved 40 patients randomized to receive either real

rTMS or sham applied to the left primary motor cortex.

The protocol consisted in total of 14 rTMS sessions: 5

were delivered daily, followed by the maintenance phase

of 3 sessions 1 week apart, 3 sessions a fortnight apart and

3 sessions a month apart. The active rTMS significantly

reduced pain intensity from day 5 to 1 month after the last

delivered rTMS session, and the analgesic effects were

associated with a long-term improvement of quality of life.

Overall, the findings from existing rTMS studies support

further explorations of rTMS for the treatment of

fibromyalgia-related pain in large samples. The evidence up

to date suggest that rTMS has a substantial clinical potential

in fibromyalgia and may in the future become a valuable

therapeutic approach for patients with fibromyalgia.

tDCS
A potential of tDCS to alleviate pain in fibromyalgia has

been examined in several studies [200–203], and

stimulations of both clinical targets the primary motor cortex

and DLPFC have been explored. Notably, more encouraging

findings have been yielded by the motor cortex stimulation.

For example, Roizenblatt and colleagues [201] reported that

the anodal tDCS delivered over the motor cortex to 32

fibromyalgia patients had a positive effect on pain intensity

and sleep, leading to a significant decrease of pain intensity,

an increase of sleep efficiency by more than 11 % and

decreased arousals by 35 %. DLPFC stimulation led to

opposite effects and sham stimulation has not induced any

significant changes in pain intensity or sleep.

Consequently, Valle and colleagues [203], examined a

longer tDCS treatment protocol involving ten daily sessions

of anodal tDCS delivered to the left primary motor cortex or

DLPFC as compared to sham, in 41 women with chronic

medically refractory fibromyalgia. Although both the motor

cortex and DLPFC tDCS stimulation lead to improvements

of pain scores and quality of life at the end of the 10-session

treatment protocol, the long-lasting clinical benefits assessed

30 and 60 days after the end of tDCS treatment were

achieved only with the motor-cortex-stimulation protocol

(Fig. 15.7).
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Fig. 15.7 Mean pain scores associated with the three conditions of

stimulation: left M1 (primary motor cortex); left DLPFC (dorsolateral

prefrontal cortex); and sham tDCS. Pain scores are reported on the

Visual Analogue Scale for Pain; 0 ¼ no pain, 10 ¼ worst pain of life.

Asterisk Indicates statistically significant (p < 0.05) as compared with

baseline. Each column represents mean score SEM (standard error of

mean). T1: end of stimulation, T2: 30 day follow-up, T3: 60 day follow-
up. (From Valle et al. 2011; free access article [196])
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Notably, a systematic review of literature of rTMS or

tDCs studies in patients with fibromyalgia [188] revealed

that 80 % of rTMS studies and 100 % tDCs studies that

measured pain reported significant decreases. Studies deliv-

ering excitatory rTMS or tDCS over M1 showed analogous

pain reductions but considerably less side effects compared

to medications approved by FDA for fibromyalgia [188].

Therefore, noninvasive neuromodulation with rTMS and

tDCS may be beneficial in patients with fibromyalgia, par-

ticularly those who are unable to achieve adequate symptom

relief with other therapies.

Cranial Electrotherapy Stimulation (CES)
The principles of CES and its analgesic properties in general

are described in great detail in another chapter of this

Textbook. Overall, it is thought that the CES-induced

analgesia is due to its effects on the limbic system, the

reticular-activating system (RAS) and/or the hypothalamus

[204].

Only few studies exist that evaluated CES in fibromyalgia

[204, 205].

For example, a randomized controlled trial by Lichtbroun

and colleagues [205] delivered 3-week treatment with CES

at 0.5 Hz or sham for 1 h per day in 60 fibromyalgia patients.

Patients treated with active CES, but not those receiving

sham treatment, experienced a significant improvement in

tender-point scores and in self-rated scores of general pain

intensity. Published case studies [204] further corroborated

positive findings from CES stimulation in fibromyalgia

patients.

ECT
Although ECT is known mostly for its use in severe cases of

depression, there is some evidence of beneficial effects of

ECT on a variety of pain states [206–208].

Usui and colleagues [209] carried out a prospective ECT

study to evaluate effects on fibromyalgia pain in 15 patients.

All patients received bilateral ECT set at 110 V for 5 s.

Twelve patients received six sessions and three patients

received only four sessions due to excellent responsiveness

to the ECT treatment. ECT resulted in a significant decrease

in the tender points and pain intensity 3 days after the last

treatment, and the effects appeared to be independent of

mood changes. The study also assessed regional cerebral

blood flow (rCBF) before and 3 days after the course

of ECT. The mean thalamus-to-cerebellum ratio was

significantly increased after ECT in comparison to the

pretreatment baseline, and the SPECT results suggested

that improvement of rCBF in the thalamus may correlate

with ECT-induced analgesia. Despite the positive results, a

complicating factor of further ECT research in fibromyalgia

is the general controversy of this neuromodulatory

procedure, and its difficult justification in comparison with

other noninvasive neuromodulatory approaches such as

rTMS or tDCS that are patient-friendly, easy to use, and

show encouraging and growing evidence on safety data.

Headaches

Among various types of primary headaches distinguished by

the International Classification of Headache Disorders

(2004), migraine and cluster headache were up to date

included in the studies exploring effects of neuromodulation

in pain management.

Migraine is a chronic neurological disorder characterized
by recurrent moderate to severe headaches often in associa-

tion with a number of autonomic nervous system symptoms

[210]. Associated symptoms may include nausea, vomiting,

photophobia, and/or phonophobia, blurred vision, nasal

stuffiness, diarrhea, frequent urination, pallor, or sweating.

Swelling or tenderness of the scalp may occur as can neck

stiffness [211]. Up to one-third of people with migraine

headaches perceive an aura: a transient visual, sensory,

language, or motor disturbance which signals that the head-

ache will soon occur [212, 213]. The exact mechanisms of

migraine are not known. It is, however, believed to be a

neurovascular disorder [210] involving an increased

excitability of the cerebral cortex and abnormal control of

pain neurons in the trigeminal nucleus of the brainstem

[214]. Typically, the headache is unilateral, throbbing, and

moderate to severe in intensity. In more than 40 % of cases

however the pain may be bilateral, and neck pain is com-

monly associated [211] Less commonly pain may occur

primarily in the back or top of the head. The is pain usually

aggravated by physical activity and lasts 4–72 h in adults,

however in young children frequently lasts less than 1 h

[215]. The frequency of attacks is variable, from a few in a

lifetime to several a week [216].

Cluster headaches are excruciating unilateral headaches

of extreme intensity [217]. The duration of the common

attack ranges from as short as 15 min to 3 h or more. The

onset of an attack is rapid, and most often without the

preliminary signs that are characteristic of a migraine

[218]. While migraines are diagnosed more often in

women, cluster headaches are more prevalent in men. The

male-to-female ratio in cluster headache ranges from 4:1 to

7:1, and limited epidemiological studies have suggested

prevalence rates of between 56 and 326 people per 100,000

[219].

Cluster headaches occurring in two or more cluster

periods lasting from 7 to 365 days with a pain-free remission

of 1 month or longer between the clusters are considered

episodic. If the attacks occur for more than a year without a
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pain-free remission of at least 1 month, the condition is

considered chronic (IHS Classification).

Cluster headaches have been classified as vascular

headaches. The intense pain is caused by the dilation of

blood vessels which creates pressure on the trigeminal

nerve. While this process is the immediate cause of the

pain, the etiology is not fully understood. Among the most

widely accepted theories is that cluster headaches are due to

an abnormality in the hypothalamus [220]. There is a genetic

component to cluster headaches, although no single gene has

been identified as the cause [221]. The pain of cluster

headaches is remarkably greater than in other headache

conditions, including severe migraines. The pain is lancinat-

ing or drilling in quality, and is located periorbitally or in the

temple, sometimes radiating to the neck or shoulder [222].

The headache is accompanied by at least one of the follow-

ing autonomic symptoms: ptosis, miosis, conjunctival injec-

tion, lacrimation, rhinorrhea, and, less commonly, facial

blushing, swelling, or sweating, all appearing on the same

side of the head as the pain (IHS classification). The attack is

also associated with restlessness, less frequently with photo-

phobia and/or phonophobia. The neck is often stiff or tender

in the aftermath of a headache, with jaw or tooth pain

sometimes present.

Treatment Approaches to Migraine and Cluster
Headache

In migraine, there are three main aspects of treatment: trig-

ger avoidance, acute symptomatic control, and pharmaco-

logical prevention [210]. Medications are more effective if

used earlier in an attack. Initial recommended management

is with simple analgesics such as ibuprofen and acetamino-

phen (also known as paracetamol) for the headache, an

antiemetic for the nausea, and the avoidance of triggers.

Specific agents such as triptans or ergotamines may be

used by those for whom simple analgesics are not effective

[210].

Intravenous metoclopramide and intranasal lidocaine

are other potential options. Metoclopramide is the

recommended treatment for those who present to the emer-

gency department [223]. It is recommended that opioids and

barbiturates not be used [223]. Guidelines are fairly consis-

tent in rating topiramate, divalproex/sodium valproate,

propranolol, and metoprolol as having the highest level of

evidence for first-line use [224].

Other, nonpharmacological options include acupuncture

[225, 226], or chiropractic manipulation, physiotherapy,

massage, and relaxation that might be as effective as

propranolol or topiramate in the prevention of migraine

headaches [227]. There is some tentative evidence of benefit

for magnesium, coenzyme Q(10), riboflavin, or vitamin B

(12) [228]. Migraine surgery, which involves decompression

of certain nerves around the head and neck, may be an option

in certain people who do not improve with medications

[229]. Medical devices, such as biofeedback may also be

helpful in migraine management, mainly when common

anti-migraine medications are contraindicated or in case of

medication overuse [230, 231].

For the treatment of cluster headaches, medications

include prophylactics (preventatives) and abortive. Wide

variety of prophylactic medications are available, and

patient response to these is highly variable. Current Euro-

pean guidelines suggest the use of the calcium channel

blocker verapamil. Steroids, such as prednisolone/predni-

sone, are also effective, with a high dose given for the first

5 days or longer (in some cases up to 6 months) before

tapering down. Methysergide, lithium, and the anticonvul-

sant topiramate are recommended as alternative treatments

[232]. Intravenous magnesium sulfate relieves cluster

headaches in about 40 % of patients with low serum ionized

magnesium levels [233]. Melatonin has also been

demonstrated to bring significant improvement in approxi-

mately half of episodic patients; psilocybin, dimethyltrypta-

mine, LSD, and various other tryptamines have shown

similar results [234].

Over-the-counter pain medications (such as aspirin, para-

cetamol, and ibuprofen) typically have no effect on the pain

from a cluster headache. In addition, short-term transitional

medications (such as steroids) may be used while prophy-

lactic treatment is instituted and adjusted. With abortive

treatments often only decreasing the duration of the head-

ache and preventing it from reaching its peak rather than

eliminating it entirely, preventive treatment is always

indicated for cluster headaches, to be started at the first

sign of a new cluster cycle. During the onset of a cluster

headache, many people respond to inhalation of 100 % oxy-

gen [235]. When oxygen is used at the onset this can abort

the attack in as little as 1 min or as long as 10 min. Once an

attack is at its peak, oxygen therapy appears to have little

effect so many people keep an oxygen tank close at hand to

use at the very first sign of an attack. An alternative first-line

treatment is subcutaneous or intranasal administration of

sumatriptan [232]. Sumatriptan and zolmitriptan have both

been shown to improve symptoms during an attack or indeed

abort attacks [236].

Some nonnarcotic treatments that have shown mixed

levels of success are botox injections along the occipital

nerve [237]. Lithium, melatonin, valproic acid, topiramate

as well as gabapentin are medications that can be tried as

second line treatment options. Ephedrine hydrochloride 1 %

nasal drops can relieve the painful swelling in the nasal

passage and sinus on the affected side [238].
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Neuromodulation

rTMS
The interest in TMS as a potential treatment for migraine

has been triggered by neurophysiological findings showing

that pathophysiological mechanisms of migraine involve

changes in excitability and neural dynamics in the brain.

Recent studies indicated that migraine patients show a

sustained state of brain hyperexcitability that is present

even between migraine attacks and has a strong inherited

basis [239]. Further, during the migraine aura, a wave of

excitation followed by a wave of inhibition spreads over the

cortex. This spreading inhibition, called Cortical Spreading

Depression (CSD), occurs in the occipital cortex, triggering

the visual aura. Recent evidence suggests that CSD gives

rise to pain by activating trigeminal nociceptors in the

meninges [240]. In animal model, single-pulse TMS

(sTMS) inhibited CSD, suggesting that sTMS might be an

effective acute treatment for migraineurs with aura [241].

Further, it has been thought that perhaps rTMS might be

helpful in migraine prevention by producing sustained

changes in brain excitability and by modulating neurotrans-

mitter levels [242–244]. Indeed, both types of TMS has been

studied in migraine patients: sTMS as an acute treatment and

rTMS as a preventive treatment.

In the study by Clarke and colleagues [245], 42 subjects

with migraine (5 of those with aura) received either sTMS or

sham during the attack. The treatment with active sTMS

resulted in 75 % decrease in pain intensity and 32 % reported

no further headache over the following 24 h period. Recur-

rence of headache was decreased by 48 %. Mohammad et al.

[246] focused in the double-blind sham-controlled study of

sTMS on migraineurs with aura (n ¼ 42), who reported t the

hospital during an acute attack where two sTMS applications

were administered 30 s apart. Two hours after the treatment,

69 % patients receiving the real sTMS reported no or mild

pain as compared to 48 % of sham treated patients.

Promising results from these studies lead to the development

a handheld, lightweight sTMS device for patients’ self-

treatment at home (for detailed description of the device

see Lipton and Pearlman [247]).

Besides sTMS, two small-sample studies (n ¼ 27 and 11,

respectively) tested the efficacy of rTMS for migraine pre-

vention [248, 249]. Although the treatment in both studies

lead to an improvement of pain as compared to baseline, the

comparisons of differences between the real TMS and sham

rTMS was not significant in either study.

tDCS
Antal and colleagues [250] examined if the inhibitory (cath-

odal) tDCS can serve as a prophylactic therapy for migraine.

tDCS or sham was applied over the visual cortex three times

per week for 6 consecutive weeks. For the first 3 weeks, all

patients received only sham stimulation, then one group of

patients started receiving the real tDCS.

Patients treated with real cathodal tDCS presented with a

significant reduction in duration of attacks, the number of

migraine days and a decrease of pain intensity as compared

to the baseline. However, only the pain intensity decrease

was significant as compared to the sham group. The results

indicate that the cathodal tDCS delivered over the visual

cortex might be a promising prophylactic treatment for

migraine-related pain.

DaSilva and colleagues [251] examined the analgesic

effects of anodal tDCS/sham delivered over the primary

motor cortex in chronic migraine patients at 4-week treat-

ment (Mon, Wed, Fri on weeks 1 and 3, and Tue and Thurs

on weeks 2 and 4), and a 4-month follow-up. The results

showed a significant interaction time x conditions for pain

intensity and length of migraine episodes. Detailed analysis

within the active group revealed that there was no change in

pain intensity after first 2 weeks of treatment, followed by

gradual decrease of pain intensity afterwards at the end of

the 4-week treatment and at the follow-up. The pain relief

was statistically significant at the end of the follow-up period

at 4 months. The findings suggest that tDCS may have

delayed effects in chronic migraine. The phenomenon of

delayed effects deserves attention in future replication stud-

ies and should be thoroughly examined before any definite

conclusions are drawn.

DBS
The results of posteromedial hypothalamotomy [252] and the

identification of a hypothalamic activation during cluster

attacks [253, 254] led to the use of deep brain stimulation

(DBS) for refractory CCH. A first series of 16 patients showed

excellent results with 13 patients pain free or nearly pain free

and three patients improved [255, 256]. Later studies followed

consensus criteria for patient selection. In 2008 a review

summarized the results of hypothalamic DBS in 38 refractory

CCH patients. With a follow-up of between 1 and 4 years, 23

patients (61 %) were pain free or almost pain free [257].

Schoenen and colleagues [258] reported a fatal hemorrhage

following DBS implantation due to a previously unnoted

cerebral aneurysm. Moreover, in their series of 6 patients, in

another patient the procedure had to be stopped due to panic

attacks with autonomic disturbances [258]. In DBS pain relief

can emerge with a delay of up to 3 months. In a prospective,

randomized crossover study of 11 patients receiving DBS

electrodes, no difference between active and sham stimulation

was observed during the blinded crossover phase, however in

the open phase 6 of 11 patients responded to stimulation

(decrease in weekly attack frequency of >50 %) [259].

Recently it has been questioned whether stereotactic

intervention in these disorders has been targeted at the

appropriate locus, and whether this may account for the
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approximately 40 % of patients with a poor response to DBS

[260], since the target data for DBS are derived from posi-

tron emission tomography (PET) studies with limited spatial

resolution and functional magnetic resonance imaging

(fMRI) data which have a better spatial resolution hint at a

locus of activation antero-superior to that derived from PET

studies [261].

Occipital Nerve Stimulation (ONS)
Occipital nerve stimulation (ONS) had been proposed as a

treatment for refractory migraine [262, 263], occipital neu-

ralgia [264–266] and other intractable headache disorders

[267]. The role of occipital stimulation in CH was first

examined by Burns and colleagues. They published a pilot

study of eight patients [268] and a follow-up study of 14

patients [269] on ONS for CCH. In the pilot study six of

eight patients and in the follow-up study 10 of 14 patients

experienced a reduction in attack frequency. The reduction

of attack frequency was more than 40 % in six of eight

patients in the pilot study and 6 of 14 patients in the

follow-up study. In a study by Magis and colleagues seven

of eight patients had a decrease in attack frequency of more

than 40 % [270]. Mean attack frequency was decreased by

19, 29, and 80 % in the two studies of Burns and colleagues

[268, 269] and the study of Magis and coworkers [270],

respectively. In the latter study, on average the ONS to

baseline attack ratio per month was 0.65 during the whole

follow-up (mean 15.1 months).

SCS
Wolter and colleagues [271] reported a case of a patient with

medication refractory cluster headache. A test of cervical

SCS electrode was performed as compassionate treatment.

The clinical results in this patient in the postoperative course

and in the long-term follow-up were quite encouraging [271]

and the treatment was applied in other patients with refrac-

tory CCH [272]. SCS in that study showed clinical effects

comparable to or better than ONS, as SCS in contrast to ONS

acts immediately. All of the patients had at least some effect

from SCS from the operation day onward. In SCS for CCH,

electrodes can also be implanted bilaterally, in the case of

side switch of CCH; two patients in the sample actually

received a second contralateral electrode, and were able to

control head pain on both sides separately [272]. Although

being slightly more invasive than ONS, the risks in SCS

intervention are minimal. Although there is not enough

evidence yet to decide whether SCS might become a first-

line treatment for therapy refractory CCH, it can be used as a

reserve option in the case of insufficient effects of ONS.

Ganglion Sphenopalatinum Stimulation
The sphenopalatine (pterygopalatine) ganglion (SPG)

receives input from the maxillary branch of the trigeminal

nerve, parasympathetic fibers originating from the superior

salivatory nucleus in the brainstem and sympathetic fibers

form the carotid plexus (via the deep petrosal nerve). In the

SPG there is a tight anatomical and physiological relation-

ship of sympathetic, parasympathetic, and trigeminal fibers.

The SPG plays a pivotal role in driving the parasympathetic

features and in sterile meningeal inflammation as substrate

for trigeminally mediated head pain, as well as in pain

transmission in CH. Consequently the SPG has been targeted

in a couple of lesional treatments [273–276]. Moreover, a

new study showed that stimulation of the SPG can be effec-

tive as an acute treatment for cluster attacks. In six patients,

18 attacks were treated and a complete resolution of

symptoms was seen in 11 attacks, a partial resolution of

symptoms in three attacks and minimal or no relief in four

attacks [277]. Similar results have been reported after SPG

stimulation as acute treatment for migraine [278]. SPG stim-

ulation becomes particularly attractive, because it may, in

contrast to ONS and SCS, offer the possibility to abort an

ongoing attack. Therefore, future studies of stimulation of

the SPG are urgently warranted.

Overall invasive neurostimulation has opened promising

perspectives for the treatment of refractory CCH. SPG stim-

ulation might in the future become an attractive alternative

to ONS and SCS but further clinical studies and observations

are warranted.

In conclusion, neurostimulation therapies open a new era

in headache management and offer a promising alternative

to medications. However, further studies are warranted to

provide efficacy and effectiveness data for further develop-

ment of this novel treatment approach.

Other Chronic Pain Syndromes

There is some evidence of the use of neuromodulatory

approaches also in other chronic pain syndromes, such as

postherpetic neuralgia (PHN) or low back pain.

Post-herpetic Neuralgia

PHN is a neuropathic-type pain due to nerve damage caused

by the varicella zoster virus. Typically, the neuralgia is

confined to a dermatomic area of the skin and follows an

outbreak of herpes zoster, (commonly known as shingles) in

that dermatome. PHN can develop even in herpes zoster

patients who have not had acute pain. PHN pain is often

described as burning, and can vary from mild discomfort to a

chronic pain syndrome that can last for years and cause

substantial deterioration in quality of life. The area of previ-

ous herpes zoster infection may show evidence of cutaneous
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scarring with altered sensation in the form of either hyper-

sensitivity or decreased sensation.

The initial choice of pharmacologic treatment should be

guided by the side effect profile, drug interactions, patient

preference, and comorbidities. Early randomized controlled

trials have considered tricyclic antidepressants as first-line

therapy for PHN. Subsequently, other therapies including

gabapentin, pregabalin, high-concentration capsaicin patch,

lidocaine patch 5 %, opioid analgesics, and tramadol have

shown to be efficacious in the treatment of PHN [151, 279].

In addition, consensus guidelines for the treatment of

neuropathic pain including PHN have been published to

guide treating physicians to choose the most appropriate and

feasible treatment option [280, 281]. As a general rule, anti-

convulsant, neuropathic agents, topical agents, and tramadol

are considered first-line treatments for PHN, whereas opioid

analgesics and tricyclic antidepressants are more typically

second-line treatment due to their side effect profiles, partic-

ularly in the elderly. The evidence on efficacy of the different

therapies for PHN is limited and they are rarely associated

with complete resolution of patients’ symptoms.

Besides the traditional pharmacologic treatment, several

neurostimulation techniques have been explored for the

treatment of PHN including spinal cord stimulators (SCS)

[282, 283], peripheral nerve stimulation (PNS) [284–286], or

tDCS [68].

A recent study conducted by Yanamoto and Murakawa

[282], examined the efficacy of temporary SCS involving the

insertion of a quadripolar lead into the epidural space and

applied an extracorporeal stimulation generator for several

weeks of early PHN from 1 to 6 months of its onset. Thirty-

three patients with PHN who had a positive response to

epidural block received temporary spinal cord stimulation

for 7 days with the analgesic effects measured 1, 3, and 6

months post treatment. Pain relief >50 % was observed in

63.6, 60.6, and 63.6 % of patients at 1, 3, and 6 months,

respectively. Another study conducted by Moriyama [283],

evaluated the effect of the use of temporary SCS in patients

with severe persistent pain of PHN in the thoracic area.

Fifty-two patients underwent continuous epidural blocks

and 14 also were treated with spinal cord stimulation leads

if they had no significant pain reduction with concomitant

pharmacotherapy. The overall VAS scores decreased by

introducing SCS to the continuous epidural blocks, less

epidural analgesia was required leading to a reduction in

side effects from neuraxial analgesia. In addition, self-rated

satisfaction was higher with SCS than with epidural blocks

in all 14 patients. Up to date, evidence suggest that spinal

cord stimulation is a promising therapeutic tool for the

treatment of PHN, however, controlled large-sample studies

are warranted to evaluate its safety and efficacy. Peripheral

nerve stimulation has also been attempted but the evidence is

limited and based on anecdotal experience [284–286].

Low-Back Pain

Various neurostimulation approaches, such as spinal cord

stimulation [287, 288], peripheral field subcutaneous stimu-

lation [289], or tDCS [290] have been explored for the

treatment of chronic low-back pain. Currently, the best

scientific evidence among these modalities points to spinal

cord stimulation as treatment for patients with failed-back

surgery syndrome.

A randomized, controlled trial conducted by Kumar et al.

[287], demonstrated that SCS can provide better analgesia

and improve health-related quality of life and functional

capacity when compared to pharmacologic therapy alone.

This study evaluated the effectiveness of SCS therapy in

addition to conventional medical management (CMM) in

100 patients with failed back surgery syndrome with pre-

dominant leg pain of neuropathic etiology. Patients were

randomized to receive SCS plus CMM or CMM alone for

at least 6 months. At the 6-months follow-up, 24 of the

SCS patients (48 %) and 4 of the CMM patients (9 %)

(p < 0.001) achieved >50 % pain relief in the legs. In

addition, the SCS group experienced improved leg and

back pain relief, quality of life, and functional capacity, as

well as greater treatment satisfaction. Crossover to the SCS

group was allowed between 6 and 12 months, and 32 CMM

patients crossed to SCS. However, at the 12-month follow-

up period, 27 SCS patients (32 %) had experienced device-

related complications.

Another randomized, controlled study conducted by

North et al. [288], evaluated the outcomes of SCS versus

reoperation for patients with persistent radicular pain after

lumbosacral surgery. Fifty patients selected for reoperation

by standard criteria were followed for 3 years postopera-

tively and randomized to SCS or reoperation. A successful

intervention was based on self-reported pain relief and

patient satisfaction. Among 90 % of patients available for

follow-up, SCS was more successful than reoperation (9/19

vs. 3/26 patients, p < 0.01). Those patients that were

initially randomized to SCS were significantly less likely

to cross over to the other arm than those randomized to

reoperation (5/24 patients vs. 14/26 patients, p ¼ 0.02). In

addition, patients randomized to reoperation required

increased opiate analgesics (p < 0.025). These results

showed that SCS may be more effective than reoperation

in patient with persistent radicular pain after lumbosacral

spine surgery.

Transcranial direct current stimulation has also been

explored in low-back pain patients, but with no positive

results. A recent proof of principle sham-controlled study

conducted by O’Connell et al. [290], evaluated the effects of
anodal tDCS applied to the motor cortex in eight patients

with chronic low back pain. Entered a 15-day experimental

period, when they were treated with sham stimulation daily
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followed by active tDCS. The outcomes of the interest were

average pain intensity and unpleasantness in the last 24 h

measured using a visual analog scale. No significant

differences between the effects of sham and real tDCS

were noted. Up to date, this has been the only study

published on tDCS for low back pain. Further studies are

needed before any definite conclusion can be drawn.

Conclusions

Overall, both invasive and noninvasive neuromodulatory

approaches have been explored in various patient

populations with difficult-to-treat-chronic pain

syndromes. Invasive neuromodulation has been reserved

for carefully selected patients who do not respond to

conventional pharmacological and nonpharmacological

treatments or noninvasive neuromodulation.

Noninvasive neuromodulation with rTMS, tDCS,

CES, or Motor imagery represents a patient-friendly,

low-risk approach with a great clinical potential for spe-

cific chronic pain syndromes and patient populations in

need of pain management. The future exploratory work in

this field should navigate the development of the method-

specific and patient-population specific stimulation

protocols and parameters, patient-tailored adjustments

for specific cases, as well as the development of

evidence-based guidelines for each neuromodulatory

technique, in order to facilitate the implementation of

neuromodulation to the clinical practice of pain

management.
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Movement Disorders

The term “movement disorders” has been coined for

diseases characterized by abnormal or excessive movements

occurring in conscious patients [1]. A useful definition of

movement disorders is that they are neurologic syndromes in

which there is either an excess of movement or a paucity of

voluntary and automatic movements, unrelated to weakness

or spasticity [2]. The excessive movements are commonly

referred to as hyperkinesias and the paucity of movement is

referred to as hypokinesia. Fahn et al. suggested a modern

classification based on these two major types of abnormal

movements (Table 16.1) [3]. Because review of all these

movement disorders is beyond the scope of this chapter, we

focused on the type of movement disorders that have the

history of using neuromodulatory approaches as a therapeu-

tic tool. Those include akinesia or bradykinesia in

hypokinesias, and dystonia, tremor, tics, and chorea in

hyperkinesias.

Parkinson’s Disease

Parkinson’s disease (PD) is the most common cause of

Parkinsonism and is generally thought to affect approxi-

mately 0.3 % of the general population, with about five

million people with PD worldwide [4, 5]. Although the

pathophysiology of PD is still not understood completely,

recent advances suggest that dopamine depletion from the

basal ganglia and disruptions in the pathway to the thalamus

and motor cortex may be the cause of parkinsonian

symptoms. The syndrome is manifested by typical motor

symptoms, abbreviated as TRAP: rest Tremor, Rigidity,

Akinesia (or bradykinesia), and Postural instability. Non-

motor symptoms such as cognitive dysfunction, behavioral

changes, and sleep dysfunction are now also recognized as

important manifestations of PD to be controlled. The main

strategy for the treatment of PD is pharmacologic manage-

ment with rehabilitation such as physical, occupational, and

speech therapy. Neuromodulatory approaches in selected

people with PD have shown promising results in treating PD.

The American Academy of Neurology (AAN) suggested

a useful algorithm for the treatment of PD (Fig. 16.1) [6].

Pharmacologic Treatment in PD

The timing of initiating symptomatic pharmacologic therapy

in patients with PD can be determined by the degree of

functional impairment and is influenced by some factors,

including the following [6]: whether PD affects the domi-

nant or nondominant hand, whether symptoms of PD influ-

ence the ability to work, presence of more disabling

parkinsonian features such as bradykinesia or gait distur-

bance, or treatment philosophy of patient and physician.

The main categories of the drugs used for symptomatic

therapy include levodopa, monoamine oxidase (MAO) B

inhibitors, dopamine agonists, catechol-O-methyl transferase

(COMT) inhibitors, anticholinergic agents, and amantadine.

Levodopa (L-dopa) is the most effective anti-parkinsonian

drug [7], particularly for the management of bradykinesia. It

is thought that L-dopa in early PD should be reserved until it

is required for symptomatic control during therapy with a

dopamine agonist.

Among MAO B inhibitors, selegiline (Eldepryl) is the

most studied drug to control the symptoms of PD. Although

some studies reported the possible benefits of selegiline to

treat PD as a monotherapy [8] or adjunct therapy [9], the

relative risks and benefits of MAO B inhibitors are still

uncertain [10, 11].

Bromocriptine, pramipexole, opinirole, rotigotine, and

injectable apomorphine are the dopamine agonists currently
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approved by the United States Food and Drug Administra-

tion. These are the first-line therapeutic agents as initial

therapy or adjunct to L-dopa in both early and advanced

PD [7].

Tolcapone (Tasmar) and entacapone (Comtan) are useful

COMT inhibitors as L-dopa extenders [12]. They have less

effect in monotherapy but they can prolong and potentiate

the L-dopa effect. This reduces off-time and increases on-

time in PD treated with L-dopa to minimize the motor

fluctuations.

Anticholinergics can compensate the cholinergic sensi-

tivity induced by dopamine depletion in PD and can improve

the parkinsonian symptoms [13]. Trihexyphenidyl and

benztropine, biperiden, orphenadrine, and procylidine are

examples of anticholinergics. The symptomatic efficacy of

anticholinergics is less than that observed with L-dopa or

other dopaminergic compounds [7]. It has been suggested

that anticholinergics can improve the rigidity and tremor but

have little effect on bradykinesia [14].

Amantadine has mild antiparkinsonian activity although

its mechanism is not well understood [15]. Possibly aman-

tadine can increase dopamine release, stimulate dopamine

receptors and inhibit dopamine reuptake. Clinical studies

suggest that it can be tried as a short-term monotherapy

in early PD, particularly for bradykinesia and rigidity

[15, 16].

Non-pharmacologic Management of PD

PD is a chronic progressive disorder, which causes various

kinds of impairments and disabilities. It requires a wide-

range of non-pharmacologic management including educa-

tion, support, nutrition, and rehabilitation such as physical,

occupational, and speech therapy.

Many patients and their caregivers are frightened after

knowing that they have PD, known to be a chronic and

progressive disease causing substantial disabilities. Educa-

tion for general aspects of PD is required to help them

understand and control over the disease and should be

individualized according to patient’s severity and symptoms

of PD.

PD places a great burden on patients and their caregivers.

Emotional or psychological support for them is very impor-

tant [17]. Referral to the psychologist or counseling for legal

or financial problems may be needed according to the

individuals.

Because patients with PD are usually elderly and gastro-

intestinal symptoms including dysphagia are commonly

occurred during the disease course, therefore nutritional

status should be monitored [18, 19]. According to the

nutritional status and combined gastrointestinal symptoms,

nutritional supplementation or diet modification may be

required.

Rehabilitation in PD

The American Academy of Neurology suggests that some

exercise modalities may be effective to improve functional

outcomes in patients with PD, including the following [20]:

1. Multidisciplinary rehabilitation with standard physical

and occupational therapy

2. Treadmill training with body weight support

3. Balance training and high-intensity resistance exercise

4. Cued exercise with visual (mirror), auditory (metro-

nome), and tactile feedback

5. Active muscle therapy

Table 16.1 A classification of movement disorders

I. Hypokinesis

Akinesia/bradykinesia (parkinsonism)

Apraxia

Blocking (holding) tics

Cataplexy and drop attacks

Catatonia, psychomotor depression, and obsessional slowness

Freezing phenomenon

Hesitant gaits

Hypothyroid slowness

Rigidity

Stiff Muscles

II. Hyperkinesias

Abdominal dyskinesias

Akathitic movements

Ataxia/asynergia/dysmetria

Athetosis

Ballism

Chorea

Dystonia

Hemifacial spasm

Hyperekplexia

Hypnogenic dyskinesias

Jumping disorders

Jumpy stumps

Moving toes and fingers

Myoclonus

Myokymia and synkinesis

Myorhythmia

Paroxysmal dyskinesias

Periodic movements in sleep

SEM sleep behavior disorder

Restless legs

Stereotypy

Tics

Tremor

From [3]; with permission
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Although speech therapy for dysarthria and hypophonia

in PD is known to be helpful to improve speech volume [20],

the efficacy of speech therapy is not clear [21].

Neuromodulatory Approaches for the PD

Electroconvulsive Therapy (ECT)
Electroconvulsive therapy has been applied in psychiatric

disorders and there is increasing evidence supporting the

positive effects in patients with PD [22]. ECT has beneficial

effects on cardinal motor symptoms of PD and the common

psychiatric comorbidities such as depression [23]. Among

several possible mechanisms of action, a neurochemical one

is the most widely accepted explanation [22]. ECT can have

significant effects on dopaminergic, noradrenergic, and

serotonergic transmission [24]. Despite these possible posi-

tive effects of ECT in PD, the current neurological

guidelines have not mentioned this as a useful treatment

tool [6] and well-designed clinical studies have not been

reported yet. Possible side effects of ECT are delirium,

dyskinesia, worsening parkinsonian symptoms, transient

agitation, and psychotic symptoms such as hallucinations

and delusions [22].

Repetitive Transcranial Magnetic Stimulation
(rTMS)
Repetitive transcranial magnetic stimulation (rTMS) has

been known to modulate the dopamine release and normal-

ize abnormal cortical excitability or network activity in PD

[25]. Through this action, rTMS can have beneficial effects

on motor and non-motor symptoms of PD [26, 27]. For the

Fig. 16.1 Algorithm for the

treatment of PD. From [6]; with

permission
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effect of rTMS on motor symptoms, Elahi et al. recently

systematically reviewed the controlled clinical trials [26].

From this systematic review with meta-analysis which

included ten prospective controlled clinical studies with

outcome measures for motor function, they found a benefit

of high-frequency rTMS on motor signs in PD with effect

size of �0.58 in Unified Parkinson’s Disease Rating Scale

(UPDRS) but little effect of low-frequency rTMS [26].

The Movement Disorder Society recently reviewed

treatments for the non-motor symptoms of PD and included

rTMS as one treatment modality [27]. For depression, there

is a lack of well-designed studies and the society concluded

that there is insufficient evidence for rTMS to be rated for

the treatment of depression in PD [27]. With regards to the

other non-motor symptoms such as psychosis and sleep

disorder, there was also insufficient evidence for the effect

of rTMS.

rTMS has been found to be generally safe with minimal

adverse events in PD. The problem of most concern is the

occurrence of seizure during and after rTMS. Under the

guidelines for the safety of rTMS [28–30], the literature

contains reports on several hundred patients with movement

disorders who have been studied with rTMS, with no reports

of accidental seizures [25]. No study has revealed

aggravating of functional scores in patients with movement

disorder after rTMS [25].

Transcranial Direct Current Stimulation (tDCS)
There have been few clinical studies about the effect of

tDCS on PD. Fregni et al. investigated the motor effects of

single session tDCS to the primary motor cortex (M1) and

dorsolateral prefrontal cortex (DLPFC) in PD patients with

OFF state [31]. Anodal tDCS on the M1 improved a motor

function measured by UPDRS but cathodal tDCS on the M1

and anodal tDCS on the DLPFC showed no significant

improvement. Boggio et al. studied the effects of tDCS on

working memory in patients with PD and there was a signif-

icant improvement in working memory measured by task

accuracy after anodal tDCS on the left DLPFC [31].

Benninger et al. conducted a randomized, double-blinded,

sham-controlled trial of eight sessions of anodal tDCS

applied to the motor and prefrontal cortices over 2.5 weeks

in 25 patients with PD [32]. tDCS improved gait in some

measures for a short time and improved bradykinesia in both

the on and off states for longer than 3 months, but changes in

UPDRS, reaction time, physical and mental well-being, and

self-assessed mobility did not differ between the tDCS and

sham interventions [32]. Shill et al. reported the negative

results of tDCS measured by UPDRS and several depression

scales in patients with early PD [33]. Therefore, role of tDCS

on PD is not conclusive to date, although it seems to induce

some beneficial effects. Further studies are needed to

investigate the differing effects of intensity, duration,

mode, stimulation site of tDCS, and to determine the dura-

tion of effects, and to assess effects under different clinical

situations: on versus off medication, motor versus non-motor

symptom.

Deep Brain Stimulation (DBS)
Deep brain stimulation (DBS) was introduced by Benabid

and colleagues in the year of 1987. Many patients with PD

have undergone implantation of DBS electrodes to control

their motor or non-motor symptoms to date [34]. DBS is the

most investigated therapy among various kinds of

neuromodulation and was approved by the Food and Drug

Administration (FDA) in 2002 “as an adjunctive therapy in

reducing some of the symptoms of advanced, levodopa-

responsive PD that are not adequately controlled by medica-

tion” [35]. DBS is a surgical procedure in which one or more

electrodes are implanted in specific sites of the brain and

electrodes are connected to an impulse generator that

delivers electrical stimuli to brain tissue to modulate or

disrupt the patterns of neural signaling within a targeted

region (Fig. 16.2) [35]. The most common targets of DBS

in PD are subthalamic nucleus and the internal segment of

the globus pallidus.

DBS usually inhibits the cells and excites fibers around

the implanted electrodes to influence multiple pathways (e.

g., thalamocortical circuits, downstream pathways) and

other brain structures [35]. DBS can modulate the neuronal

excitability in the basal ganglia, and induce the neurotrans-

mitter release such as adenosine and glutamate [36], and

increase blood flow and neurogenesis [37]. Through the

action of these mechanisms, DBS can influence a broad

neural network beyond the local stimulation site of the

brain and is thought to control the symptoms in PD.

There have been four randomized, controlled clinical

trials of DBS. Deuschl et al. reported the improvement in

quality of life measured by Parkinson’s Disease Question-

naire (PDQ-39) and motor symptoms assessed by UPDRS-

III at 6 months after bilateral DBS of the subthalamic

nucleus [38]. In a trial by Williams et al., a DBS group

showed better PDQ-39 score than the medical therapy

group at 1-year follow-up [39]. Weaver et al. found that

the group with DBS of the subthalamic nucleus or globus

pallidus gained more “on” time period compared to the

medical therapy group at 6 months of follow-up [40] and

Okun et al. reported similar results [41].

Patients for DBS are selected based on the patient’s
symptoms and the likelihood of a response to therapy.

Tremor, on–off fluctuations, dyskinesia and levodopa-

responsive symptoms are expected to improve after DBS,

whereas gait, balance and speech problems are less likely to

improve [35]. After all possible medication therapies have
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been failed, DBS should be considered an adjuvant therapy.

Characteristics of potential candidates for DBS in PD are

summarized in Table 16.2 [35].

The two adverse events of most concerned after

implanting the leads for DBS are infection and intracranial

hemorrhage. The rates of infection requiring further surgery

range from 1.2 to 15.2 % [35]. One large case series reported

that the total incidence of hemorrhage of image-guided DBS

was 0.9 % [42]. Estimated occurrence of post DBS seizures

was 2.4 % from one review article [43]. Hardware-related

problems such as lead fractures are possible complications

after DBS [44]. A wide range of neurologic (e.g., cognitive

impairment, memory difficulties, speech problems, disequi-

librium, dysphagia, motor and sensory disturbances) and

neuropsychological adverse effects (e.g., mania, depression,

apathy, laughter, crying, panic, fear, anxiety, suicidal idea-

tion) can occur after DBS and these adverse effects are

related to device implantation or electrical stimulation

[35]. Electrode relocation, adjustment of device program-

ming or discontinuation of therapy may be required

according to the cause of adverse effects.

Dystonia

Dystonia is characterized by abnormalities in the control of

movement with involuntary muscle contractions causing

twisting movements or abnormal postures, and is the third

most common movement disorder [45]. Dystonia can be

classified as primary (childhood-onset, adult onset and

mixed phenotype) and secondary dystonias. The most

Fig. 16.2 Electrode

implantation for deep brain

stimulation. From [35]; with

permission

Table 16.2 Characteristics of potential candidates for deep brain

stimulation in Parkinson’s disease

Good candidates

• Adequate response to dopaminergic therapy

• Presence of on–off fluctuations

• Dyskinesia impaing quality of life

• Medication-resistant tremor

• Reasonable cognitive function

Borderline candidatesa

• Severe dyskinesias with a poor on–off dopaminergic response

• On–off fluctuations with moderate cognitive function

• On–off fluctuations with a poor on–off dopaminergic response

• Medication-resistant tremor with moderate cognitive dysfunction

• Medication-resistant tremor with poor on–off dopaminergic response

Poor candidates

• Severe dementia

• Severe autonomic dysfunction

• Poor dopaminergic response

• Atypical parkinsonism (e.g., corticobasal ganglionic degeneration,

progressive supranuclear palsy, multiple system atrophy, and dementia

with Lewy bodies)

• Unstable psychiatric disease

• Absence of a dedicated caregiver

aFor borderline candidates, the risks and benefits of DBS must be

carefully weighed by a multidisciplinary team

Adapted from [35]; with permission
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common dystonic disorders are the adult-onset idiopathic

dystonias, which are usually focal or segmental, such as

cranial dystonia, cervical dystonia, laryngeal dystonia, and

dystonic writer’s cramp [46]. Childhood-onset dystonia usu-

ally starts distally and progresses into more generalized

dystonia. Secondary dystonias can be caused by a variety

of lesions, mostly involving the basal ganglia or dopamine

pathways.

The treatment goal of primary dystonia is to reduce

involuntary movements, correct abnormal postures, prevent

contracture, reduce pain, and improve function [46]. Current

treatments for dystonias are based on empirical observa-

tional studies.

Dopamine Therapy

L-dopa can usually reduce the symptoms of dopa-responsive

dystonia in which the biochemical and genetic mechanisms

have been elucidated [47]. Most patients with dopa-

responsive dystonia improve dramatically, even with small

doses of L-dopa (100 mg of L-dopa with 25 mg of decarbox-

ylase inhibitor), but some may require doses of L-dopa as

high as 1,000 mg/day [47]. L-dopa can be discontinued if

there is no clinical improvement after 3 months of L-dopa

therapy.

Antidopaminergic Therapy

Antidopaminergic drugs might have potential benefits for

the dystonia but limited use due to the possibility of side

effects [46]. However, tetrabenazine, dopamine-depleting

drugs, have been found useful in some patients with dysto-

nia, particularly in those with tardive dystonia [47].

Anticholinergic Therapy

Anticholinergics such as trihexyphenidyl are most useful in

the treatment of generalized and segmental dystonia [48].

Common adverse events of anticholinergics are dry mouth,

urinary retention, drowsiness or confusion and these side

effects should be monitored during the therapy.

Anticonvulsants

Anticonvulsants such as carbamazepine and phenytoin can

control the attacks of kinesigenic paroxysmal dystonia [46].

Other Pharmacologic Agents

Benzodiazepines, tizanidine, cyclobenzaprine and baclofen

that act as muscle relaxants can be used in patients with

generalized dystonia [46]. Slow release morphine sulfate,

sodium oxybate, levitiracetam, and zonisamide can also be

used in the treatment of dystonia.

Botulinum Toxin

Botulinum toxin was approved for the treatment of blepha-

rospasm, hemifacial spasm, and cervical dystonia by the

FDA. The Therapeutics and Technology Assessment Com-

mittee of the American Academy of Neurology concluded

that “botulinum toxin should be offered as a treatment

option for cervical dystonia (level A evidence); can be

offered for blepharospasm, focal upper extremity dystonia,

adductor laryngeal dystonia, and upper extremity essential

tremor (level B); and can be considered for hemifacial

spasm, focal lower limb dystonia and motor tics (level C)”
[46, 49].

Surgical Procedures Except DBS

In selected cases of dystonia, peripheral surgical denervation

(e.g., posterior ramisectomy, anterior cervical rhizotomy,

microvascular decompression of the spinal accessory

nerve), myectomy and stereotatic surgery (e.g., thlamotomy,

pallidotomy) can be tried [50].

Neuromodulatory Approaches for Dystonia

Noninvasive neuromodulations such as rTMS and tDCS are

still in experimental stages but several studies have reported

possible beneficial effects of these neuromodulatory

approaches. Further studies are required to clarify the opti-

mal stimulation targets and protocols of noninvasive

neuromodulation based on pathophysiology of dystonia,

which can result in significant and lasting improvement of

symptoms in dystonia.

Repetitive Transcranial Magnetic Stimulation
(rTMS)

There have been several studies which investigated the

effect of rTMS on dystonia. Murase et al. investigated the
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effect of low-frequency sub-threshold-intensity rTMS over

the primary motor cortex, premotor cortex and supplemen-

tary motor area on writer’s cramp [51]. There was an

improvement of handwriting only after premotor cortex

stimulation. Borich et al. also reported that low-frequency

rTMS on premotor cortex could improve the handwriting in

patients with focal hand dystonia [52]. Siebner et al.

demonstrated that low-frequency rTMS over the motor cor-

tex in patients with writer’s cramp can reinforce deficient

intracortical inhibition and may improve handwriting tem-

porarily [53]. In one case study, low-frequency rTMS on the

left premotor cortex improved the neck dystonia but

improvement of limb dystonia was not observed [54].

There have been efforts to demonstrate the effects of

sensory modulation by rTMS on dystonia. Low-frequency

rTMS over the primary somatosensory cortex can improve

the writer’s cramp while increasing the cortical activity in

both hemispheres [55]. Low-frequency rTMS over the ante-

rior cingulated cortex in patients with benign essential

blepharospasm was also found to improve the blink fre-

quency, time of eye closure and the number of sustained

blinks [55].

Transcranial Direct Current Stimulation (tDCS)

Previous studies of tDCS in dystonia were only focused to

focal hand dystonia. In one randomized, double-blind, sham-

controlled study, the effect of cathodal stimulation to the

contralateral motor cortex was investigated [56]. Cathodal

tDCS failed to show favorable effects and to restore normal

handwriting kinematics and cortical inhibition. In a case-

series study, cathodal tDCS on the primary motor cortex had

no beneficial effect on fine motor control in professional

guitarists with musician’s dystonia [57]. In a placebo-

controlled, double-blinded study with nine professional

pianists with focal hand dystonia, there were no beneficial

effects of single session tDCS-supported sensorimotor

retraining on fine motor control in all three tDCS protocols

(anodal, cathodal, and sham stimulation) [58].

Deep Brain Stimulation (DBS)

In a randomized, double-blind, sham-controlled trial, the

effect of bilateral pallidal DBS in primary segmental or

generalized dystonia was investigated. After 3 months of

DBS there was significant improvement of symptoms in

dystonia measured by the Burke-Fahn-Marsden Dystonia

Rating Scale (BMFMDRS) [59]. Another randomized con-

trolled trial also reported similar effects of bilateral pallidal

DBS [60].

For the focal dystonia, effect of pallidal DBS on cervical

dystonia or cranio-cervical dystonia has been reported. One

prospective, single-blind, multicenter study reported that

bilateral pallidal DBS improved the Toronto Western Spas-

modic Torticollis Rating Scale (TWSTRS) after 12 months

of stimulation in patients with cervical dystonia [61]. In a

multicenter case series study in patients with Meige syn-

drome, pallidal DBS showed improvement of symptoms

measured by BMFMDRS at mean follow-up of 4.4 and

38.8 months after stimulation [62]. In another case series

studied on Meige syndrome, pallidal DBS showed similar

favorable outcomes to control the symptoms [63, 64].

There have been few studies regarding the effect of DBS

on sites other than the pallidum. Among the several studies

about the DBS on the subthalamic nucleus [65–67], Ostrem

et al. reported improvement of TWSTRS total score at

12 months after bilateral subthalamic nucleus DBS without

marked side effects in patients with primary cervical dysto-

nia [65]. In one case series in patients with medically intrac-

table primary generalized dystonia, two out of a series of

three patients showed mild to moderate improvement in limb

dystonia after DBS on posterior part of the ventrolateral

thalamic nucleus [68].

The adverse event rate after DBS in patients with dystonia

is similar with those in PD. The potential long-term adverse

effects of DBS in dystonia are unknown [50]. Several factors

have been suggested as predictors for favorable outcomes in

dystonia: young age, short disease duration, and mutation in

DYT1 gene [50].

Essential Tremor

Essential tremor (ET) is the most common neurologic disor-

der. It induces postural or action tremor. ET is a heteroge-

neous disorder that varies in character, aggravating factors

and association with other neurological impairments [69].

The most commonly involved body parts of ET are hands

and arms. But head, voice, trunk, and legs can also be

involved. ET can be aggravated by anxiety or other adrener-

gic mechanisms, and can be reduced by intake of alcohol.

Diagnostic core and secondary criteria for ET suggested by

Bain et al. are the following [70]:

1. Core criteria: bilateral action tremor of the hands and

forearms (but not rest tremor), absence of other neuro-

logic signs, with the exception of cogwheel phenomenon,

may have isolated head tremor with no signs of dystonia.

2. Secondary criteria: long duration (>3 years), positive

family history, beneficial response to alcohol.

Conventional treatment for ET includes the pharmaco-

logical therapy (beta blockers, anticonvulsants,

benzodiazepines) and botulinum toxin injection.
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Neuromodulatory approaches for ET are promising but still

investigatory. Finding an effective noninvasive brain stimu-

lation treatment for ET is challenging as the optimal stimu-

lation parameters are not known yet and there are numerous

permutations of stimulus parameters that can be tested [71].

Beta Blockers

Among beta blockers, propranolol is the most investigated

agent to date. AAN guidelines concluded that 60–320 mg/

day of propranolol is effective for the treatment of limb

tremor and probably reduces head tremor [72]. Adverse

events of propranolol are fatigue, bradycardia, impotence

and lightheadedness, and propranolol is contraindicated in

the presence of heart block and asthma.

Anticonvulsants

AAN guidelines suggested that primidone is effective for the

treatment of limb tremor in ET. The starting dose of

primidone is 25 mg before sleep and dose can be increased

carefully over several weeks while observing the tolerance

and therapeutic response [72]. Adverse events associated

with primidone are drowsiness, vomiting, dizziness, fatigue,

and acute toxic reactions.

One randomized controlled trial showed that 1,200 mg/

day of gabapentin can reduce the symptoms in ET [73].

Topiramate was also known to be effective in limb tremor

associated with ET, but have high rate of side effects such as

nausea, paresthesia, and concentration difficulty [72].

Benzodiazepines

Because of concern with abuse and withdrawal symptoms,

benzodiazepines are considered a second-line choice for

treatment of chronic ET. AAN guidelines suggest that

alprazolam is probably effective and clonazepam is possibly

effective for limb tremor [72].

Botulinum Toxin

AAN guidelines concluded that botulinum toxin type A

injection has a modest effect for the treatment of limb tremor

in ET and shows dose-dependent hand weakness [72].

Although the evidence is limited, botulinum toxin type A

injection can be effective for the treatment of head and voice

tremor in ET with accompanying possible side effects such

as breathiness, hoarseness, and swallowing difficulty [72].

Neuromodulatory Approaches for ET

Electroconvulsive Therapy
To date, only one case study reported the transient improve-

ment of ET during ECT [74]. There is still lack of evidence

and further study is needed to assess the effect of ECT in ET.

Repetitive Transcranial Magnetic Stimulation
(rTMS)
There are several trials using rTMS to treat the ET but the

research is still limited. Hellriegel et al. demonstrated that

continuous theta burst stimulation (cTBS) reduced tremor

amplitude subclinically when assessed with accelerometry,

although there were no significant changes in clinical rating

after stimulation [75]. A recent open label trial showed that

bilateral low-frequency rTMS on the posterior cerebellar

cortex can improve clinical scores on tremor, drawing, func-

tional, disability, and reduce tremor amplitude [76]. In a

double-blind, crossover, placebo-controlled study, low fre-

quency rTMS over the cerebellum improved the Tremor

Clinical Rating Scale and accelerometric values [77].

Deep Brain Stimulation (DBS)
In DBS for the treatment of ET, the usual target brain site is

thalamic ventral intermediate nucleus [78]. However,

research targeting thalamic is limited.

Two prospective studies reported the possible beneficial

effect of thalamic DBS on limb tremor [79]. Although it was

reported that bilateral thalamic DBS is more effective than

unilateral DBS to control the appendicular tremors in ET,

bilateral DBS had a higher occurrence of adverse events

[80]. To date, it seems that DBS on thalamic ventral inter-

mediate nucleus to control the limb tremor in ET has limited

evidence [72].

DBS has been also tried to control the voice and head

tremor associated with ET. In two case-series studies, bene-

ficial effects of thalamic DBS on voice or head tremor were

observed [81, 82]. In a multicenter prospective study,

thalamic DBS reduced head tremor but had no effect on

voice tremor [83]. Ondo et al. reported that unilateral

thalamic DBS was not beneficial for the head tremor

associated with ET [84]. Although compared to the other

surgical therapy such as thalamotomy, DBS seems to have

less adverse events [72], there are still limited studies for the

effect of DBS on ET and further studies are required.

Tics or Tourette’s Syndrome

A tic is a brief, rapid, repetitive, and seemingly purposeless

stereotyped action that may involve a single muscle or

multiple muscle groups [85]. Motor tics can affect any part
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of the body but they typically begin in the eyelids or face

and, over time, involve other muscle groups, spreading to the

neck, shoulders, trunk, legs, and feet with an apparent rostro-

caudal migration [85]. Tics are voluntarily suppressible for

variable periods, but this usually occurs at the expense of

mounting inner tension and an irresistible need to perform

the tic, followed by a rebound burst of tics [46]. Tics can be

transient but many patients with childhood onset evolve to

Tourette’s syndrome, a genetic disorder with additional

behavior disorders such as obsessive-compulsive disorder,

attention deficit hyperactivity disorder, anxiety disorder or

other behavioral disturbances.

Although pharmacological approach is considered a first-

line therapy, some neuromodulatory approaches have shown

positive effects on controlling the tic.

Dopamine Antagonists

Dopamine receptor blockers such as fluphenazine, pimozide,

and tetrabenazine have been used to control the tics and

appear to be effective [86, 87].

Dopamine Agonists

Ropinirole, a selective nonergoline dopamine agonist, has a

beneficial effect in reducing the symptoms of Tourette’s
syndrome [88].

Other Drugs

Topiramate was found safe and effective for the treatment of

moderately severe Tourette’s syndrome [89]. Other drugs

known to be effective in the treatment of tics include clo-

nazepam, flutamide, ondansetron, baclofen, donepezil, and

nicotine [46].

Botulinum Toxin Injection

In a randomized, double-blind, controlled clinical trial, bot-

ulinum toxin injection reduced tic frequency and the urge

[90]. AAN also concluded that botulinum toxin injection as a

treatment for tics have a level C evidence [49].

Neuromodulatory Approaches for Tics and
Tourette’s Syndrome

Electroconvulsive Therapy (ECT)
In a few case reports, there was significant improvement of

tic symptoms following ECT. However, to date, there is no

study to provide high-level evidence [91].

Repetitive Transcranial Magnetic Stimulation
(rTMS)
There is limited evidence for the effect of rTMS on tics.

Kwon et al. reported that low-frequency rTMS over the

supplementary motor area in children with Tourette’s syn-
drome reduced the tic symptoms without side effects [92].

However, in a single-blinded, placebo-controlled trial, there

was no significant improvement of tic symptoms after low

frequency rTMS on motor or premotor cortex [93]. Orth

et al. found no significant effect of low-frequency rTMS

over premotor cortex with subthreshold intensity in patients

with Gilles de la Tourette syndrome [94]. Further studies to

find out the effective protocols of rTMS to control tics are

still required.

Deep Brain Stimulation (DBS)
DBS improved tics in a single case study and in small series,

although long-term benefit is unclear [95]. Potential targets

of stimulation include midline thalamic centromedian-

parafascicular nuclei, the ventralis oralis complex of the

thalamus, motor, and limbic globus pallidus pars interna,

and the anterior limb of the internal capsule [95]. Okun

et al. also demonstrated that scheduled DBS on the bilateral

centromedian thalamic region in patients with Tourette’s
syndrome could improve motor and vocal tics in their pre-

liminary small-size clinical trial [96]. Porta et al. reported

their long-term follow-up results after bilateral thalamic

DBS in patients with severe and refractory Tourette’s syn-
drome [97], showing a significant reduction in tic severity at

5–6 years follow-up.

Chorea

Chorea is a rapid, involuntary, non-repetitive or arrhythmic

movement involving the face, trunk, and limbs that flows

randomly from one part of the body to another [46].

Huntington’s disease (HD) is an autosomal-dominant
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neurodegenerative disorder characterized clinically by

abnormal movements, cognitive decline, behavioral

disturbances, and progressive functional deterioration with

typical motor symptom of chorea [98].

Although pharmacologic therapy can be applied first to

control the chorea, the beginning of pharmacologic therapy

should be determined prudently to avoid worsening of other

symptoms of HD by pharmacologic therapy, if chorea is not

severe to interfere with function. Because chorea can be

influenced by mood or posture, providing a calm, predictable

environment or assistive devices should precede the pharma-

cologic treatment.

For pharmacologic treatment, tetrabenazine, a dopamine

receptor antagonist, was effective to control chorea in

patients with HD in recent systematic review [99].

Neuroleptics are also able to control the chorea by the

action of blocking dopamine transmission [98]. Anti-

glutamatergic agents such as riluzole, amantadine,

remacemide, and lamotrigine have demonstrated anti-

choreic effects [98].

Neuromodulatory Approaches for Chorea

Neuromodulatory approaches including ECT, rTMS, and

DBS have limited evidence to treat chorea to the date.

Electroconvulsive Therapy
There is very limited evidence of ECT in chorea, because

only one case study reported a possible effect of ECT

controlling chorea [100].

Repetitive Transcranial Magnetic Stimulation
(rTMS)
The data of rTMS in chorea treatment is also very limited

despite its potential benefit considering involvement of neu-

ronal circuit including basal ganglia [101]. In a single case

study, continuous theta burst stimulation over the left-hand

motor area improved the symptoms of hemichorea [102]. In

one case series study including four patients with HD, low-

frequency rTMS over the supplementary motor area reduced

the symptoms of chorea [103].

Deep Brain Stimulation (DBS)
In a recent review, there were only single case studies for

the effect of DBS in patients with chorea [104–107].

Although Edward et al. suggested that DBS may be a useful

treatment option in well-selected patients with choreiform

disorders [104], there is limited evidence to date and a

well-designed controlled study should be conducted in the

future.

Neurodegenerative Disorders

Alzheimer’s Disease

Dementia is a syndrome of gradual and progressive cogni-

tive decline due to a variety of underlying pathologies.

Alzheimer’s disease (AD) is the most common cause of

dementia, although it is now recognized that up to half of

all cases of AD demonstrate mixed pathologies on autopsy,

such as vascular components [108]. Alzheimer’s disease

affects an estimated 15 million people worldwide and is

the leading cause of dementia in elderly people. With the

proportion of elderly in the population increasing steadily,

the burden of the disease, both to caregivers and national

economies, is expected to become substantially greater over

the next 2–3 decades [109, 110]. Alzheimer’s disease is a

progressive neurodegenerative disorder with a mean dura-

tion of around 8.5 years between onset of clinical symptoms

and death. Brain regions that are associated with higher

mental functions, particularly the neocortex and hippocam-

pus, are those most affected by the characteristic pathology

of Alzheimer’s disease. This includes the extracellular

deposits of beta-amyloid (derived from amyloid precursor

protein; APP) in senile plaques, intracellular formation of

neurofibrillary tangles (containing an abnormally

phosphorylated form of a microtubule associated protein,

tau), and the loss of neuronal synapses and pyramidal

neurons. These changes result in the development of the

typical symptomatology of Alzheimer’s disease

characterized by gross and progressive impairments of cog-

nitive function and often accompanied by behavioral

disturbances such as aggression, depression, and wandering.

Carers find these features the most difficult to cope with and

they often lead to the need for institutionalization of the

patient [110].

The clinical presentation and progression of dementia

symptoms varies considerably among people with the same

underlying level of pathology. Although two people may

have the same amount of dementia-related brain damage,

one may experience debilitating effects while the other

demonstrates few symptoms. The observation of this phe-

nomenon led to the conceptualization of cognitive reserve:

the hypothetical ability of the brain, at varying individual

capacities, to withstand a certain level of injury before the

clinical manifestation of dementia [111]. The level of cogni-

tive reserve capacity depends on both innate protective

effects and the ability of the brain to actively compensate

for injury [112]. It is believed that some compensatory

mechanisms are able to counteract symptoms until this abil-

ity is overwhelmed [113]. In this model, once an individual

reaches his or her maximal premorbid cognitive ability,

different factors are at play, which either support
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maintenance of cognition or impair cognitive ability. The

plasticity of the brain is thought to be a factor that

contributes significantly to the ability to build cognitive

reserve [112]. Reserve includes both passive and active

processes that modify risk for the clinical expression of

disease. Passive reserve is accounted for by brain size and

synapse density [111]. Individuals with larger brains and

greater synapse density can tolerate more extensive pathol-

ogy before they reach the threshold at which symptoms

become clinically evident. Active reserve refers to the effi-

ciency with which an individual can use alternate networks

or cognitive strategies to cope with the brain pathology.

Cognitive reserve is related to the brain’s metabolic activity

and can be modified by mental activity. Brain reserve and

cognitive reserve are not mutually exclusive. Mental activity

is a strong signal for the generation of neurons and synapses.

Individuals are thought to possess innate cognitive reserve

that allows dementia-related pathology to accumulate before

symptoms appear, but also have the ability to actively build

reserve as a compensatory mechanism for brain damage.

Although individuals with higher cognitive reserve take

longer to exhibit dementia symptoms, ongoing damage will

eventually exhaust the brain’s protective and compensatory

abilities, leading to dementia manifestation and progression

[114].

Pharmacologic Treatment

While no drug has been shown to completely protect

neurons, agents that inhibit the degradation of acetylcholine

within the synapses are the mainstay of treatment for

Alzheimer’s disease. Cholinesterase/acetylcholinesterase

inhibitors are the only agents approved by the United States

Food and Drug Administration for the treatment of

Alzheimer’s disease. Other drugs have been studied, but

their use remains controversial.

A number of organizations have proposed guidelines for

the treatment of dementia [115], and many insurers and

managed-care organizations have developed criteria for the

use of acetylcholinesterase inhibitors. All of the guidelines

stress the importance of adherence to therapy, and many

recommend the use of instruments to monitor response to

treatment. Because of cost, most organizations recommend

discontinuing therapy when dementia is severe.

Acetylcholinesterase Inhibitors
The cholinesterase inhibitor tacrine (Cognex) is used rarely

because of potential liver toxicity and the need for frequent

laboratory monitoring. The acetylcholinesterase inhibitors

donepezil (Aricept), rivastigmine (Exelon), and galantamine

(Reminyl) have proved effective in clinical trials.

All three drugs have a low risk of serious reactions, but

they commonly have cholinergic side effects such as nausea,

anorexia, vomiting, and diarrhea. Tolerance to these side

effects often develops. However, if therapy with an acetyl-

cholinesterase inhibitor is interrupted for more than several

days, the drug should be restarted at the lowest dosage and

retitrated, because of renewed susceptibility to side effects.

Instruments that measure cognition, behavior, and functional

ability have shown that acetylcholinesterase inhibitors are

beneficial in patients with Alzheimer’s disease.
Although clinical trials have shown that treatment with

acetylcholinesterase inhibitors delays nursing home place-

ment and improves cognition and functional ability, these

benefits may not apply to all patients with Alzheimer’s
disease. Nonetheless, it is safe to conclude that patients

who tolerate and respond to acetylcholinesterase inhibitors

will experience modest cognitive improvements. In fact,

deterioration of cognition will be delayed by 1 year in

about 20 % of treated patients [116].

Neuromodulatory Approaches for the AD

Electroconvulsive Therapy (ECT)
ECT is a well-established and effective treatment for depres-

sion in the elderly; it is currently an overlooked treatment

option in the elderly with dementia and depression [117,

118]. In healthy non-geriatric patients, ECT occasionally

results in reversible cognitive side effects such as reduced

concentration, sustained disorientation, and retrograde mem-

ory loss but the effects in dementia are currently greatly

unknown [118]. Most of what has been prospectively studied

and published on the performance of ECT in dementia

applies to patients with either mild dementia (MMSE > 21

points) or moderately mild dementia (MMSE, 15–20). This

is of great relevance to all published results because Nelson

and Rosenberg [119] concluded that post-ECT confusion

scores correlated with the degree of dementia (P < 0.01),

and Hausner et al. [118] found that the extent of pre-ECT

cognitive deficits was the best predictor of MMSE score

decline from baseline to follow-up 6 weeks after the last

ECT treatment (P ¼ 0.007). This suggests that moderate to

severe dementia might result in more adverse effects after

ECT than in individuals without dementia. From a clinical

perspective, cognitive testing and monitoring are

recommended before, during, and after ECT in patients

with dementia with depression. It is essential to inform

both the family and the patients about possible risks and

benefits of the treatment.
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Repetitive Transcranial Magnetic Stimulation
(rTMS)
A recent meta-analysis of publications searching for the

effects of rTMS on cognitive functions found convincing

data supporting improvement in several cognitive functions,

including executive functions, learning, and memory [120].

It has been demonstrated in elderly subjects that rTMS

induces a transient improvement in the associative memory

task and that it is associated with recruitment of right pre-

frontal and bilateral posterior cortical regions [121].

Three studies have been carried out to assess the effects

of rTMS on naming and language performance in patients

with probable AD.

In two crossover, sham-controlled, single-session studies

rTMS was applied to the dorsolateral prefrontal cortex

(DLPFC) during the execution of naming tasks. In the first

study, a significantly improved accuracy in action naming,

but not in object naming, was found following high-

frequency rTMS of either left or right DLPFC in each of

the 15 examined patients [122]. In the second study, the

effect of rTMS applied to the DLPFC on picture naming

was assessed in 24 AD patients with different degrees of

cognitive decline. The results of the previous study were

replicated only in mild AD patients (MMSE � 17/30); in

contrast, in patients with moderate to severe AD (MMSE

< 17/30), both action and object naming were facilitated

after both left and right rTMS to DLPFC. The lack of effects

of rTMS on object naming in early-stage AD might be

related to a “ceiling” effect. The rTMS effect was bilateral

both in mild and severe AD patients. The bilateral facilita-

tion effect could be attributed to the presence of compensa-

tory mechanisms based on the recruitment of right

hemispheric resources to support the residual naming per-

formance [123].

In a recent study, Cotelli et al. aimed to investigate

whether the application of high-frequency rTMS to the left

DLPFC leads to significant facilitation of language produc-

tion or comprehension in patients with moderate AD [124].

Ten patients were randomly assigned to one of two groups.

The first group underwent a 4-week real rTMS stimulation

protocol, while the second underwent a 2-week placebo

treatment, followed by 2 weeks of real rTMS stimulation.

No significant effects were observed on naming perfor-

mance. However, a significant effect was observed on audi-

tory sentence comprehension after 2 weeks of real rTMS

sessions, as compared to sham. Two additional weeks of

daily rTMS sessions resulted in no further improvements,

but a significant benefit on auditory sentence comprehension

was still detected 8 weeks after the end of the rTMS inter-

vention. An important finding was the absence of any effects

on memory and executive functions. Therefore, these results

were thought to be specific to the language network, and not

due to a general, nonspecific effect on cognitive processing.

None of these three studies reports any side effects of the

rTMS applications.

In another study, Ahmed et al. [125] aimed to compare

the long-term efficacy of high- versus low-frequency rTMS,

applied bilaterally over the DLPFC, on cortical excitability

and cognitive function of AD patients. The high-frequency

rTMS group improved significantly more than the low fre-

quency and sham groups in all assessed rating scales

(MMSE, Instrumental Daily Living Activity Scale and the

Geriatric Depression Scale) after treatment. The improve-

ment was maintained for 3 months. The authors thus

concluded that high-frequency rTMS may be a useful addi-

tion to therapy for the treatment of patients with mild to

moderate degree of AD.

Since cognitive training may improve cognitive functions

in AD, in a recent study Bentwich et al. [126] aimed to

obtain a synergistic effect of rTMS interlaced with cognitive

training in patients with AD. Eight patients with mild to

moderate probable AD were subjected to daily rTMS-

cognitive training sessions (5/week) for 6 weeks, followed

by maintenance sessions (2/week) for additional 6 months.

The following six regions, located individually by MRI,

were stimulated: Broca and Wernicke (language functions),

right and left DLPFC (judgment, executive functions, and

long-term memory), and right and left parietal somatosen-

sory association cortex (spatial and topographical orienta-

tion and praxias). Cognitive trainings were developed to

fit these regions. Alzheimer Disease Assessment Scale-

Cognitive (ADAS-cog) improved by approximately 4 points

after both 6 weeks and 4.5 months of treatment, and Clinical

Global Impression of Change (CGIC) by 1.0 points and

1.6 points, respectively. MMSE, the ADAS-Activities of

Daily Living (ADAS-ADL) and Hamilton Depression

Scale (HAMILTON) improved, but without statistical

significance, while Neuropsychiatric Inventory (NPI) did

not change. These findings provide direct evidence

that rTMS is helpful in restoring brain functions and could

reflect rTMS potential to recruit compensatory networks that

underlie the memory-encoding and the other cognitive

functions [125].

Transcranial Direct Current Stimulation (tDCS)
According to in vitro studies, neuronal depolarization is

frequently altered in AD, and AD patients sometimes reveal

temporoparietal hypoactivity (as characterized by focal slow

wave activity in magnetoencephalography). Therefore

increasing cortical excitability is a useful tool in AD. Anodal

tDCS could increase cortical excitability and promoting

neuronal depolarization in AD patients.

Otherwise, motor cortex and global cortical hyperexcit-

ability is found in AD, correlating with cognitive severity in

a TMS study. As cathodal tDCS led to reduced cortical

excitability caused by neuronal hyperpolarization, it might
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also be beneficial in AD by lowering its somewhat increased

cortical excitability.

This non-synaptic mechanisms based on changes in the

membrane potential underlying the after-effects of anodal

and cathodal tDCS might be responsible for modulating

cognitive function in AD [127, 128].

The effect of anodal tDCS over the left temporal cortex

and dorsolateral prefrontal cortex (DLPFC) was investigated

on recognition and working memory in 10 AD patients,

revealing enhancement in a visual recognition memory

task after anodal tDCS of the DLPFC and left temporal

cortex. In another study, an improvement in a word-

recognition memory in ten patients with probable AD was

proven after anodal tDCS to the temporoparietal areas. In

contrast, cathodal tDCS lead to decreased word-recognition

memory [129]. The effect of anodal tDCS persisted up to

30 min after stimulation, indicating a long-lasting increase in

brain excitability. Long-term enhancement of visual recog-

nition memory for up to 4 weeks after therapy was found

after anodal tDCS in 15 AD patients [130].

Deep Brain Stimulation (DBS)
Hamani et al. [131] reported memory improvement in a

patient who underwent fornix/hypothalamus DBS for obe-

sity. These findings led Laxton et al. [132] to develop a

phase I trial of fornix/hypothalamus DBS in six patients

with mild AD. The researchers used positron emission

tomography to measure pre- and postoperative cerebral glu-

cose utilization as an indicator of quantitative effects of

DBS. Increased glucose metabolism was observed in the

temporal and parietal cortical areas at 1 month in all patients

and was sustained in most of the affected areas at 1-year

follow-up. Cognitive assessments suggested improvement or

slowing of anticipated decline at 6 and 12 months after DBS.

No conclusions regarding the efficacy of DBS in AD can yet

be drawn from this phase I study. However, given the unre-

lenting and destructive nature of AD, any advances in treat-

ment options should be explored [133].

Neurodegenerative Disorder Associated With
Human Immunodeficiency Virus (HIV) Infection

Clinically obvious signs and symptoms of at least mild

neurologic disease are found in approximately 50 % of

individuals with AIDS and about 30 % of asymptomatic

HIV-positive individuals. The typical presentation of HIV

dementia includes cognitive, behavioral, and motor dysfunc-

tion, and has been characterized as a subcortical dementia.

The initial symptoms of HIV dementia can be subtle and

overlooked, or misdiagnosed as depression. In the early

stages, memory loss, mental slowing, reading and compre-

hension difficulties, and apathy are frequent complaints

[134]. The typical cognitive deficits of HIV dementia are

characterized primarily by memory loss that is selective for

impaired retrieval; impaired ability to manipulate acquired

knowledge; personality changes that are characterized by

apathy, inertia, and irritability; and general slowing of all

thought processes. However, considerable individual

variability in presentation has been reported [135].

The cause of HIV associated neurologic problems has not

been precisely determined. It has been hypothesized that

neuronal cell death may be associated with later stage HIV,

but there is also evidence of more subtle injury to neurons.

Degradation of neurons, together with cell death, may repre-

sent different stages of neurodegeneration. For example,

HIV in the central nervous system may directly or indirectly

increase oxidative stress or reduce trophic factors resulting

in neural injury such as dendritic simplification or loss of

synapses in the neural networks [136].

HIV enters the brain early in the disease process and

continued replication occurs within the macrophages. The

invasion of HIV into the brain can cause neurodegeneration

in multiple brain areas. There is a loss of neurons in the

frontal cortex of HIV-infected individuals and the degree of

neurodegeneration in this region is associated with severity

of cognitive difficulties prior to death. HIV also shows an

affinity for the basal ganglia, and high viral loads have been

found in this region among individuals with HIV dementia.

Moreover, one study noted an “extensive loss” of MAP2-

immunoreactive neurons and dendrites in the basal ganglia

of individuals with HIV encephalitis [137]. Finally, there is

neuropathological evidence that hippocampal neurons are

affected in HIV disease. In the presence of HIV, hippocam-

pal neurons are particularly susceptible to protein-Tat

induced apoptosis, are found to be sites of increased gliosis

and chemokine expression, and have shorter terminals and

decreased dendritic spine density [138].

Conventional Treatment in HIV

Zidovudine
Only one placebo-controlled clinical trial of antiretroviral

therapy with zidovudine for HIV dementia in adults has been

published. Despite the paucity of information from con-

trolled clinical trials, in fact a substantial amount of evidence

has accumulated to indicate that HIV dementia is treatable

and its deficits and functional impact are reversible in a

proportion of patients. Early studies with high dose (greater

than 1,200 mg) zidovudine suggested that the incidence of

HIV dementia was significantly lower in zidovudine

recipients than in patients receiving no treatment and that

the effect might be dose-related. The original licensing trial

of zidovudine showed significant improvements in neuro-

psychological performance for individuals with advanced
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HIV infection; however, this trial excluded those with severe

dementia [139]. Recently, Chiesi et al. [140] showed a 40 %

reduction in risk of HIV dementia after AIDS with zidovu-

dine. These results have not been confirmed by large US

observational analyses, possibly reflecting the influence of

zidovudine dose on neuroprotection. It appears that

neuroprotective effects of antiretroviral monotherapy, at

currently used doses, are relatively limited.

Antiretroviral Agents
A widespread assumption up to now is that effective HIV

dementia antiretroviral therapy must include agents with

good CNS penetration. Suppression of systemic infection

may reduce further CNS seeding, and thus even a “non-
penetrating” protease inhibitor may have some effect. The

non-nucleoside reverse transcriptase inhibitor, nevirapine

(Viramune), apparently has good CSF penetration, and

might be considered in antiretroviral protocols for HIV

dementia. Sacktor et al. [141] reported on the antiretroviral

agents which are either in development or already in clinical

trial.

Immune-Based and Neuroprotective Therapies
Dewhurst et al. [142] discuss the role of a number of candi-

date neurotoxins which may be important in causation of

HIV dementia, triggering neuronal damage through common

pathways involving the induction of oxidative stress and

excitotoxicity.

Neuromodulatory Approaches for the HIV

In several randomized controlled studies utilizing 2- or

4-week tDCS treatment protocols, tDCS delivered over the

dorsolateral prefrontal cortex (DLPFC) was shown to safely

relieve Major Depressive Disorder (MDD) in the general

population [143]. Although the mechanisms of tDCS antide-

pressant effect are not fully understood, it is reasonable to

assume that tDCS might have induced a change in the

DLPFC activity, which is highly relevant to alterations of

mood-related neuronal networks [144]. Knotkova H et al.

found beneficial effect of tDCS for HIV associated MDD in

pilot feasibility study [309].

Post-stroke Rehabilitation

Stroke is defined as a sudden, focal neurological deficit due

to a cerebrovascular abnormality and this can be caused by

an obstruction in the blood flow (cerebral infarction), or the

rupture of an artery that feeds the brain (cerebral

hemorrhage).

Ischemic stroke could be further classified as (1) large-

artery atherosclerosis, (2) cardioembolism, (3) small-vessel

occlusion, (4) stroke of other determined etiology, and (5)

stroke of undetermined etiology depending on etiology in

TOAST classification [145] or as (1) total anterior

circulation infarction, (2) partial anterior circulation

infarct, (3) lacunar infarction or (4) posterior circulation

infarction depending on extent and affected area of the

brain in The Oxford Community Stroke Project classifica-

tion (also known as the Bamford or Oxford classification)

[146].

Stroke is the leading cause of long-term disability in most

of countries [147], and about 15–30 % of stroke victim is

suffering from a permanent disability and requires assistance

for walking or activities of daily living (ADL) [148].

Depending on the affected area of the brain, many

symptoms are seen after stroke including motor weakness,

sensory loss, coordination and balance problem, apraxia,

neglect, aphasia, dysarthria, dysphasia, central pain, shoul-

der pain, depression, cognitive problems, and behavioral

problems.

Although acute stroke management such as acute throm-

bolysis has been developed recently most post-stroke care

relies on rehabilitative intervention to overcome disability

and impairments [149, 150].

In the literature, neuromodulation techniques in stroke

patients were usually tested in ischemic stroke patients

although some studies also included hemorrhagic strokes.

It is a general concept that ischemic and hemorrhagic stroke

might have different mechanisms of recovery, and hemor-

rhagic stroke has better functional prognosis than ischemic

stroke [151]. In terms of chronicity, neuromodulation tech-

nique has been used during acute, subacute and chronic

stage. Although application of neuromodulation in the

acute stage of stroke might result in an increased risk of

seizure, theoretically it is more beneficial to apply

neuromodulation earlier than later because this period is an

active period of brain reorganization, and could have a

greater benefit than at the chronic stage.

Early rehabilitative intervention is important to enhance

recovery after neurologic deficits including motor

impairment, aphasia, visuospatial neglect, dysphagia [152,

153], and neural reorganization, brain plasticity, plays a

major role during this period [154, 155]. The changes of

brain network activities after an injury or rehabilitative

interventions can be visualized using neuroimaging

techniques, such as positron emission tomography (PET) or

functional magnetic resonance imaging (fMRI), and such

findings give useful information on the clinical application

of noninvasive brain stimulation for neurorehabilitation.

Noninvasive brain stimulation, in the form of repetitive

transcranial magnetic stimulation (rTMS) or transcranial

direct current stimulation (tDCS), provides the means to
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modulate brain activity in a specific brain region and to

induce plasticity at the network level [156].

Modern concept of functional recovery after stroke is

essentially a re-learning process with a partially disrupted

neural network [157]. Theoretically we can specifically

assist this re-learning process by inhibiting competing mal-

adaptive regions or facilitating local activity to promote

change during practice using after-effects of brain

neuromodulation.

Recent bench to bedside research demonstrated that brain

stimulation alone or in combination with routine rehabilita-

tive training have shown promising results on stroke recov-

ery. We can potentially facilitate motor, cognitive and

language recovery after brain injury, and brain

neuromodulation could be applied as an adjuvant therapy

for rehabilitative training after stroke. However, the clini-

cally beneficial effect of noninvasive brain stimulation is

still modest according to previous proof-of-concept studies

and optimal stimulation protocol of these modalities in terms

of optimal target population, delivery timing, and stimula-

tion parameters should further be pursued [158]. Up to now,

only the rTMS device by NeuroStar TMS Therapy®

(Neuronetics, a Malvern, Pennsylvania) has won US

FDA’s approval for treatment of depression in patients that

do not respond to drug therapy in October 2008 [159]. Other

applications for stroke are off label, and current proof-of-

concept studies should be followed by large scale phase III

clinical trials, with eventually proof of effectiveness in a

meta-analysis study.

Motor Recovery

Despite recently acute stroke therapies such as tPA and

mechanical thrombolysis that promote brain reperfusion

within golden time have been developed, half of stroke

patients still suffer from residual motor weakness [160].

To improve motor recovery in these patients, many

exercises featuring task-oriented high-intensity repetitive

training are being applied in clinics [149]. Constraint-

induced Movement Therapy (CIMT), robotic interactive

therapy, neuromuscular electrical stimulation, virtual reality

training for upper limb and body weight-supported treadmill

training are such examples. These methods make patients

avoid “learned disuse” and to “forced use” of an impaired

extremity [161]. Constraint-induced Movement Therapy

(CIMT) [162] is a core example with the concept of avoiding

disuse and forced use principle. In classical CIMT, patients’
intact upper limbs are constrained for 90 % of waking hours

using a sling or mitt, and trained in functionally oriented

activities using hand-over-hand skilled guidance (“shaping
exercise”) with only the paretic arm for 6 or more hours per

day over 2 weeks. The Extremity Constraint Induced Ther-

apy Evaluation (EXCITE) Trial [163] was a multicenter

single-blind randomized controlled trial comparing CIMT

to customary care in chronic stage of stroke patients. At

1 year, the CIMT group performed better on a series of

timed, functional tasks. This EXCITE trial was the first

neuroplasticity therapy with multicenter evidence.

Some pharmacological interventions, usually catechol-

aminergic medications such as D-amphetamine and levo-

dopa, are coupled with customary rehabilitative training to

improve motor function but results are still mixed, still

waiting further approval [164].

There are many small placebo controlled trials that

investigated the clinical effects of rTMS or tDCS applied

to the motor scalp area. These studies demonstrated a change

of cortical excitability or improvement of motor perfor-

mance after stimulation. The application of these noninva-

sive brain stimulations for motor recovery after stroke is

mainly based on the concept of inter-hemispheric competi-

tion or rivalry [165–167].

In the inter-hemispheric rivalry theory, the activities of

motor cortexes from bilateral hemispheres are balanced by

transcallosal interhemispheric inhibitory projections for

motor execution in normal condition. However, transcallosal

interhemispheric inhibitory projections from the unaffected

motor cortex to the affected motor cortex is elevated com-

pared to inhibitory tone from affected to unaffected motor

cortex after stroke, leading to over-inhibition of affected

motor cortex and impeding motor execution of paretic

hand and motor recovery [167, 168]. Therefore, inhibiting

the motor cortical activities of the unaffected hemisphere

could restore the excitability of affected hemisphere [167].

Another simple strategy to improve motor recovery after

stroke is to simply reactivate the affected motor cortical

excitability. Trans-cranial induction of either (1) facilitation

of affected motor cortex M1 (using high frequency rTMS,

intermittent theta burst stimulation, iTBS or anodal tDCS) or

inhibition of M1 of the unaffected hemisphere (using low

frequency rTMS, continuous theta burst stimulation, iTBS or

cathodal tDCS) has been shown to improve motor function

of the paretic side (Fig. 16.3).

Several detailed studies are available in the literature

[169, 170]. In rTMS research, the inhibition of the unaf-

fected M1 cortical excitability using 1 Hz inhibitory

protocols [171–173] or facilitation of affected M1 cortical

excitability using 3–20 Hz of excitatory protocols [174–176]

have been shown to promote recovery of motor function of

the paretic hand after stroke. Stimulation intensity was

measured with resting motor threshold (rMT), and ranged

between 80 and 130 %.

The use of 1 Hz rTMS has been proven effective for

motor improvement using various measuring tools

[174–176]. In the neuroimaging study, it was found that

neural activity over the affected hemisphere was increased

following inhibitory rTMS over unaffected hemisphere,

justifying the strategy to use inhibitory rTMS over
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unaffected hemisphere [177]. Recently, Kakuda et al. [178]

performed a multi-center study in 214 chronic post-stroke

patients and demonstrated that multiple sessions (average 22

sessions) of 1 Hz rTMS over the unaffected motor cortex

combined with customary occupational therapy had a bene-

ficial effect on improvement of motor recovery, and effects

were maintained up to 4 weeks after the intervention.

Although this study was a one-arm study without sham

control, this study demonstrated the therapeutic value of

repeated sessions of low frequency rTMS applied to the

unaffected motor cortex as an adjuvant therapy in stroke

neurorehabilitation.

However, in one study rTMS over the unaffected hemi-

sphere demonstrated decreased performance in complex

motor task [157] in some patients, questioning the general

applicability of the unaffected hemisphere approach.

Application of high-frequency rTMS on the affected

hemisphere demonstrated inconsistent results [174–176].

Besides, high frequency rTMS has more safety concerns

than low frequency rTMS due to its potential to induce

seizure.

In one group’s studies [174, 175], 3 Hz rTMS applied to

the affected hemisphere was safe and induced long-term

beneficial effect up to 1 year. However, in Takeuchi et al.’s
study [179] comparing high frequency rTMS to the affected

hemisphere and low frequency to unaffected hemisphere,

high frequency stimulation showed negative results, con-

trary to positive results of low frequency stimulation.

Khedr et al. also reported that 1 Hz stimulation on unaffected

hemisphere elicited greater motor improvement than 3 Hz

stimulation [180].

According to current literature review, low-frequency

rTMS on unaffected hemisphere produces better effects than

high-frequency rTMSon affected hemisphere [179–181]. This

phenomenon is postulated the finding that low-frequency

rTMS induces bilateral cortical excitability changes at the

same time, whereas high-frequency rTMS induces excitability

changes only on the affected cortex [172].

Low frequency rTMS also has been shown to be effective

for spasticity control [178]. This effect is considered a sec-

ondary effect of increased descending inhibitory control

over the motor neuron pool from the affected motor cortex.

The intensity of the stimulation is also important. Sub-

threshold stimulation may exert only local effect on the

stimulated area, but suprathreshold stimulation may affect

not only the stimulated cortex but also the contralateral

homogenous motor cortex and related motor network [171,

172, 174, 175].

For greater and longer lasting effects, theta burst stimula-

tion (TBS), a modified patterned stimulation of conventional

rTMS has also been attempted at the compensation of the

increased risk of seizure. In TBS, intermittent TBS (iTBS)

Fig. 16.3 Strategy to improve motor function after stroke. After

stroke, transcallosal interhemispheric inhibitory projections from the

unaffected motor cortex to affected motor cortex is elevated compared

to inhibitory tone from affected to unaffected motor cortex after stroke.

Therefore, either (1) facilitation of affected motor cortex (using high

frequency rTMS, intermittent theta burst stimulation, iTBS or anodal

tDCS) or inhibition of motor cortex of the unaffected hemisphere

(using low frequency rTMS, continuous theta burst stimulation, iTBS

or cathodal tDCS) could be a strategy to improve motor function of

paretic upper limb (Adapted from [167])
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corresponds to high frequency rTMS, and continuous TBS

(cTBS) low frequency rTMS [182].

Talelli et al. [183] and Ackerley et al. [184] applied iTBS

over the affected motor cortex and cTBS over the unaffected

motor cortex in chronic stroke patients and found some

positive results.

Sometimes, priming protocol was applied hoping to

enhance the rTMS effect. Carey et al. [185] and Kakuda

et al. [186] applied 6 Hz priming rTMS prior to 1 Hz rTMS

to enhance the effect of 1 Hz rTMS applied to unaffected

hemisphere in stroke. This concept of “meta-plasticity” and
“homeostatic plasticity” effect, that is, changes in brain

activity can induce subsequent change in brain activity has

been shown in normal subjects using rTMS and tDCS and

produced the idea of priming stimulation [187]. Table 16.3

summarizes the rTMS protocol for post-stroke motor recov-

ery [169].

Along with rTMS, tDCS can also be applied as an adju-

vant therapy for motor neurorehabilitation. Single or multi-

ple sessions of either facilitatory anodal tDCS applied to

affected M1 [167, 188] or inhibitory cathodal tDCS to unaf-

fected M1 [189, 190] can also enhance paretic hand motor

function beyond the stimulation period.

tDCS and rTMS have their own advantages and

disadvantages [191]. tDCS is easy to administer and rela-

tively inexpensive as compared to rTMS and it can be

administered in combination with various rehabilitative

training.

If repeated sessions of stimulation are applied, there is a

possibility to have a longer lasting after-effect [172]. Reis

et al. [192] demonstrated that repeated sessions of anodal

tDCS facilitated long-term retention and consolidation of

acquired skills as compared to sham stimulation in healthy

subjects.

Although first positive results for improvement of motor

performance came out from anodal tDCS protocol, anodal

protocol over affected M1 is reported to produce less benefi-

cial effects than cathodal tDCS protocol over unaffected M1

according to recent literatures [193, 194]. Kim et al. [193]

tested whether multiple sessions of tDCS combined with

occupational therapy could elicit more improvement in

motor function of the paretic upper limb than sham stimula-

tion (occupational therapy alone) in patients with subacute

stroke. They recruited 18 patients with hand motor

impairment and randomly assigned them to one of the

three 10-day sessions of intervention; anodal tDCS over

the affected motor cortex, cathodal tDCS over the unaffected

motor cortex, or sham stimulation. They observed that only

cathodal tDCS led to a greater improvement in paretic hand

function assessed with Fugl-Meyer score than the sham

procedure at 6-month follow-up whereas anodal tDCS

showed trends towards improvement.

Sometimes bihemispheric tDCS combining anodal tDCS

to affected hemisphere and cathodal tDCS to unaffected

hemisphere has been attempted in healthy subjects [195,

196] and stroke patients [197, 198] hoping to enhance

motor improvement. Kang and Paik [195] compared unilat-

eral versus bilateral tDCS application when performing a

motor learning task in 11 healthy subjects, and found that

there was no significant difference between applications in

terms of induced implicit motor sequence learning, although

two applications were more effective than sham stimulation.

Likewise in stroke patients, it is not clear whether bilateral

tDCS application is more effective in terms of enhancing

motor recovery than unilateral application.

Peripheral nerve stimulation or somatosensory stimula-

tion is also known to increase cortical excitability and to

enhance motor function of a paretic hand in patients with

subacute and chronic stroke [199, 200].

Somatosensory stimulation can be coupled with TMS in a

synchronous manner in paired association stimulation (PAS)

protocol. When ascending volley of somatosensory stimula-

tion is coupled with TMS descending volley in a synchro-

nous manner, it can increase the cortical excitability and

enhance motor performance in healthy subject [201]. Previ-

ous studies showed that this protocol also induces changes in

cortical excitability [202, 203] and improves motor function

in stroke patients [204].

Celnik and Paik et al. tested whether combining somato-

sensory stimulation and tDCS induces larger or longer last-

ing after effects than stimulating somatosensory stimulation

or tDCS alone [205]. They combined peripheral nerve stim-

ulation to the paretic hand with anodal tDCS to the

ipsilesional M1, and found that combined stimulation

resulted in a greater improvement in the number of correct

key presses relative to either stimulation alone or sham

stimulation, and this improvement was maintained until

6 days after the end of the training.

Recent failure in multicenter phase III clinical trial on

cortical epidural stimulation to promote motor recovery after

stroke provoked important caveats in applying noninvasive

cortical stimulation to stroke patients [206].

In a phase II feasibility trial, epidural stimulation guided

by functional MRI for the optimal stimulation site in chronic

stroke patients was successful [207]. However, in a phase III

trial only a limited number of patients (less than 20 % of

participants) showed motor evoked responses, and this was

one of main factors that led to unexpected failure of the trial.

Later post hoc subgroup analysis revealed significant

improvements in those patients with evoked motor

responses. When we consider that functional recovery after

stroke is essentially motor learning with a partially disrupted

neural network [157], at least cortico-spinal output has to be

adequate to allow functional recovery of motor function.
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Therefore, cortico-spinal descending pathways should be

checked for their integrity using TMS or tractography before

applying brain stimulation.

It is also important to determine the exact location of

stimulation considering the potentially variable lesion geom-

etry, mechanism and stage of stroke recovery, and to deliver

the patient-specific neuromodulation protocol.

Recently, Bashir et al. and Kim et al. compared applying

neuronavigated rTMS over conventional rTMS in terms of

physiologic and behavioral effects of low-frequency rTMS

in healthy subjects, and found that navigated rTMS leads to

more robust neuromodulation resulting in greater physio-

logic and behavioral effects. Neuronavigational rTMS can

maximize accuracy in targeting a given cortical therefore,

study results have implications for future therapeutic

applications of neuromodulation [208, 209].

Recently, it was found that response to rTMS is

modulated by a common polymorphism of the brain-derived

neurotrophic factor gene (BDNF). The BDNF is known to

influence synaptic plasticity, and response to rTMS in BDNF

Val66Met carriers was different from that of Val66Val

individuals, suggesting that polymorphism may be one fac-

tor that influences the response to neuromodulation [210].

According to current knowledge, brain neuromodulation

appears to be a safe and promising intervention for brain

rehabilitation and has a potential to be used as an adjuvant

therapy for neurorehabilitation when appropriately com-

bined with classical behavioral therapy. However, improve-

ment of function after brain neuromodulation is still modest,

and at least network should be partially preserved for the

after-effects to occur. More studies are needed to assess its

long-term benefits on a large scale of patients [211].

It is unlikely that brain neuromodulation alone makes the

brain form appropriate connections needed for recovery.

Maybe brain neuromodulation works by strengthening

existing connections or assisting the brain to form new

connection. Therefore, brain neuromodulation techniques

should always be accompanied by behavioral training.

Further fine establishment of stimulation protocols

maximizing the beneficial effect of interventions, in terms

of parameters showing better effect and duration, optimal

patient and time selection for intervention and

individualized localization depending on the pattern of reor-

ganization should be pursued. Location, extent, time since

injury, geography of delivered stimulation is different from

patient to patient [212].

Visuospatial Neglect

Neglect is defined as an impaired or lost ability to respond to

sensory stimuli presented from the contralesional hemi-

sphere in a patient with neurological damage [213].

Visuospatial neglect is a common problem after stroke,

estimated to occur in about 82 % of right cerebral hemi-

sphere strokes and 65 % of left cerebral hemisphere strokes

[214]. Neglect is an important impairment to overcome in

stroke rehabilitation, because it is associated with poor func-

tional outcomes [215].

Various rehabilitation techniques for neglect have been

tried. Visual scanning therapy was initially applied to treat

neglect and was reported to have some beneficial effect

[216] but it could improve only the neglect for visual tasks

and is quite time consuming [217]. To reduce the theoreti-

cally right ward deviation in a patient with neglect, optoki-

netic stimulation, neck muscle vibration, caloric- or

galvanic-vestibular stimulation, and prism adaptation have

also been applied as therapeutic tools and some studies

reported a positive effect, although a well-designed

randomized controlled trial with sufficient sample size is

lacking to date [218–222]. There is no convincing evidence

for the pharmacologic treatment in neglect [223].

Because previous treatments for neglect have shown lim-

ited effect, need for a new modality has been suggested.

Recently, noninvasive brain stimulation has emerged as a

possible treatment tool for neglect. The rational for applica-

tion of noninvasive brain stimulation for visual spatial

neglect after brain injury is also based on the concept of

inter-hemispheric rivalry. Usually a right hemispheric lesion

after stroke causes the attentional vector generated by the

right hemisphere to be weaker and results in the reduction of

inhibition on the left hemisphere [224]. This disinhibition

supposed to lead to hyperexcitability of the intact left hemi-

sphere and right ward deviation of visual field [224].

Therefore, the purpose of noninvasive brain stimulation

for neglect is to reduce the hyperexcitability of intact left

hemisphere or to increase the excitability of damaged right

hemisphere, which is expected to neutralize the right ward

deviation. Several studies for rTMS and a couple of studies

for tDCS have been published up to now [225, 226]. The

initial study of rTMS for visuospatial neglect applied 25 Hz

high frequency stimulation to the unaffected parietal cortex

and demonstrated improvement in the bisected lines length

judgment test [227]. Thereafter, all studies have used the

rMTS protocol to inhibit the unaffected parietal or posterior

parietal cortex to treat neglect after stroke.

Studies with low-frequency rTMS over the posterior pari-

etal cortex demonstrated the long-term effect on neglect

[228–230]. Lim et al. tested whether multiple sessions of

inhibitory 1 Hz rTMS applied to the left parietal cortex can

improve hemispatial neglect after stroke with an open-label

design [231]. They recruited seven consecutive patients with

hemispatial neglect and compared with seven retrospec-

tively recruited historical control patients. rTMS was applied

to the left parietal area immediately prior to occupational

therapy for 10 days whereas historical control patients
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received only behavioral therapy. After treatment, rTMS

group showed a greater improvement in the line bisection

test than did the control group.

Two studies applied continuous theta burst stimulation

(cTBS) [226, 232]. Nyffeler et al. reported that continuous

inhibitory TBS over the unaffected posterior parietal cortex

showed more improvement for left-sided targets and reac-

tion time in a visuospatial task compared to sham stimula-

tion [232]. Koch et al. demonstrated the effect of multiple

sessions of continuous TBS on neglect [226]. Ten sessions of

continuous TBS of the posterior parietal cortex over 2 weeks

showed more improvement in behavioral inattention test

compared to the sham stimulation. Table 16.4 summarizes

the rTMS protocol for post-stroke hemispatial neglect [169].

In summary for rTMS for neglect, although previous

studies have shown the promising perspectives, the evidence

is still lacking. Long-term after-effects of rTMS should be

investigated in the future study. Considering the brain net-

work for visuospatial perception and theory of interhemi-

spheric rivalry, we need further study with excitatory rTMS

over the affected hemisphere or other different stimulation

sites and modes to find out the most effective rTMS protocol

for neglect.

With regard to the tDCS, only two studies have reported

an effect on neglect after stroke. One study applied one

session of anodal tDCS with 2 mA over the affected poste-

rior parietal cortex. Compared to sham tDCS, the percent

deviation score of the line bisection test and the omissions

Table 16.4 rTMS protocol for post-stroke hemispatial neglect (From Shin J, Yang EJ, Cho K, et al. Clinical application of repetitive transcranial

magnetic stimulation in stroke rehabilitation. Neural Regen Res 2012; 7: 627–34) [169]

Source Design Size

Lesion

site Time after stroke

Frequency,

intensity, pulse

number and

duration

Stimulated

area Outcome measures Results

Oliveri

et al.,

2001

[227]

Case

study

7 patients 5 RH,

2 LH

15.1 � 19.1 week 25 Hz, 115 % MT,

10 pulses, 1

session

UH (P5 or

P6)

Length judgment of

bisected line

Improvement of

visuospatial neglect

Koch

et al.,

2008

[233]

Case

study

12 patients RH Patients:

32–172 days;

neglect (-) patients:

31–158 days

1 Hz, 90 % RMT,

600 pulses, 1

session

UH Naming of visual

chimeric objects

Improvement of

visuospatial neglect

Song

et al.,

2009

[230]

RCT 7 rTMS, 7

rTMS (�)

RH rTMS:

38.4 � 15.2 days;

rTMS (�):

31.6 � 11.5 days

0.5 Hz, 90 % MT,

450 pulses, 20

sessions (P3)

UH (P3) Line cancellation,

line bisection

Improvement of

visuospatial neglect

Lim

et al.,

2010

[231]

Case

study

7 rTMS, 7

rTMS (�)

RH rTMS:

61.9 � 111.1 day;

rTMS (�):

139.0 � 194.8 days

1 Hz, 90 % MT,

900 pulses, 10

sessions

UH Line bisection, Albert

test

Improvement of line

bisection test, but not

of Albert test

Shindo

et al.,

2006

[229]

Case

study

2 patients RH 180.5 � 7.8 days 0.9 Hz, 95 % MT,

900 pulses, 6

sessions

UH (P5) Behavioral

inattention test,

MMSE or Revised

Hasegawa dementia

scale, Brunnstrom

recovery stage,

Barthel index

Improvement of

visuospatial neglect

unti 5 weeks after

rTMS

Brighina

et al.,

2003

[228]

Case

study

3 patients RH 3–5 months 1 Hz, 90 % MT,

900 pulses, 7

sessions

UH (P5) Line bisection test,

clock drawing

Improvement of

visuospatial neglect

until 15 days after

rTMS

Nyffeler

et al.,

2009

[232]

Case

study

11 patients

5 2 � TBS,

5 4 � TBS,

5 sham,

5 control*

RH 7.1 � 13.0 month Continuous TBS:

30 Hz, burst of 3

pulses, every

100 msec, 100 %

RMT, 801 pulses,

2 or 4 trains

UH (P3) Subtask of Vienna

test system

Improvement of

visuospatial neglect,

lasting effect of

neglect: 4 TBS trains

showed longer effect

than 2 TBS trains

RCT randomized controlled trial, TBS theta burst stimulation, MT motor threshold, RMT resting motor threshold, P3/P5 left parietal cortex

according to the International 10–20 EEG coordinate system, P6 right parietal cortex according to the International 10–20 EEG coordinate system,

MMSE Mini-Mental State Examination

Four experiments were performed, and each experiment included five patients. Therefore, three patients participated in two experiments and three

patients in three experiments
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for the shape unstructured cancellation test improved more

immediately after anodal tDCS [234]. In another study,

researchers investigated the effect of anodal tDCS over the

affected posterior parietal cortex and cathodal tDCS over the

unaffected posterior parietal cortex in ten patients with

neglect after stroke [235]. Both anodal tDCS over the

affected hemisphere and cathodal tDCS over the unaffected

hemisphere improved some in the clinical test compared to

the effect of sham tDCS. Based on these two studies, the

expected increase of excitability on the affected hemisphere

after anodal tDCS seems to improve the clinical symptoms

of neglect in stroke patients. Because randomized controlled

trials have not been tried, convincing evidence for tDCS on

neglect is currently lacking.

Aphasia

Aphasia is defined as an acquired loss or impairment of the

language system after brain damage [236]. About 24–30 %

of the patients suffer from various types of aphasia following

stroke and degree of recovery varies among patients [237,

238]. Aphasia is not only an important disability in daily life

but also a key prognostic factor for functional outcome after

stroke [239]. Therefore, there have been efforts to treat the

aphasia in order to improve functional outcome and quality

of life in patients with stroke.

Speech and language therapy is usually the primary ther-

apeutic approach in rehabilitation of aphasia after stroke

[240]. A comprehensive review on speech and language

therapy for aphasia following stroke was recently published

[241]. In this review, speech language therapy showed better

functional communication outcomes in receptive and

expressive language compared with no therapy. However,

when the speech language therapy is compared to social

support and stimulation, they found no evidence of a differ-

ence in functional communication. Although they also com-

pared the effects of experimental (e.g., constraint-induced

language therapy), intensive and group speech language

therapies with a conventional one, no significant difference

was found. In summary, there is some evidence of the

effectiveness of speech language therapy with aphasia fol-

lowing stroke but evidence is insufficient to draw any con-

clusion regarding the effectiveness of any one specific

speech language therapy approach over another [241].

Compared to lesion-deficit approach, the recent develop-

ment of neuroimaging makes it possible to investigate brain

connectivity in language function and plastic changes after

stroke. Recovery from aphasia is associated with a process

of reorganization and plasticity in this complex language

network [242, 243]. Noninvasive brain stimulation is

expected to modulate the excitability of cortical regions

that are associated with specific language networks involved

in aphasia after stroke, then to enhance the cortical reorga-

nization that leads to good recovery [244]. To date, some

studies with rTMS and tDCS have reported promising results

in patients with aphasia.

Usually noninvasive stimulation for aphasia treatment has

been based on the concept that considered hyperexcitability of

the homologous area in the unaffected hemisphere to the

damaged brain after stroke as a maladaptation [245], part of

the concept of interhemispheric rivalry. Therefore more stud-

ies of rTMS or tDCS for aphasia have used the protocol of

inhibiting the right unaffected hemisphere or exciting the left

affected hemisphere, which can lead to increasing the

excitability of damaged brain regions in the left hemisphere.

Some studies have reported that low frequency rTMS

over the unaffected right inferior frontal gyrus improved

aphasia but they did not use a control group and only

investigated the effect of rTMS in non-fluent aphasia

[246–252]. Barwood et al. demonstrated that ten sessions

of low-frequency rTMS over the right pars triangularis

improved the speech language performance in Boston diag-

nostic aphasia examination in their sham-controlled study

with non-fluent aphasia after stroke. Weiduschat et al. also

conducted a randomized controlled pilot study in heteroge-

neous group of aphasia (five Wernicke’s, two Broca’s and

one amnestic aphasia) to investigate the effect of low-

frequency rTMS over the right pars triangularis on aphasia

[253]. There was an improvement of speech performance in

Aachen aphasia test after real rTMS compared to sham

stimulation. Recently, one randomized, double blind, sham

controlled study did not find the significant effect of low

frequency rTMS over the right inferior frontal gyrus on the

recovery from aphasia in acute stage ischemic stroke [254].

However, the rTMS subgroup with a lesion including the

anterior part of language area showed greater improvement

primarily in naming reaction time 15 weeks after completion

of the therapeutic treatment in the additional analyses.

Intermittent theta-burst stimulation (iTBS), high-

frequency rTMS, and anodal tDCS over the left hemisphere

were also tried to directly increase the excitability of dam-

aged left hemisphere, which are expected to restore the

perilesional neuronal activity. Application of up regulating

intermittent TBS over the left Broca’s area localized through
fMRI study in aphasic patients with chronic stroke showed

improvement in semantic fluency, coinciding with an

increase in left fronto-temporo-parietal language networks

in fMRI mapping [255]. In one small case study including

three patients with aphasia, high-frequency rTMS over the

left dorsolateral prefrontal cortex improved object naming.

Table 16.5 summarizes the rTMS protocol for post-stroke

aphasia [169].

There have been several studies of tDCS. In a cross-over

design with sham control, five sessions of anodal tDCS over
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the left hemispheric area that was activated during an overt

naming task in fMRI demonstrated improvement in naming

task [259]. Another study demonstrated that five sessions of

anodal tDCS over the left inferior frontal gyrus improved

aphasia. In a recent double-blind, sham-controlled study,

anodal tDCS was applied to the left perilesional brain

regions that showed the greatest activation on a pre-tDCS

fMRI during overt picture naming [260]. Anodal tDCS over

the affected left hemisphere reduced reaction time during

naming until 3 weeks after treatment. However, Monti et al.

did not prove the effect of anodal tDCS over the left

frontotemporal area on aphasia with single session [261].

Some studies investigated the effect of inhibitory cath-

odal tDCS of the right hemisphere on aphasia. Kang et al.

evaluated whether inhibitory cathodal tDCS, applied over a

healthy right Broca’s homologue area could improve picture

naming in patients with post-stroke aphasia [262]. Ten right-

handed patients received an intervention of cathodal tDCS

(2 mA for 20 min) and of sham tDCS (2 mA for 1 min) daily

for five consecutive days in a crossover design combined

with simultaneous conventional speech therapy. Improved

picture naming was observed following the last tDCS treat-

ment session, but no changes were observed after sham

tDCS. They further investigated the factors associated with

good responses to tDCS combined with speech therapy in 37

aphasic patients after stroke [263]. All patients received ten

sessions of speech therapy for 30 min over 2–3 weeks while

the cathodal tDCS was applied to Broca’s homologous area

in unaffected hemisphere with 1 mA for 20 min. After tDCS

intervention, Aphasia Quotient significantly improved, and

Table 16.5 rTMS protocol for post-stroke aphasia

Source Design Size

Type of

aphasia Time after stroke

Frequency,

intensity,

pulse number

and duration

Stimulated

area

Neuro-

navigation

Outcome

measures Results

Naeser

et al. 2005

[248]

Case

study

4 Global,

motor,

conduction

aphasia

5–11 years 1 Hz, 90 %

MT, 1,200

pulses, 10

sessions

Right

Broca’s
homologue

Yes Snodgrass and

Vanderwart

picture naming

BNT, Boston

diagnostic

aphasia exam

Improvement of

picture naming

over 8 months in ¾
patients

Martin

et al. 2004

[246]

Case

study

2 Motor

aphasia

10.2 years 1 Hz, 90 %

MT, 600

pulses, 10

sessions

Right pars

triangularis

Yes BNT Improvement of

naming in ½

patients

Martin

et al. 2009

[249]

Case

study

4 Motor

aphasia

5–11 years 1 Hz, 90 %

MT, 1,200

pulses, 10

sessions

Right

Brodman

area 45

Yes BNT, Boston

diagnostic

aphasia exam

Improvement of

picture naming

over 2 months

Hamilton

et al. 2010

[250]

Case

study

1 Motor

aphasia

5 years 1 Hz, 90 %

MT, 1,200

pulses, 10

sessions

Right pars

trangularis

Yes WAB, Cooke

theft picture

description,

naming

Improvement of

naming, picture

description,

spontaneous

speech

Kakuda

et al. 2010

[256]

Case

study

2 Sensory

aphasia

7.8 months 1 Hz, 90 %

MT, 1,200

pulses, 10

sessions for a

week and

weekly for

3 months

Wernicke’s
area

No Token test,

auditory

comprehension

of standard

language test of

aphasia

Improvement of

auditory and visual

comprehension,

sponataneous

speech, writing,

repetition and

naming

Winhuisen

et al. 2005

[257]

Case

study

11 Global,

motor,

sensory

aphasia

2 weeks 4 Hz, 20 %

max output

(2.1 T), 40

pulses

Right or left

IFG

(activated

region in

PET)

No Aachen aphasia

test battery

Improvement of

verb generation

(left IFG > right

IFG)

Kakuda

et al. 2010

[258]

Case

study

4 Motor

aphasia

13.8 � 10.7 months 1 Hz, 90 %

MT, 1,200

pulses, 10

sessions

Homologous

to activated

region in

fMRI during

word

repetition

task

No WAB, Standard

language test of

aphasia

Improvement of

naming,

spontaneous

speech, writing and

repetition

From [169]; with permission
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improvement was greater in patients with less severe, fluent

type of aphasia. Initial severity over 10 % in AQ was favor-

able for improvement in statistical analysis.

By stimulating more specific targeted areas, the therapeu-

tic effect of noninvasive brain stimulation could be

maximized. One study with a neuro-navigational system

suggested that TMS suppression of the right pars

triangularis, but not the pars opercularis, improves naming

in aphasia, indicating the need to specify the stimulation site

within the selected gyrus level, such as inferior frontal gyrus

[251]. Kim et al. also reported that neuronavigated rTMS

leads to more robust neuromodulation of Broca’s area,

resulting in delayed verbal reaction time in healthy virtual

lesioning study [209].

Therefore, using a neuro-navigational system could be a

solution for this question. The target area for activation or

deactivation can be visualized using functional neuroimag-

ing such as functional MRI or PET [255, 264, 265] and these

target areas can be specified by a neuro-navigation system.

This technique may be particularly important with an

attempt to directly excite the perilesional left hemispheric

area by rTMS in aphasia, because the stimulation can be

applied to the damaged, non-excitable tissue when using the

conventional technique.

Epidural cortical stimulation has been tried as an adjunc-

tive therapy for aphasia in some previous studies [266, 267].

In one preliminary study, four stroke patients with chronic

non-fluent aphasia underwent functional MRI guided surgi-

cal implantation of an epidural stimulation device which was

activated only during intensive speech therapy [266]. They

found that there was no adverse event related to the implan-

tation of device and cortical stimulation except the transient

tingling around the implanted stimulator, and suggested that

epidural stimulation of the ipsilesional premotor cortex may

augment the effect of speech therapy.

Dysphagia

Dysphagia is a commonly documented morbidity after

stroke, but its reported frequencies are widely discrepant,

ranging between 19 and 81 % depending definition, time and

tool of evaluation [268]. The presence of dysphagia has been

associated with an increased risk for aspiration pneumonia

and mortality [269]. There is emerging evidence that early

detection of dysphagia in patients with acute stroke reduces

not only these risks but also reduces the length of hospital

stay and overall healthcare expenditures [270].

Current treatment for dysphagia includes prevention of

aspiration in the form of diet and fluid modifications, com-

pensatory maneuvers, position changes and rehabilitation

exercises [271]. Diet modification is a common treatment

for dysphagia. In general, thin liquids are the most difficult

to control and are more likely to be aspirated because they

can leak into the pharynx before swallowing is triggered.

Hence, thickened liquids and soft cohesive solids are gener-

ally those with the safest consistency.

A variety of behavioral techniques are used, including

modifications in posture, head position and respiration, as

well as specific swallowing maneuvers. Oral sensory stimu-

lation involving altered temperature and taste may be con-

sidered therapy because it can alter the timing of swallowing

by reducing both the oral onset time and pharyngeal delay

time. Therapeutic exercises are used to improve the patient’s
oral motor range of motion, strength and coordination of

oral, pharyngeal and respiratory muscles for swallowing.

Neuromuscular electrical stimulation is a widely used

treatment for oropharyngeal dysphagia. It involves passing

a small electrical current transcutaneously to create a muscle

contraction or to deliver somatosensory input [272, 273].

When safe feeding is not possible, a pharyngeal bypass

measured may be employed to eliminate the need for oro-

pharyngeal swallowing and provide nutrition and hydration.

There are no specific “medication for dysphagia,” though
some symptoms may be managed with medication. Anticho-

linergic drugs and botulin toxin injections can reduce sali-

vary flow in individuals with aspiration of oral secretions

[274].

It has been known that the swallowing motor cortex is

reorganized after stroke and associated with recovery from

dysphagia [275]. Noninvasive brain stimulation is expected

to modulate the brain plasticity during the recovery phase of

dysphagia after stroke. Some studies of rTMS or tDCS have

investigated the role of noninvasive stimulation on the

recovery of dysphagia.

Recent reports have identified positive treatment effects in

swallowing functions subsequent to rTMS highlighting its

therapeutic potential as a treatment for dysphagia [276].

Khedr et al. [277] recruited 26 post-stroke dysphagic patients

in a 5–10-day post-stroke onset. The experimental group

received repetitive trains of 3-Hz stimulation on the eso-

phageal cortical area of the affected hemisphere for 5 days.

Improvement in the dysphagia rating was observed only in the

experimental group but not in the shamgroup at 2months post-

stimulation. Abo-Elfetoh et al. [276, 278] also investigated

rTMS effect on 22 acute ischemic stroke patients with bulbar

symptoms. The experimental group received repetitive trains

of 3-Hz stimulation on the esophageal cortical area of

both hemispheres for five consecutive days and significant

improvement in swallowing function was observed. Although

both studies showed improvement in swallowing functions

after rTMS, both used only a four-point rating scale to describe

the general swallowing functions based on clinical exami-

nation. Verin et al. [276] conducted a pilot study using rTMS

to stimulate the mylohyoid cortical area in seven post-stroke

dysphagic patients. The patients had improvement in

swallowing functions up to 3 weeks after stimulation when
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measuredwith videofluoroscopic swallowing study.However,

their study did not include any control group. Further studies

that include both active and sham rTMS groups and using

various swallowing assessment tools (e.g., clinical exami-

nation, videofluoroscopic swallowing studies, swallowing-

specific quality of life questionnaires) are needed to better

understand the effect of rTMS on swallowing functions.

Table 16.6 summarizes the rTMS protocol for post-stroke

dysphagia [169].

One small pilot study reported transient improvement of

swallowing function after anodal tDCS to the sensorimotor

cortical representation of swallowing muscles in the unaf-

fected hemisphere over the course of five consecutive days

with concurrent standardized swallowing maneuvers in four-

teen patients with subacute unilateral hemispheric infarction

[279]. Jafferson et al. [280] demonstrated that anodal tDCS

increases pharyngeal motor cortex excitability in an intensity-

dependent manner, with little evidence of transcallosal spread.

Yang et al. also investigate the effects of tDCS combined

with swallowing training on post-stroke dysphagia [281].

Sixteen patients with post-stroke dysphagia received anodal

tDCS (1 mA for 20 min) or sham (1 mA for 30 s) over the

pharyngeal motor cortex of the affected hemisphere during

30 min of conventional swallowing training for 10 days.

Three months after the intervention, anodal tDCS elicited

greater improvement compared to the sham group after

controlling for age, initial stroke severity, lesion size, base-

line dysphagia score, and time from stroke onset.

Cognitive Decline

Recently, in the field of rehabilitation for cognitive

impairment after stroke, noninvasive brain stimulation has

been investigated as a new therapeutic modality. Wassermann

et al. [28] found that rTMS to parasagittal areas improved the

performance on story recall on the Wechsler Memory Scale.

Evers et al. [282] systematically investigated a potential

enhancing effect of rTMS on cognitive processing

operationalized by behavioral and neurophysiological

measurements. High-frequency rTMS at 20 Hz over the left

prefrontal cortex significantly decreased reaction times as

well as the latency of the P 300 component in a choice reaction

task. Improvement of performance by high-frequency TMS

has also been shown after stimulation of Wernicke’s area for
tasks of reasoning and picture naming [283].

Low-frequency stimulation seems to deteriorate cogni-

tive functioning in lieu of having improving effects. Two

studies report no worsening cognitive effects [284], and one

study by Trojano et al. [285] noted a selective deterioration

of functioning directly and after 10 min of 1-Hz stimulation.

Kang et al. [286] demonstrated that anodal tDCS applied

to the left DLPFC was found to improve attention versus

sham stimulation in stroke patients, which suggests that

noninvasive cortical intervention could potentially be used

during rehabilitative training to improve attention.

Post-amputation Rehabilitation

Neuromodulatory Approaches
for the Amputation

Peripheral, spinal, and cerebral neuronal mechanisms may

generate and maintain phantom limb pain, including plastic

changes occurring in the primary somatosensory cortex

[287, 288]. Similar plastic changes may occur in the primary

motor cortex (M1), as shown after nerve transections in

animals [289–291]. In humans, cortical plastic changes

could be shown by using an ischemic nerve block as a

Table 16.6 rTMS protocol for post-stroke dysphagia

Source Design Size Lesion site

Time after

stroke

Frequency,

intensity, pulse

number and

duration Stimulated area Outcome measures Results

Khedr

et al. 2009

[277]

RCT 12

real,

14

sham*

12 RH, 14

LH

5–10 days 3 Hz, 120 %

RMT, 300

pulses, 5

sessions

Esophageal

motor cortex of

AH

Dysphagia outcome and

severity scale, Barthel

index, grip strength

Improvement of

dysphagia and motor

disability over

2 months

Khedr and

Elfetoh

2012

[278]

RCT 11

real,

11

sham

11 lateral

medulla,

11 brain

stem

1–3 months 3 Hz, 130 %

RMT, 300

pulses, 5

sessions

Esophageal

motor cortex of

bilateral

hemispheres

Dysphagia outcome and

severity scale, Barthel

index, NIHSS, grip

strength

Improvement of

swallowing

coordination and

aspiration

RCT randomized controlled trial, AH affected hemisphere, UH unaffected hemisphere, RH right hemisphere, LH left hemisphere, RMT resting

motor threshold, MT motor threshold, NIHSS National Institute of Health Stroke Scale

“Real” group received real rTMS while “sham” group received rTMS applied with coil angled away from the head to reproduce the noise of the

stimulation as well as some local sensation

From [169]; with permission
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model for a transient deafferentation [292], and studying the

cortical representation of proximal stump muscles after

amputation by transcranial magnetic stimulation (TMS)

mapping [293, 294] or positron emission tomography [295].

The physiopathology of the phantom limb pain is still an

open field between various hypotheses. The two major

research streams on the painful phantom limb are focused

on the pivotal influence of the periphery and of the spinal

cord, while the other is focused on the fundamental role of

supra-segmental structures and of the cortex. These two

streams seem to be more complementary than in opposition.

Roricht et al. [296, 297] observed higher excitability of the

motor cortex contralateral to the intact arm in some patients

with upper arm amputation, and higher excitability of the

motor cortex contralateral to the amputated limb in other

patients. Roricht says that variability in excitability in two

hemispheres could depend on the site of amputation and on

the time since amputation. The hypothesis of interhemi-

spheric balance contrasts with Schwenkreis and colleagues

[298], who found a significant reduction of intracortical

inhibition in forearm amputees and an enhancement of

intracortical facilitation in upper arm amputees on the

affected side, revealing a hyperexcitability of phantom

limb hemisphere. Others studies, with EEG or with single-

pulse and paired-pulse TMS investigations, are necessary to

evaluate excitability of the non-phantom limb hemisphere

and of phantom limb hemisphere and its modification with

treatment, to understand the role of excitability in phantom

limb pain.

Conversely, the electrical stimulation of the primary

motor cortex (M1) has proved to be an effective treatment

for intractable deafferentation pain. Cortical stimulation can

be performed noninvasively by transcranial magnetic stimu-

lation. A number of studies have shown that a single session

of repetitive transcranial magnetic stimulation can relieve

pain transiently in some patients with chronic neuropathic

pain [299–301]. In contrast, one study failed to show any

long-term therapeutic effect of 3 weeks daily parietal cortex

rTMS in two patients with phantom limb pain [302]. The

majority of studies apply >1 frequencies with pulses below

motor threshold on motor cortical area corresponding to the

hand of the painful side. M1 stimulation at high frequency

was shown to reduce pain scores by 20–45 % after active

stimulation and by less than 10 % after sham stimulation.

Application of rTMS at high frequency is more effective than

applications of rTMS at low frequency (�1) in this area of

stimulation [299]. However, the effect of stimulation in the

unaffected hemisphere for phantom limb pain is unexplored.

The mechanism for the analgesic effect of noninvasive

brain stimulation is that it can induce plastic changes in the

brain or modulates plastic changes associated with chronic

pain. Initial evidence suggests that rTMS affects central

neurotransmitters activity in other neurological disease.

Other studies also indicate the possible role of endogenous

opioid secretions triggered by long-term motor cortex stim-

ulation. Maarrawi et al. [303] reported that motor cortex

stimulation may induce release of endogenous opioids in

brain structures involved in the processing of acute and

chronic pain. Analgesic effects of rTMS in phantom pain

were delivered by increase in the endogenous beta-

endorphin release. Topper et al. [302] found that opiate

antagonist naloxone abolished the rTMS-induced pain relief

which was taken as evidence that the analgesic effect of

rTMS acted via the release of endorphins. Borckardt et al.

also found that a single session of high-frequency rTMS

applied at 10 Hz over the left DLPFC for a total of 4,000

pulses immediately after gastric bypass surgery was

associated with a 40 % reduction in total morphine use

during the first 2 days after surgery.

As for other explanation, Raij et al. [304] suggested that

in chronic pain defective inhibition of M1 led to pain per-

ception and 20 Hz rTMS restored these defective mechanism

and analgesia. In fact chronic motor cortex stimulation using

implanted electrodes is an effective treatment of drug-

resistant pain [305, 306].

The low frequency rTMS is known to reduce the

excitability of the stimulated motor cortex. The therapeutic

applications of rTMS in pain syndromes are limited by the

short duration of the induced effects, but prolonged pain

relief can be obtained by repeating rTMS sessions every

day for several weeks. This can increase the excitability of

the contralateral motor cortex via transcallosal pathways,

and so it can have analgesic effects in a way similar to the

epidural motor cortex stimulation and to the high frequency

rTMS of motor cortex.

Some hypotheses resulted from electrophysiological and

PET studies [306, 307]. In these studies, cerebral blood flow

was found to increase in thalamus ipsilateral to the stimulated

motor cortex, in the orbitofrontal and anterior cingulated

gyri, the anterior insula and upper brainstem near the

periaqueductal gray matter. Cingulate and orbitofrontal acti-

vation should participate in a modulation of affective or

emotional component of pain, while descending activation

of the brainstem should inhibit the transmission of discrimi-

native noxious information [306–308]. Naloxone injection

significantly decreased the analgesic effects of rTMS of

motor cortex stimulation, but did not change the effects of

rTMS of the dorsolateral prefrontal cortex [308]. The differ-

ential effects of naloxone on motor cortex and dorsolateral

prefrontal cortex stimulation suggest that the analgesic

effects induced by the stimulation of these two cortical sites

are mediated by differential mechanisms [308].

236 N.-J. Paik



Conclusion

Neuromodulation is the promising field in neurology and

neurorehabilitation. Deep brain stimulation in selected

patients with some movement disorders is widely

accepted as the proven therapeutic modality. Many

literatures also support the beneficial effect of noninva-

sive cortical stimulation methods such as rTMS and tDCS

on the various impairments in movement disorders, neu-

rodegenerative diseases and stroke. These

neuromodulation therapies seem to have its role along

with conventional therapeutics in neurorehabilitation.

However, it is not yet clear how to use the

neuromodulation in the clinical setting of neurology and

neurorehabilitation. It should be determined that what

parameters in neuromodulation (e.g., frequency, intensity,

stimulation site) can maximize the beneficial effect in

various clinical situations. Best candidates for specific

neuromodulation therapies need to be determined. The

investigation for the effect of combined treatment with

other therapeutics such as medications, conventional

rehabilitation is also important. Furthermore, the basic

mechanism of action of various neuromodulationmethods

is not well understood and this should be clarified.

The research field of neuromodulation in neurology

and neurorehabilitation is gradually growing to answer

the questions raised as above. Along with these efforts I

hope we can further understand the mechanism of the

actions in neuromodulation and can suggest better

neuromodulation protocol to treat the patients with neu-

rological disorders.
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Introduction

The colloquially used term “addiction” denotes a large vari-
ety of heterogeneous disorders. It comprises substance-

related addictions (as, for instance, to alcohol, nicotine,

and opioids; ICD-10: substance-related disorders; DSM-

IV: “Mental and Behavioural Disorders due to Psychoactive

Substance Use”; DSM-5: “Substance Use Disorder”), but
also substance-unrelated disorders like compulsive shop-

ping, media addiction, or pathological gambling. However,

in the context of this chapter we will exclusively refer to

substance-related addictions. Both classification systems

(ICD-10 and DSM IV/DSM-5) use specific diagnostic

criteria like a strong desire to obtain and administer the

substance, difficulties in controlling substance consumption

behavior, a physiological withdrawal state, evidence

of tolerance, progressive neglect of alternative amenities or

interests, increased amount of time necessary to obtain or

use the substance or to recover from its effects, and

persevering with substance use despite clear evidence of

overtly harmful consequences. Not all but at least two or

more of these criteria have to be present together at any

given time during the previous year to establish diagnosis

(ICD-10 and DSM IV/DSM-5).

Epidemiological Significance

Substance-related addictions constitute the most frequently

occurring psychiatric disease category [1]. Approximately

25 % of all deaths in the Western industrial nations are

caused directly or indirectly by consuming psychotropic

substances. About five million deaths may be linked directly

or indirectly to nicotine abuse. According to statistical data

provided by Procter this number will presumably double on

a global scale until the year 2025 [2].

Half of the world population consumes alcohol. A large

number of this group meets the World Health Organization

(WHO) criteria for high-risk consumption. The WHO

expects that as many as 2.5 million fatalities are caused by

alcoholism per year (WHO, 2011). Apart from that, about

4 % of the overall economic burden of disease is attributed to

alcohol consumption, and increased alcohol consumption is

causally linked to more than 60 diseases or medical

conditions [3, 4].

The worldwide number of consumers of illicit substances

is estimated at 200 million people. Here, the most frequently

used drug is cannabis. Hall and Degenhard assume that

globally 125–203 million persons between the age of 15

and 65 consume cannabis of whom a high percentage is

actually addicted to the substance [5].

Estimations of the United Nations Office on Drugs and

Crime (UNODC) World drug report in 2010 account that

globally more than 15 million persons consume opioids.

Within this substance category, heroin is the drug most

frequently abused (UNODC World drug report 2010).

Neurobiology of Reward and Addiction

The etiology of addiction due to psychoactive substances is

multifactorial to a very high extent. Among others, these

factors include social and environmental influences, a

person’s individual biography, as well as specific personality
traits. Genetic predispositions are of prime importance as far
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as the susceptibility to substance dependence is concerned.

However, from a neuropathophysiological point of view,

addiction is considered a chronic disease of the brain

resulting from a dysregulation, viz. a suboptimal or lacking

function of neural circuits still largely unknown, which is

closely linked to the abovementioned diagnostic criteria. In

particular, this condition is specifically characterized by

craving and a high relapse risk [6]. As regards the latter,

three principal mechanisms which cause craving and are

ultimately responsible for relapse are discussed, notably a

stressful conduct of life, an environmental stimulus previ-

ously associated with drug abuse (drug cues), and re-

exposure to the drug itself (priming) [7]. Three slightly

different but considerably overlapping sub-networks of the

intrinsic reward system are believed to be responsible for

cue-, drug-, and stress-induced relapse. In each of these

cases, a dysfunction of the nucleus accumbens, being a key

structure within the reward system, apparently plays a piv-

otal role. As an essential part of the ventral striatum—the

main entry structure of the basal ganglia—the nucleus

accumbens probably fulfils an important integrative or

mediating function in discriminating between the different

inputs, e.g., limbic and frontocortical projections. This puta-

tive regulative function of the nucleus accumbens is perti-

nent to several psychiatric disorders and depends not only on

interactions between D1 and D2 receptor activation, e.g., by

way of the dopaminergic projections from the ventral teg-

mental area (VTA) [8], but also on a D1-associated co-

activation of N-methyl-D-aspartate (NMDA) receptors, thus

also involving the glutamatergic system [9]. Furthermore,

the differential involvement of receptor types and the inter-

action of tonic and phasic burst activity levels of the dopa-

minergic projections add to the complexity of this issue. The

consumption of psychotropic substances appears to induce a

functionally detrimental alteration of synaptic plasticity,

which, in turn, would cause an irregular mode of operation

of this delicate integrative system following repeated or

chronic drug consumption.

Effects of Therapeutic Neurosurgical Lesions
on Addictive Behavior

From the 1960s onwards, as a result of emerging concepts

that substance-related addiction may be a chronically recur-

rent disease of the brain engendered by a substance-induced

malfunction of the brain reward system, addiction was tried

to be treated by different stereotactic lesions in addicts [10].

One approach, which was carried out in several studies on

more than 400 patients suffering from diverse addictive

disorders, is based on performing bilateral anterior

cingulotomy, for instance by thermocoagulation [11]. In

this setting, the attempt to alleviate the obsessive and

compulsive components associated with addictive disorders

played a significant role [12–14]. As the optimum result, an

abstinence rate of 45 % in 348 heroin-addicted patients

treated by bilateral cingulotomy was reported after an obser-

vation period of 2 years [15].

Dieckmann et al. carried out hypothalamotomy in

patients suffering from substance dependence and reported

positive effects in a quite small sample of patients [16].

Furthermore, an alternative approach chosen was stereotac-

tic ablation of the nucleus accumbens (NAc). This led to

maintenance of abstinence in 11 out of 28 heroin-addicted

patients in a study by Gao et al. over 6 months [17]. Wu et al.

reported with the same approach maintenance of abstinence

in 9 out of 12 alcohol-addicted patients also for a period of

6 months. However, the documentation of negative effects

such as changes in personality traits and memory problems

which have been observed in 19.2 % of cases in the study of

Gao was inconsistent between the two studies, since Wu

et al. did not observe any untoward effects [18].

Commonly, stereotactic lesional approaches of the early

years were criticized because of the absence of control

groups, insufficient progress documentation, and rather

unsystematic recording of significant side effects. Moreover,

general efficiency of lesional procedures—especially

concerning addictive disorders—has been challenged on

the basis of a current meta-analysis [19]. Nevertheless,

recent experimental work in animals describes potential

effects of lesional procedures addressing addictive behavior.

Thus, Baunez et al. were able to show that rats with lesions

in the nucleus subthalamicus (STN) exhibit a diminished

desire to obtain cocaine reward, while, by contrast to that,

their motivation for food gratification was enhanced [20].

Based on observations in patients presenting with

changes in smoking behavior following ischemic stroke in

the insular cortex [21], Canadian researchers launched a

study in rats, where a reversible inactivation of the granular

insular cortex by means of a baclofen/muscimol mixture

injection was used in order to elucidate possible influences

of this subsystem on craving behavior for nicotine. Indeed,

inactivation of the granular insular cortex resulted in

decreased nicotine consumption. Furthermore, after a so-

called deletion phase relapse prevention was observed [22].

Noninvasive Neuromodulatory Techniques
and Addiction

Considering the presented data and reflections on the poten-

tial benefit of DBS in addiction, it seemed to be worthwhile

to also assess the respective virtues of other neuromodulatory

techniques such as transcranial magnet simulation (TMS) or

transcranial direct current stimulation (tDCS) as alternative

or supplementary therapeutic strategies for addiction
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diseases. Although using procedures less invasive than DBS

may be considered advantageous, the actions of tDCS or

TMS are, nevertheless, often only transient and merely affect

areas on brain surface or immediately beneath, i.e., in the

cortex, without being able to influence deep brain structures.

Accordingly, the studies outlined below primarily focus on

comparatively short-term effects, for instance on the amelio-

ration of craving. Long-term effects, e.g., those furthering the

persistence of abstinence, have not yet been satisfactorily

studied. Hence, TMS and tDCS currently are of only medial

relevance for treating addictive behavior.

Transcranial direct current stimulation (tDCS) is a nonin-

vasive, simple, and rather unspecific technique for

neuromodulation. Deplorably, its mode of action is still far

from being understood. Since, however, tDCS presumably

alters spontaneous cortical neuronal activity [23], the notion

that this technique may, among many other actions, also

influence cognitive processing must not be ejected from

the outset.

Along with related techniques (TMS) this method is

therefore explored as a therapeutic alternative in different

types of dependency or addiction-related fields like smoking

cessation, as well as drug and food craving. With this type of

noninvasive stimulation techniques, the dorsolateral pre-

frontal cortex (DLPFC) is the major target. In a randomized

sham-controlled study Boggio et al. investigated whether

tDCS of the DLPFC modified craving in patients suffering

from alcohol addiction while being exposed to alcohol-

associated cues. Thirteen subjects received sham and active

bilateral tDCS in DLPFC. For evoking craving, alcohol-

associated cues were presented in a video. The results

showed that active tDCS decreased alcohol craving com-

pared to sham stimulation [24]. In addition, Boggio et al.

investigated whether tDCS may be a useful tool to modify

stimulus processing associated with cue-induced nicotine

craving [25]. They observed the consequences of repeated

tDCS sessions on craving behavior in a randomized, parallel,

sham-controlled, crossover trial in humans. Twenty-seven

subjects were randomly assigned to two groups and subse-

quently exposed to either tDCS or sham stimulation of the

left dorsolateral prefrontal cortex for 5 days. In the group of

being actively stimulated, smoking cues had an attenuated

effect on craving after stimulation as compared to sham

stimulation. Additionally, the number of cigarettes smoked

decreased in the stimulated group. A third study by Boggio

et al. also claims that tDCS might have a specific effect on

craving behavior. The authors assessed the impact of tDCS

of the dorsolateral prefrontal cortex upon marijuana craving

in humans. They observed that right anodal/left cathodal

tDCS of DLPFC diminishes craving for marijuana [26]. In

a randomized, blinded, crossover study Goldmann et al.

examined the effect of prefrontal tDCS on food craving

and self-reported ability to resist the urge of food in 19

healthy individuals who had reported frequent craving for

food [27]. Pictures of food were shown to the test persons

and visual analogue scales were used to rate food cravings

and inability to resist foods before, during, and after receiv-

ing either real or sham tDCS. The findings show on the one

hand a reduction in craving ratings and an inability to resist

food from pre- to post-stimulation whether stimulation was

active or sham. On the other hand, the percent change from

pre- to post-stimulation was greater for real stimulation than

for sham. We also attempted to gauge the efficiency of TMS

relating to addictive behavior, but the current body of

observations is rather unclear and inconsistent. However,

there are also indications that TMS could have an effect on

addictive disease. Thus a group from India observed the

effects of TMS on craving in a placebo-controlled trial in

alcohol-addicted humans [28]. The results show that right

dorsolateral prefrontal high-frequency rTMS apparently had

effects on craving for alcohol.

Taken together, the previously described data give the

assumption that the effects of tDCS and TMS on craving

might be related to a modulation of neural circuits

associated with reward and decision making. Nevertheless,

further research would be required for supporting this

allegation.

The Scientific Rationale Behind Deep Brain
Stimulation for Treating Addiction

The consideration to treat severe substance-related

addictions with DBS rests on five principal aspects:

• Since the first application of “deep brain stimulation”
(DBS) in the late 1980s, the electrical stimulation of

basal ganglia has become a routine treatment in move-

ment disorders. Up to this day, DBS has been performed

in more than 100,000 individuals suffering from idio-

pathic Parkinson’s disease, essential tremor, and dysto-

nia, respectively [29–31]. Outcome studies have

demonstrated marked beneficiary effects, but overall

few and well-tolerated side effects. Since the year 2000,

DBS has been applied and evaluated in psychiatric

disorders at stages refractory to standard treatments [32,

33]. So far, a considerable number of investigations have

demonstrated beneficial clinical effects of DBS in depres-

sion, obsessive-compulsive disorder (OCD), and

Tourette’s syndrome, respectively. Hence, DBS has

become a viable treatment option in OCD under the

humanitarian device exemption, and current discussions

aim at extending the therapeutic scope of this technique

even further [34], including the substance-related

addictions discussed here.

• The assumption that substance-related addictions are

consequential to dysfunctions of the brain’s reward
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system resulting from chronic exposure to psychoactive

substances is increasingly underscored by recent studies.

A better understanding of neural pathways being affected

in addiction has created a new range of treatment options

that directly target and attempt to reconstitute the

compromised functions of a variety of brain circuits,

e.g., by deep brain stimulation.

• This notion is supported by preliminary findings

concerning the application of DBS in mental disorders

distinct from addiction in which positive influences on

comorbid addictive consumption patterns have been

observed [35, 36]. In 2007, we communicated the case

history of a patient who, as an unintended side effect, was

able to discontinue his long-term alcohol consumption

during DBS treatment of the NAc. Here, the primary

therapeutic objective of DBS, i.e., the attempt to alleviate

an anxiety disorder having proved refractory to several

treatment approaches, was not attained. We also retro-

spectively examined the extent of tobacco use in nicotine

addicts who already were being stimulated in the NAc in

an attempt to ameliorate psychiatric disorders other than

substance addiction-associated ones. The evaluated sam-

ple comprised ten patients with refractory anxiety disease

and obsessive-compulsive disorder, as well as treatment-

resistant Tourette’s syndrome [37]. Three of ten patients

experienced a long-lasting remission of their nicotine

addiction during NAc stimulation. This abstinence rate

of 30 % attained by DBS which was stable during a

follow-up period of several years is obviously larger

than the voluntary abstinence rate within the general

population being estimated as 9 % [38]. A similar obser-

vation was described by Mantione et al. Here, a patient

who had undergone DBS of the NAc for addressing

severe obsessive-compulsive disorder also quit tobacco

use after having smoked for many years before the inter-

vention, with previous attempts to quit this habit having

failed on a regular basis [36].

• In contrast to former lesional neurosurgical procedures

which inflict permanent damage to the brain, DBS as a

stereotactic neurosurgical approach is a less invasive,

reversible, and adjustable procedure of neuromodulation.

As a consequence, a lower side effect profile but also an

increased efficiency may be expected. As an addition, the

entire body of findings derived from earlier neurosurgical

procedures may now be used as a knowledge base and

developed to good effect.

• By mimicking different aspects of addiction, translational

animal research may likewise be able to indicate that

stimulation of important structures of the reward system

has a significant positive impact on related behavioral

patterns. The data pertinent thereto will be discussed in

detail on the following pages.

DBS to Treat Addictive Patterns in Animal
Models

A comprehensive database of experimental work in animals

is already being collected and listed in the following, being

categorized according to the effects of various classes of

psychotropic substances.

Cocaine
In 2005, Rouaud et al. reported that high-frequency STN

stimulation in rats reduced cocaine craving, while the moti-

vation to consume cocaine increased again immediately

after STN stimulation had been stopped [39].

Levy et al. were able to show that stimulation of the

medial prefrontal cortices in rats induced a change in

addictive behavior. Stimulation at 100 or 200 Hz reduced

cocaine craving while no effects on sugar consumption

were observed [40].

Another research group around Friedman et al. observed

in cocaine-addicted rats a markedly reduced self-

administration of this drug under a combined stimulation

paradigm in the lateral habenula (high frequency: 100 Hz;

low frequency: 10 Hz—stimulation phases). Remarkably,

the effect vanished, when either stimulation frequency, i.e.,

10 or 100 Hz, was not applied in combination but separately.

High-frequency stimulation maximally lasted for 4 s,

followed by a 20-s pause between subsequent stimulation

episodes. The duration of low-frequency stimulation was

between 15 and 60 s [41].

Vassoler et al. investigated short-lasting DBS of the NAc

shell region in rats.

This represents a noteworthy difference when compared

with studies in patients. We should therefore like to put

particular emphasis on this peculiarity. During stimulation,

an absence of priming-induced cocaine relapse was

observed. At the same time, influence of DBS on food

ingestion was not altered [42].

Taken together, the alluded data in animal studies docu-

ment a stimulation-based influence on different cocaine

consumption patterns in four areas of the brain: the STN,

the medial prefrontal cortex, the lateral habenula, and the

nucleus accumbens. All regions are assumed to be integral

parts of the intrinsic reward circuit. However, these findings

do not permit drawing any conclusions relating to the pre-

sumably most promising key structure for treating cocaine

addiction in humans.

Ethyl Alcohol
Animal studies on alcohol addiction are, as a rule, con-

founded by the problem that rats—a frequently used species

in DBS studies—usually tend to dislike and reject alcohol.

For coping with this inborn tendency, Henderson et al. used
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a specially bred rat species, which indeed rather likes the

taste of alcohol, the so-called alcohol-preferring rat. They

demonstrated that high-frequency stimulation of the NAc

not only was effective in reducing the amount of ethanol

consumption in this rat strain, but also reduced preference

for alcohol and the quantity consumed after a phase of

abstinence [43].

Knapp et al. also observed the effects of DBS in ethanol

consumption. They administered a saccharin-ethanol mixture

to rats, within which the concentartion of saccharin was con-

tinuously diminished over 5–7 weeks for both familiarizing

these rodents with the taste of alcohol and establishing a stable

and reproducible consumption pattern with regard to a 10 %

ethanol solution. After the onset of NAc stimulation, ethanol

consumption was reduced noticeably. However, this effect

ceased when stimulation was discontinued [44]. Both animal

studies mentioned provide also some insight into the nature

and degree of DBS side effects. One may be concerned

whether stimulating the reward system may exert unintended

and unforeseen influences on vital and substantial functions,

such as reproduction and water intake. At least the latter issue

was excluded in these two animal experiments. Both studies

showed that DBS had a beneficiary effect on alcohol

intake, while water consumption stayed stable or even

increased [43, 44].

Opioids
Liu et al. stereotactically implanted DBS electrodes unilater-

ally into the core of the NAc and connected them to implant-

able pulse generators, which were fastened to the rat skull. For

assessing the effects of stimulation, a 900-second conditioned

place preference (CPP) paradigm was used. Their data show

that chronic stimulation of the rat NAc significantly attenuates

the time that rats spent in the drug-paired side in CPP and the

morphine reinforcement of treated rats as compared with a

non-stimulated control group [45].

Recent research by Guo et al. explored NAc stimulation

on heroin-seeking behavior in self-administering rats. DBS

was performed either bilaterally or unilaterally within the

NAc core of the animals and attenuated cue- and heroin-

induced reinstatement of drug seeking. Furthermore, it

was observed that the effects of unilateral DBS in the

right NAc were almost equivalent to those of bilateral

neurostimulation [46].

In conclusion, cross-study comparisons, where epistemo-

logically justifiable, appear to provide some indication that

high-frequency NAc stimulation might generally be suitable

for markedly ameliorating pathological consumption

patterns with respect to various classes of psychotropic

substances, e.g., cocaine, alcohol, morphine, and heroin in

animal models.

DBS for Influencing Substance Dependencies
in Humans
Initial observations in humans indicating putative positive

effects of DBS on addictive behavioral stereotypes were

either incidental [35, 36] or retrospective [37]. Based on

such reports and supported by data derived from animal

experimentation as well as by recent advances in partially

understanding neurobiological mechanisms responsible for

addiction, a small number of pilot patients suffering from

severe substance dependencies have been treated with DBS

in the NAc.

Müller et al. reported about two of three alcohol-addicted

patients who remained abstinent for at least 1 year during

DBS in the NAc. The third patient was able to markedly

reduce his alcohol intake [41]. Corresponding observations

were made in a further, likewise severely alcohol-addicted

patient during DBS by our group [48]. Significant ameliora-

tion of alcohol abuse and associated craving was attained by

therapeutic DBS of the NAc.

Furthermore, in the latter study [48], an event-related

potential, the so-called error-related negativity (ERN), was

recorded. ERN is believed to be generated in the anterior

cingulate zone in response to errors. Remarkably, the ampli-

tude of the ERN depended on the stimulation status (“stimu-

lation on”/“stimulation off”) with higher amplitudes in the

“on.” Hence, it could be shown that NAc stimulation at least

evokes a functional influence on an associated cortical struc-

ture, in particular the anterior cingulate cortex. A purely

speculative assumption might imply that the observed higher

amplitude in the “on” status reflects a better error and deci-

sion processing [48]. This hypothesis is supported by

findings of the Magdeburg group. They observed a less

risky, more careful choice behavior in one patient with

active compared to inactive DBS [49].

Zhou’s group observed the effects of DBS on substance

abuse in a heroin-addicted patient. This is a particularly

interesting case, since heroin is the psychotropic substance

with arguably the highest level of addiction potential. An

anesthesiologically supported opioid detoxification was

followed by stereotactic electrode implantation and

subsequent chronic NAc stimulation. In the course of

6 years, the patient did not relapse to heroin abuse and

additionally reduced nicotine consumption. Abstinence

even persisted when the entire DBS system was removed

for more than 12 months [50].

These observations allow—with all due caution—to infer

that NAc stimulation in some cases not only may alleviate

substance-induced dysfunctions of the intrinsic brain reward

system, but also possibly modify the state of this system

from a drug-related dysfunctional one to an improved con-

dition with augmented or partially restored capabilities. As a

result of the extreme complexity of both DBS mode of action

and the still rather poorly understood reward system,
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plausible mechanisms underlying functional improvements

remain—as yet—elusive. The question whether neuroplastic

changes, e.g., by way of long-term potentiation (LTP) or

depression (LDP), are involved here may only be speculated

on, given the substantially limited understanding of these

phenomena. For obtaining a solid knowledge base, the entire

field certainly merits further study not only in the clinical

domain, but especially in animal experimentation, i.e., in the

basic sciences.

A research group around Denys described effective DBS

treatment in a patient suffering from therapy-resistant heroin

addiction. During NAc stimulation he was able to reduce

heroin consumption until attaining abstinence for more than

6 months at the time of this writing, with the exception of a

14-day relapse. The patient reported that renewed heroin

intake was solely motivated by his curiosity concerning

treatment effects, but not triggered by or associated with

craving. Beyond that, the ability to reduce heroin consump-

tion critically depended on the proper adjustment of stimu-

lation parameters. In contrast to stimulation of the middle

contact points (1 and 2) of the electrode which led to an

increase in heroin use and reported craving, stimulation of

the ventral contact points (0 and 1) only resulted in a limited

reduction in drug use and craving. However, stimulation of

the two dorsal contact points (2 and 3), being positioned at

the border between internal capsule and NAc, caused a

significant reduction of heroin usage and craving under

optimized stimulation conditions (3.5V amplitude at

contacts 2 and 3, 90 μs pulse width, and 180 Hz frequency)

[51]. Our own research group reported on two long-term,

therapy-resistant heroin-addicted patients who had been

treated by a protracted opiate replacement therapy with a

constant dose of levomethadone. A 10-point visual analog

scale (VAS), ranging from 1 (no craving) to 10 (intense

craving), was used to estimate the patients’ subjective level
of craving. If VAS score was lower than 5 gradual reduction

of patient-blinded administration of levomethadone had to

be performed. Except for a single incident of heroin con-

sumption a few weeks after surgery, both patients achieved

total withdrawal in the course of NAc stimulation for more

than 1 and in excess of 2 years, respectively, until the time of

this writing. Both patients reported that the incident of drug

consumption under stimulation was motivated by mere curi-

osity, whereas in comparison to the preoperative status,

psychotropic effects had been experienced less intensive

[52].

Hypotheses Pertinent to the Effects of DBS
on Addiction, viz. Substance Addiction

Although observations of the effects of DBS on addictive

behavior have been increasing in number over recent years,

and this technique is now being applied to a growing number

of neurological and even psychiatric disorders, the

mechanisms underlying its actions are still highly controver-

sial and far from understood. Accordingly, the following

remarks about possible underlying effects of DBS relating

to dependency disorders have to be considered only as pre-

liminary and tentative attempts at explanation.

For quite some time, a rather simplistic model for

explaining the mode of action of DBS was used. A revers-

ible functional, i.e., bioelectrical, blockade of impulse

propagation within the stimulated target was assumed.

Assessing the partially positive modification of addictive

behavior by stereotactic lesions in animal studies or in

stereotactic ablation of the NAc in humans as mentioned

above, such a concept appears to be plausible. Neverthe-

less, many other aspects like sustained or temporally

delayed effects which were observed in clinical studies of

various psychiatric disorders cannot fully be accounted for

by such an approach.

Different studies on alcoholism indicate that acute and

chronic administration of ethanol induces an alteration of

striatal transmission and produces long-lasting changes in

synaptic output [53–56]. For instance, Adermark et al.

evaluated changes in striatal neurotransmission induced by

long-term self-administration of ethanol in male Wistar rats

and concluded that the dorsolateral striatum might be a key

brain region involved in the initiation of neuronal adaptations

provoked by ethanol consumption [57]. According to these

and other related findings it seems reasonable to postulate a

modifying effect of DBS at both neurochemical and neuronal

levels. The current state of knowledge about DBS effects

appears to indicate that DBS possibly brings about certain

structural and functional changes, not only within the

stimulated target structure itself, but also of remote neuronal

circuits linked to the stimulation site by way of efferent or

reciprocal projections. This phenomenon is denominated

“neuromodulation” [58]. Animal studies indicate that DBS

of the NAc which, on neuroanatomical and neurochemical

grounds, we believe to be the currently most promising target

for addictive disorders caused changes in the firing patterns

of thalamic and frontal cortical areas being connected to the

NAc via reciprocal projections. These alleged influences on

temporospatial firing patterns in networks remote from the

NAc might alter the degree of neuronal synchronism, i.e., the

levels of entropy in various interconnected neuronal

networks [59]. Denys et al. recently investigated a monosyn-

aptic “top-down” synchronism between the medioventral

frontal cortex and the NAc in OCD patients who had

undergone DBS. The authors suggested that DBS of the

NAc may retrogradely influence neuroelectric activity of

superior cortical structures [60].

On the neurochemical scale, the ability to alter local

levels of the most essential transmitter, dopamine, seems
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especially interesting within the framework of the reward

system [61]. In this setting the “dopamine hypothesis” is

based on the assumption that DBS exerts its effect by

modulating cerebral dopamine transmission. In line with

this, animal models could indicate that psychotropic

substances (e.g., cocaine) promote rather immediate changes

of synaptic plasticity in D1-expressing neurons of the NAc,

which may be reversed by inhibitory stimulation of limbic

afferents [9]. Further support for the “dopamine hypothesis”
is derived from neuroimaging where DBS of thalamic seed

regions in Tourette patients was found to be associated with

a reduction of thalamic dopamine release [62]. However,

other groups found an increased dopamine release during

DBS [63].

Still, it is quite unclear whether the observed positive

effects may be generalized to other forms of addiction

caused by misuse of psychoactive substances. Observations

of abstinence-sustaining effects of DBS pertaining to nico-

tine and alcohol in humans [35, 37] as well as animal studies

on alcohol and cocaine indicating alterations in addictive

behavior after DBS favor this idea [39]. However, the fact

that, e.g., in patients with successfully treated heroin addic-

tion by means of DBS concomitant consumption of drugs

from other categories did not decline, so that no abstinence

could be achieved for these substances, seems to speak

against the validity of an overall extension to all forms of

substance addiction [52]. Observations described by Koo

and colleagues add a new aspect to basic aspects of heroin

addiction which also influence present hypotheses

concerning the putative mechanism of DBS. The authors

observed that BDNF reduces morphine reward (i.e., opposed

to its effects on cocaine) at the site of the VTA terminals in

the NAc via activation of D1 receptors [64]. From their

findings in general, it may be inferred that addiction-

inducing and -maintaining mechanisms are not the same

for all psychotropic substances and therefore, modern ther-

apy strategies (e.g., DBS) cannot be universalized to differ-

ent categories of substance addiction. In addition, they could

show that the BDNF-associated effects could be mediated by

optogenetic stimulation of VTA neurons. Thus, when con-

sidering the mechanisms underlying the effects of DBS in

addiction, its influence on the modulating effect of BDNF

must be accounted for.

In summary, on one hand, translational research prompts

speculation whether DBS of the NAc and other target

structures not mentioned here in further detail are potential

tools for treating addiction. On the other hand, this requires

extensive further research and thorough cross-validation as

well as confirmation of the results obtained.

Conclusion

Addiction due to psychoactive substances is among

the mental disorders known as the one with the most

unfavorable prognosis. Current medications or other

therapeutic regimens are characterized by high relapse

rates, failed detoxifications, and non-responses and lead

to large numbers of long-time addicted patients. Thus,

new treatment strategies are urgently needed.

At the same time, animal studies, incidental findings in

humans, and initial case reports about beneficial treat-

ment results of DBS within the NAc in alcohol, heroin,

and nicotine addiction appear to be promising. Even

techniques like tDCS and TMS might alter addictive

behavior, most probably, only on a short-term basis.

Relying on the scientific evidence supporting a

compromised operation of the intrinsic reward system

induced by substance abuse, neurostimulation of this

dysfunctional network might have positive effects. How-

ever clinical studies with larger samples are needed to

further support the hypothesis.
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Enhancement of Sensory and Cognitive Functions
in Healthy Subjects 18
Tal Sela and Michal Lavidor

Introduction

Sensory and cognitive enhancement is already in widespread

use, but not always recognized as such. The automated

spelling software in the word processor, the smart phone,

and the tweets are all part of our cognitive enhancement

infrastructure that helps us produce, receive, retrieve, and

transfer information. The brain stimulation kinds of

enhancement described in this chapter may appear unusual,

futuristic, risky, or problematic but will likely in time

become as prosaic and accepted as the others.

Cognitive enhancement may be defined as the amplifi-

cation or extension of core capacities of the mind by

improving or augmenting internal or external information

processing system [1, 2]. Cognition can be defined as

the processes an organism uses to organize information.

This includes acquiring information (sensation and percep-

tion), selecting (attention), communicating (language),

representing (understanding), and retaining (memory)

information, and using it to guide behavior (reasoning and

coordination of motor outputs).

Interventions to improve cognitive function may be

directed at any one of these core faculties. An intervention

that is aimed at correcting a specific pathology or defect of a

cognitive subsystemmay be characterized as therapeutic. An

enhancement is an intervention that improves a subsystem in

some way other than repairing something that is broken or

remedying a specific dysfunction. In practice, the distinction

between therapy and enhancement is often difficult to dis-

cern, and it could be argued that it lacks practical

significance.

The aim of the present chapter is to introduce up-to-date

brain stimulation tools that were successful in enhancing

cognitive functions in healthy individuals. This review

mainly focuses on major advances in functions such as

language, cognitive control, planning, learning and memory

among healthy individuals by using Transcranial Magnetic

Stimulation (TMS), transcranial direct current stimulation

(tDCS), and transcranial alternating current stimulation

(tACS). After presenting findings from various cognitive

domains, we provide the reader with a methodological sec-

tion that specifies the different considerations that one

should consider when designing and evaluating a brain stim-

ulation experiment in the context of cognitive research.

Finally, we will conclude and describe future directions in

the field.

Transcranial Magnetic Stimulation (TMS)

Transcranial Magnetic Stimulation (TMS) is now a standard

lab tool for investigating perceptual and cognitive functions

[3]. TMS has the ability to interfere with brain processes at

well-defined spatial locations at a temporal precision of

single milliseconds (Table 18.1). This combination of rea-

sonable spatial resolution and excellent temporal resolution

is unique to TMS.

TMS: Modes of Operation

When TMS was first developed [4], it served to stimulate

the motor cortex. Later developments led to its applications

in language studies and other domains of cognition and

perception. Amassian and colleagues [8] were the first to

demonstrate suppression of visual perception with TMS;

participants were unable to identify visually presented letters

when a TMS pulse was given over the occipital pole between

80 and 100 ms after the letters were briefly presented.

The ability to impair performance such as inducing

(temporary and reversible) stuttering in healthy subjects

with TMS was termed the “virtual lesion” mode [5] and
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was employed to map cognitive functions of cortical areas.

Since performance under TMS can be compared to a control

condition which could be sham, placebo, a different site and/

or a different timing stimulation, a within-subjects experi-

mental design overcomes the known problems of real lesion

studies. The concept of the “virtual lesion” mode therefore

captures the unique nature of inhibition-induced TMS stud-

ies which make it possible to establish (heuristically sound

and replicable) causal relationships between brain regions

and cognitive functions.

More recent technological developments resulted in

another TMS mode designed to explore connectivity

between cortical networks. The combination of TMS with

brain imaging techniques (e.g., PET, fMRI) allows

researchers to examine functional connections between neu-

ral processes [6]. For example, TMS effects have been

shown to induce changes in brain activity locally (in the

cortex beneath the TMS coil) and in distant cortical areas

interconnected to the stimulated site. Rounis et al. [7]

showed that rTMS over the primary motor cortex induced

changes in the motor cortex and also in the cerebellum. It is

clear now that the effects induced by TMS are not restricted

to the stimulated site but also induce different functional

changes in remote interconnected sites.

TMS Protocols

In essence, three main stimulation protocols are available:

single pulse, event-related protocol, and offline protocols.

The single pulse protocol has the best temporal resolution

and can reveal critical processing times of cognitive stimuli.

In this protocol, a single pulse is applied at different

predefined points in time when subjects are engaged in

their task. The prototype of this protocol is the seminal

work by Amassian et al. [8] that induced errors in identifying

letters only when the TMS pulse was applied over the pri-

mary visual cortex at around 80 ms following the letters.

Using the same stimulation at other time points (for example

120 ms following letter presentation) did not affect letter

identification accuracy. Töpper et al. [9] induced longer

response latencies to picture naming when the single pulse

TMS was applied over Wernicke’s region 80 ms following

the to-be-named picture, but not when applied at other time

points.

Event-related online protocols apply a train of pulses

synchronized with stimuli presentation. The number of

pulses given depends on frequency and duration; for exam-

ple, a common protocol of 10 Hz for 500 ms translates that

subjects receive a train of five pulses for 500 ms. Pobric et al.

[10], for example, applied such a protocol coupled with word

pair presentation in a semantic decision task. Any protocol

that applies trains of magnetic pulses is called repetitive

TMS (rTMS), and can be interwoven with stimuli presenta-

tion in an online protocol, or applied before or after stimuli

presentation in an offline protocol.

Offline protocols are a train of pulses applied before

stimuli presentation, so that subjects’ pre-TMS and post-

TMS responses can be compared. There are two typical

frequencies that are used in offline rTMS protocols: one

that uses 1 Hz frequency for 5–20 min, at a rate of one

pulse per second. The newer offline rTMS protocol is set at

50 Hz, where 300 pulses are applied within 20 s [11]. Many

previous studies have established the 1 Hz protocol as inhib-

itory; for example, Oliveri et al. [12] reported slower RTs

and poorer accuracy in idiom comprehension following

5-min 1 Hz rTMS over Wernicke’s area. Knecht et al. [13]
showed that the inhibitory effect of the 1 Hz protocol lasts

about half the stimulation time; i.e., 10-min stimulation will

affect behavior for about 5 min.

There are fewer cognitive studies using the 50 Hz proto-

col (also known as Theta burst [11]) compared to the 1 Hz,

though the few published studies report consistent inhibi-

tion effects that last about an hour. Vallesi et al. [14],

for example, showed how 50 Hz rTMS over the right

dorsolateral prefrontal cortex (rDLPFC) impaired temporal

processing.

TMS and Cognitive Enhancement

Andoh et al. [15, 16] applied rTMS over Wernicke’s area

and reported a facilitation effect on auditory language

processing. They interpreted the observed effects as a

change in activity in brain regions engaged during the lan-

guage task (e.g., bilateral middle temporal gyrus, left supe-

rior temporal gyrus, and inferior frontal gyrus). Moreover,

they also showed that rTMS could have differential effects

Table 18.1 TMS principles

• During transcranial magnetic stimulation (TMS; see also [3]) a focal

electric current is induced in the cortex by a magnetic pulse which

undergoes minimal attenuation by the intervening soft tissue and bone.

• The magnetic pulse is generated after a brief current is discharged

from a capacitor into a circular or figure-of-eight shaped coil, which is

held above the subject’s scalp. The induced electric field is strongest

near the coil and typically stimulates a cortical area of a few

centimeters in diameter.

• TMS pulses cause coherent firing of neurons in the stimulated area as

well as changes in firing due to synaptic input. At the microscopic level,

the electric field affects the neurons’ transmembrane voltage and

thereby the voltage-sensitive ion channels.

• Brain imaging tools can be used to detect the associated electrical

currents and changes in blood flow of metabolism. In motor cortex

stimulation, peripheral effects can be observed as muscle activity with

surface electromyography (EMG). Moreover, there may be behavioral

changes, for instance, stuttering when TMS is applied over Broca’s area
of healthy subjects.
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on language processing depending on the stimulation fre-

quency used, namely, 1 Hz-rTMS facilitated detection of the

native language, whereas 50 Hz-bursts of rTMS facilitated

detection of foreign languages [16]. These results suggest

that rTMS could induce changes in cortical excitability and

connectivity depending on the intensity of the “virtual
lesion” induced in the stimulated area.

Repetitive TMS of the same area, e.g., Broca’s area, can
induce opposite effects depending on the information pro-

cesses tapped by the task. For instance, high frequency

rTMS (5–10 Hz) over Broca’s area has been associated

with the facilitation of phonological and syntactic perfor-

mance on the one hand, and impaired semantic performance

on the other (e.g., [17]). Similarly, low-frequency rTMS

(1 Hz) over Wernicke’s area has been documented to have

no effect during a picture-naming task [18], but to induce

facilitative effects when performing a speech fragment-

detection task in the native language [15].

Recently, TMS applied over motor or cognitive

functions has highlighted a mechanism that may underlie

performance changes by providing experimental support

for the hypothesis that some brain functions operate in a

state of interhemispheric compensation, i.e., TMS may

reflect use of adaptive plasticity in the nondominant hemi-

sphere for function recovery [19]. These plastic-adapting

changes of the intact hemisphere could intervene rapidly

and be specific to functions that are normally mediated by

the perturbed area [20]. For example, Kobayashi et al. [21]

observed that rTMS applied over the left motor cortex

during a motor task facilitated performance with the ipsi-

lateral hand (decreased RT in the left hand). According to

this author, given that the left hemisphere controls the right

hand, low-frequency rTMS over the left motor cortex could

lead to the disinhibition of the contralateral right motor

cortex [21]—presumably through the suppression of

transcallosal inhibition [22]—and thus to subsequently bet-

ter performance with the ipsilateral left hand. Hilgetag

et al. [23] reported that right hemispheric parietal stimula-

tion improved the ipsilateral detection of visual stimuli.

They suggested that the inhibition induced at the site of

stimulation was matched by increased excitability in the

contralateral hemisphere, resulting in measurable behav-

ioral enhancement.

The idea of interhemispheric compensation might explain

some of the contrasting TMS effects found in TMS studies

and thus elucidate mechanisms of interhemispheric collabo-

ration during language processing. The idea that TMS of one

region may disinhibit the homologous regions in the contra-

lateral hemisphere [24] suggests for instance that the stimu-

lation of the Wernicke’s area in the LH causes an inhibitory

effect of this region on the homologous right area, resulting

in faster processing of some semantic tasks (for example

[10]). This hypothesis is supported by Oliveri et al. [12] who

reported that stimulation over the right temporal lobe

improved performance via disinhibition of the LH in a

semantic task of processing idioms. According to this expla-

nation, LH semantic processing mechanisms may interfere

with the ability of the RH to carry out semantic processing.

The nature of the semantic processing in each hemisphere

might be qualitatively different than LH processes (for

example, the coarser vs. finer modes [25]).

Transcallosal disinhibition was directly demonstrated in

healthy subjects by applying rTMS at a frequency of 4 Hz

over the left IFG, while simultaneously measuring language

activity with positron emission tomography [26]. Repetitive

TMS decreased left IFG activity and increased right IFG

activity, showing a rightward shift of language activity

caused by a virtual brain lesion, thus further supporting the

hypothesis that right homologous activations may be linked

to a disinhibition phenomenon [27].

How can performance enhancement be achieved via

remote stimulation? There are some examples of TMS stud-

ies of Aphasia that have led to behavioral improvement.

These improvements are thought to be due to selective

disinhibition in structures connected to the lesion site. In

fact lesions may form new sets of excitatory and inhibitory

interactions, and facilitation could be related to the reduction

or suppression of interference effects [28]. In line with this

hypothesis, authors of PET studies of patients with focal

cerebral lesions have noted that mechanisms underlying

functional facilitation have been related to paradoxical

increases in blood flow in structures distal but connected to

the lesion site [29]. This increase in CBF has been

interpreted as a functional disinhibition of structures that

are connected by interhemispheric or intrahemispheric

pathways to the critical lesion site.

TMS: Major Caveats

While TMS appears to be quite versatile, its potential for

future broad public use is questionable. First, the user expe-

rience might be aversive as the magnetic stimulation is noisy

and explicit. Second, patients need to arrive to a TMS

Clinique, as the TMS system is not easily mobile. Further-

more, additional complementary expensive systems are

required to position the TMS coil in a specific cortical

location. These reasons and others imply that it is still

doubtful whether TMS will ever be a practically useful

enhancement method. Another stimulation method, namely,

transcranial direct current stimulation (tDCS) may overcome

these caveats—it is cheap, light-weight, mobile, quite, safe,

and painless. The unique advantage of tDCS will be

reviewed in the following section.
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Electrical Brain Stimulation: tDCS

Behaviorally, tDCS studies have examined cognitive perfor-

mance across a number of task domains including working

memory [30], visual recognition memory [31], probabilistic

classification [32], and probabilistic guessing [33]. The idea

is that anodal tDCS may promote upregulation while cath-

odal advance downregulation, as found and replicated in

motor or visual domains (Table 18.2). This idea has been

questioned with respect to cathodal tDCS effects on cogni-

tion as shown by a recent meta-analysis [34]. Nonetheless,

some studies showed cathodal effects on performance in

cognitive tasks (e.g., [35, 36]).

Other forms of transcranial electrical brain stimulation

such as transcranial alternating current stimulation (tACS)

and transcranial random noise stimulation (tRNS) [37, 38]

are assumed to modulate specifically oscillatory cortical

activity, depending on stimulation frequency. However, so

far only few studies have been conducted showing how the

usage of these techniques alters perception and cognition

(e.g., [37, 39]).

The different techniques of electrical brain stimulation

have been introduced for several main purposes. Mainly,

these methods may be capable of improving cognition

under certain preconditions. The different methods can

help to identify areas and interactions between them which

are causally involved in cognitive functions, and the specific

physiological mechanisms involved [40]. Next, several lines

of study will be introduced covering advances achieved with

tDCS in diverse domains such as cognitive control, lan-

guage, memory, and learning.

Enhancing Language with tDCS

The modern endeavor to understand the basics of language

and its neural substrate, which started with the seminal work

of Broca [41] and Wernicke [42], may benefit from the (re)

constitution of the realm of brain stimulation, which

provides tools that allow to make strong causal inference

(see [43]) regarding the hallmark of brain functions—the

language system.

To date, several tDCS studies explored naming, picture

naming and verbal fluency. Naming is a basic, fundamental

capacity of the human brain that requires a number of cog-

nitive processes that involve perception of the visual stimuli,

the semantic and lexical processing of its features, the selec-

tion and retrieval of relevant information, and finally the

articulation of a target concept. Several studies used tDCS

in order to improve performance, utilizing the facilitatory

mode of anodal tDCS. For example, Iyer and colleagues

study [44] produced the first direct evidence for a cognitive

enhancement in the context of language production by

showing that it is possible to change transiently human

verbal fluency capacity by means of electrical stimulation,

and showed that this effect depended on intensity. Iyer and

colleagues [44] investigated the effects of tDCS on prefron-

tal cortex related functions. There were no significant effects

on performance with 1 mA DC. However, with 2 mA, verbal

fluency was improved during anodal stimulation, and there

were no effects on a variety of other tasks.

In another study, Sparing and colleagues [45] explored

whether tDCS could enhance visual picture naming. Fifteen

healthy participants performed the task before, during, and

after tDCS was applied over the posterior perisylvian region

(PPR). This position corresponds with the location of

Wernicke’s area, including the posterior part of the left

superior temporal gyrus (STG), and has been used previ-

ously in a number of TMS studies (e.g., [46]). Using a

double-blind, within subjects design, the participants

underwent four different 2 mA stimulation sessions: anodal

and cathodal stimulation of left PPR as the main target

stimulation and anodal stimulation of the homologous region

of the right hemisphere and sham stimulation as control

conditions. Results showed that the participants responded

significantly faster following anodal tDCS to the left PPR.

This significant decrease of naming latency was found

directly at the end of anodal tDCS to the left PPR, and was

not evident during stimulation, nor did the facilitation effect

extract its influence after 5 and 10 min post stimulation.

Table 18.2 tDCS principles

• In transcranial direct current stimulation (tDCS), a weak direct current

(1–2 mA) is being delivered through two electrodes, an anode and a

cathode, that are fixed on the scalp throughout the stimulation.

• The current enters the brain from the anode, passes through neuronal

tissue, and exits out of the cathode.

• tDCS induces stimulation polarity-dependent cortical activity and

excitability enhancements or reductions, which emerge during

stimulation, but can remain for 1 h after stimulation [62, 117, 118].

• The primary mechanism of tDCS is thought to be a modulation of

resting membrane potential, by which tDCS affects spontaneous

cortical activity, with anodal tDCS causing neural depolarization and

thus enhancing cortical excitability, and cathodal tDCS causing neural

hyperpolarization and decreased cortical excitability [62, 118].

• The physiological effects of tDCS have been linked with

neurophysiological mechanisms of long-term potentiation and

depression [117]. tDCS to the motor cortex has proven to be a powerful

method in modulating excitability and has been suggested to be related

to long-term potentiation (LTP-like: anodal tDCS), and long-term

depression (LTD-like: cathodal tDCS) [117, 119]; see also [98] for a

comprehensive review regarding the physiological basis of tDCS).

• This method affords a highly reliable sham condition [120] in which

the stimulation is turned on and off over a relatively short period of

time, with the participants being unable to distinguish this condition

from real stimulation.
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In essence, anodal DC produced small yet consistent and

significant differences in the studies reviewed above. Inter-

estingly, although different regions of interest were used

(PPR and DLPFC), naming/verbal fluency performance

was improved, suggesting that DC can directly improve the

neural mechanism which underlies the function (PPR for

example) or a remote terminal that is a part of the network

that underlies the function (e.g., DLPFC). This seems rea-

sonable given the idea that picture naming and word genera-

tion involves a massive activation of temporal and frontal

regions [47].

Another major contribution into the study of naming by

means of tDCS arrived from Ross and colleagues [48] who

investigated whether stimulation of the anterior temporal

lobes (ATL) would be effective in modulating the memory

of known people’s proper names. The results showed that

anodal stimulation to the right ATL significantly improved

face naming accuracy for people but not landmarks. The

Ross et al. [48] study should be noted for implanting a

control condition (landmarks), a design that provided a

selective and specific effect, thus significantly enhancing

the study’s validity.

Neural Underpinning of DC Effects

Behavioral changes which occur due to tDCS manipulation

are vital, and should be considered as the foremost criteria

by which to decide whether a particular set of stimulation

parameters (e.g., electrodes position and size, stimulation

intensity and length) create a transient change in behavior.

Neuroimaging and electroencephalography methods can aid

in revealing the nature of changes that occur after anodal or

cathodal stimulation.

Holland and colleagues [49] tested whether tDCS over

the left inferior frontal cortex can be used to increase spoken

picture-naming performance in neurologically unimpaired

individuals. For all participants, the anodal was placed

over the left inferior frontal cortex (IFC) with the cathode

placed over the contralateral frontopolar cortex. The results

showed a significant effect of left anodal tDCS on naming

latency responses when compared to sham responses. The

fMRI measures showed that left anodal tDCS significantly

reduced BOLD signal in the left frontal cortex, including

Broca’s area, compared to sham responses. The imaging

data also showed a regionally specific effect. Within the

stimulated frontal cortex, not all regions were equally

affected; Broca’s area, but not other regions (e.g., precentral
or anterior insular cortices), were modulated by anodal

tDCS. Holland and colleagues suggested that the reduction

of BOLD signal in Broca’s area might be analogous to the

neural priming effects that is seen when utilizing behavioral

priming paradigms.

Enhancing Cognitive Control With tDCS

A common feature of human existence is the ability to

reverse decisions after they are made but before they are

implemented. This cognitive control process, termed

response inhibition, allows individuals to recover from

potentially harmful situations before it is too late—for exam-

ple, avoiding touching a hot stove when realizing it is too

hot, or not commenting negatively about a coworker who

suddenly appears. Cognitive control in general, and response

inhibition in particular, are impaired in several neuropsy-

chiatric disorders, such as attention deficit hyperactivity

disorder (ADHD; [50]), and appears to be critically depen-

dent upon intact function of the right Inferior Frontal Gyrus

(rIFG; [51]).

Response inhibition can be evaluated by the Stop-Signal

task (SST; [52]). In the SST there are two types of trials:

“go” trials and “stop” trials. In the “go” trials, subjects are

required to make a simple discrimination task within a

prespecified time window; the “go” trials are more frequent,

thus setting up a prepotent response tendency. The “stop”
trials are less frequent, and require subjects to refrain from

making the response when a stop signal is randomly

presented following the go signal [52].

Cognitive control processes, in general, are attributed

mainly to the prefrontal cortex (PFC). Response inhibition

has been localized more specifically to the right Inferior

Frontal Gyrus (rIFG), based upon both functional brain

imaging and lesion based approaches. For example, in a

recent fMRI study, Li et al. [53] showed that successful

inhibition was associated with greater activation of multiple

cortical areas, among other the right inferior and middle

frontal gyri. Rubia et al. [54] also showed common activa-

tion foci across different stop task versions in bilateral, but

predominantly right hemispheric inferior prefrontal cortex.

Studies employing temporary deactivation using TMS over

the rIFG indeed found impaired inhibitory control [55]

supporting the potential role of the rIFG in response inhibi-

tion. However, although TMS was successful in establishing

interference stimulation protocol that impaired cognitive

control [56], its use also raised some concerns. The same

repetitive stimulation protocol resulted in facilitative effects

in several reported studies [57, 58]. The inconsistent effects

and other practical limitations of TMS such as mobility and

subjects comfort mean that it might not be the ideal tool for

developing enhancement stimulation protocols. Up-to-date

there are two teams that employed tDCS to affect SST task,

using different sites, as described below.

Jacobson et al. [59] demonstrated that anodal stimulation

applied over the rIFG led to significant improvement in the

SST performance, but not on response time in a control task

that used SST stimuli but did not employ the response

inhibition task. In addition, stimulation over rAG, an area
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known to be without involvement in the SST [55] did not

affect response inhibition, demonstrating regional selectivity

of the effect. Jacobson et al. [59] results (see Fig. 18.1a–c)

both support theories of brain mechanisms underlying

response inhibition, and provide a potential method for

behavioral modification.

A different research team targeted a different area. Other

cortical areas are also involved in the cognitive control

network. Li et al. [60] systematically investigated the neural

correlates of motor inhibition with the stop-signal task and

found a linear correlation between the BOLD activation of

pre-supplementary motor area (Pre-SMA) and SSRTs.

Therefore Hsu et al. [61] conducted a tDCS SST study in

order to investigate the functional role of the Pre-SMA in

motor inhibition. Three tDCS conditions were employed:

Pre-SMA anodal/left cheek cathodal, left cheek anodal/Pre-

SMA cathodal, and a control group with no tDCS stimula-

tion. Current intensity was set to 1.5 mA for 10 min. Hsu

et al. [61] found that the effects of inhibitory (cathodal)

tDCS replicated previous TMS findings by impairing perfor-

mance on the task. The pattern was similar to TMS findings

in the sense that there was marked failure to inhibit

responses when a stop signal was presented (an elevated

noncancelled rate). Additionally, facilitatory effects were

observed as a consequence of applying excitatory (anodal)

tDCS over the Pre-SMA. Decreased noncancelled rates

suggested improvement in inhibiting responses when a stop

signal was presented. Such improvement or decrement in

noncancelled rates implied that neuronal excitability was

modulated by tDCS, as many studies have suggested [62].

These findings also suggest a critical role for Pre-SMA in

suppressing unwanted actions and facilitating desired ones

as seen in a recent microstimulation study [63]. Together,

such effects on noncancelled rates provide direct evidence

showing that the region containing Pre-SMA is also impor-

tant in inhibitory control.

Whether pre-SMA or the right IFG, the SST studies

demonstrated clearly a potential clinical tDCS intervention

for individuals exhibiting difficulties with inhibitory control.

However, further research is required to understand the

nature of the neuronal changes following tDCS that allow

modification of cognitive control (here as measured by SST

performance). Jacobson et al. [64] have reported an EEG-

tDCS study that suggested a possible neuronal mechanism

for tDCS effects in the SST. They found that the right IFG

stimulation protocol applied in their behavioral SST study

[34] generated a significant and selective diminution of the

power of theta band (4–7 Hz). The theta diminution was

observed in the rIFG area (represented the anode electrode),

and was not found in the lOFC area (represented the cathode

electrode). A significant effect was observed only in the

theta but not in other bands. Since there is evidence that

the electrophysiological activity associated with behavioral

inhibition is theta band activity [65, 66], these results may

explain the improvement in behavioral inhibition following

tDCS over the rIFG (see Fig. 18.1d–f).

Enhancing Other PFC-Related Functions

tDCS has already shown to improve high-order cognitive

functions, PFC supported, in different domains such as

decision-making [33], risk taking [67, 68] and probabilistic

classification [32]. The explicit postulation is that even with

respect to relatively complex functions that underlie differ-

ent types of process it is possible that facilitation (or inhibi-

tion), by using basic designs of tDCS, would modify

performance.

To date, some studies have tried to target executive con-

trol regulation with the usage of tDCS. For example, Sela

et al. [69] used tDCS to test the hypothesis that a prefrontal

cognitive control network is involved in directing semantic

decisions that is required for the comprehension of idioms.

Recent conceptualization argues in favor of a broad role of

the PFC in figurative language comprehension [70, 71]; see

also meta-analysis by [72], and proposed that prefrontal

regions are responsible for suppression of alternative

interpretations and response monitoring during figurative

comprehension.

Sela et al. [73] used a double-blind, sham controlled mix

design in order to explore this “PFC regulation hypothesis.”
Participants were randomly allocated to one of two stimula-

tion groups (left DLPFC anodal/Right DLPFC cathodal or

left DLPFC cathodal anodal/Right DLPFC anodal). The

stimulation lasted 15 min, with intensity of 1.5 mA. Over a

1-week interval, the participants were tested twice, complet-

ing a semantic decision task and a control task (a spoonerism

task, which assesses phonological awareness [74]) after

either receiving active or sham stimulation. The semantic

decision task required the participants to judge the related-

ness of an idiom and a target word, with the idiom being

predictable or not. Targets were figuratively related, literally

related, or unrelated to the idiom. The results showed that

after DC stimulation, a general deceleration (around 10 %)

in reaction times to targets was found. In addition, the results

indicated that the neural enhancement of a left lateralized

prefrontal network (left DLPFC anodal/right DLPFC cath-

odal) improved performance when the participants had to

make decisions when it came to figurative targets of highly

predictable idioms, whereas the neural enhancement of the

opposite network (left DLPFC cathodal anodal/Right

DLPFC anodal) improved the participants’ performance in

literal targets of unpredictable idioms (see Fig. 18.2). These

effects were quite robust, explaining 28 % and 23 % of the

variance, respectively. Finally, the results showed no differ-

ence with respect to performance in the control task.
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Sela et al. [69] findings corroborated the hypothesis

which was set by Papagno and colleagues [70, 71], showing

how the PFC is implicated in selection processes. As Sela

et al. [69] proposed, it seemed that the PFC regulates selec-

tion processes by using top-down bias based on stimuli

characteristics (e.g., idiom predictability), and that individ-

ual differences in trait motivations are linked with the mag-

nitude of the effect which is caused by tDCS.

It was also found that tDCS stimulation enhances com-

plex verbal insight problem-solving by anodal tDCS in the

left DLPFC. A study by Cerruti and Schlaug [75] tested

whether prefrontal stimulation may enhance performance

in the remote associates test (RAT). Typically, In RAT

problems, subjects are presented with three words, e.g.,

AGE/MILE/SAND, and must find a common linguistic asso-

ciate which forms a compound noun or a two-word phrase

with each cue word—in this case, STONE (STONE-AGE,

MILESTONE, and SANDSTONE). This task requires

strong executive function capacities, since lateral associa-

tions and internal production of many words is needed until

a key decision stage in which the subject must select or

generate a single answer.

The Cerruti and Schlaug [75] findings indicated that

stimulating the left DLPFC led to increased fluency when

it came to the generation of solutions. Their findings prompt

interesting questions regarding the influence of tDCS on

cognitive control processing and the role the left DLPFC

has in supporting the executive control processes that are

involved and are necessary in order to solve verbal insight

problems. In order to describe the underlying neurocognitive

processes that may modulate verbal problem solving,

Metuki et al. [76] created a stimulation study with few

Fig. 18.1 (a) Comparison between unilateral simulation conditions of

the mean SSRT for 11 subjects. Unilateral AnodalR differed signifi-

cantly from Sham condition. (b) Comparison between unilateral stimu-

lation conditions of the mean NSRT for 11 subjects. This nonsignificant

effect of tDCS on general RT indicates Unilateral AnodalR tDCS effect

was specific to response inhibition rather than causing a general cogni-

tive improvement. (c) The improved inhibition control (SSRT) in the

Unilateral AnodalR stimulation compared with Sham in the SST plot-

ted for each subject. Shorter SSRT indicates better ability to inhibit

responses, which was found in 10 of the 11 subjects. (d) The difference
between the power recorded following anodal and sham stimulation

conditions presented as percent change [(sham-anodal)*100/anodal;

mean � SEM]; for each band (Theta, Alpha, Beta, and Gamma) and

for two clusters represented the rIFG (anode electrode positioning) area

(dark gray), and the lOFC (cathode electrode positioning) area (light
gray). * indicates p < 0.05. (e) Illustration of the 27 recorded channels
located over the half front of the head. The different colors refer to the

seven different clusters of which the 27 channels were divided to. (f) T-
maps represented the difference in the power for each of the four

analyzed bands (Theta, Alpha, Beta, and Gamma) between anodal

and sham stimulation conditions. Data for figures a–c taken from

[59]; Data figures d–f taken from [64]
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methodological modifications that was compared to the pro-

cedure used by Cerruti and Schlaug [75].

The Metuki et al. study employed a sham controlled

within design. Twenty-one participants completed two iden-

tical experimental sessions that were separated by 1 week.

Subjects received 1 mA for 11 min, with anodal electrode

over the left DLPFC, and the reference electrode over the

right supraorbital region. The results indicated that anodal

tDCS over the left DLPFC enhanced solution recognition,

but did not enhance solution generation, for difficult

problems only (see Fig. 18.3). Metuki et al. suggested that

these findings support the idea that prefrontal LH cognitive

control mechanisms modulate linguistic processing and

specified the conditions by which the facilitation effect

were effective and substantial. Both Cerruti and Schlaug

[75] and Metuki et al. [76] studies show how the understand-

ing of facilitation effects is constrained by physiological and

cognitive hypotheses, in terms of site specification [75] and

experimental conditions [76]. This way, the understanding

of the improvements that were induced by tDCS stimulation

Fig. 18.2 (a) Semantic decision task procedure: the trial began with

the presentation of a fixation cross for 500 ms. The cross was replaced

by an idiom which remained on the screen for 2,000 ms. The

participants were instructed to read the idioms silently. The fixation

cross reappeared for 750 ms and was followed by the target word for

180 ms. The participants were instructed to indicate whether the idio-

matic expression and the target word were related by pressing the right

or left mouse keys. They were instructed to respond rapidly while

maintaining a high level of accuracy. The next trial began after a

2,000 ms interval. (b) Six experimental conditions: two experimental

manipulations (2 � 3) have been used—idiom’s predictability with two
levels (predictable and unpredictable) and target word type with three

levels (figurative related, literal related, and unrelated). The conditions

were a priori defined as being prominent, related semantic relations

(continuous line), less prominent, related semantic relations (dash
line), or unrelated semantic relations (dash–dot line). (c) Main finding

found in [69] is reflected in accuracy change scores (mean � SE). The

3-way interaction revealed that the tDCS effects were limited to specific

idiom–target pairings. *p < 0.05. (d) DC effects were more pronounced

in individuals that were rated as being most sensitive to reward likeli-

hood. Scores on a trait motivation propensity (BAS reward

responsiveness; BAS-RR, part of the BIS/BAS scale; [121]) moderated

the effects of tDCS for the most canonical form of stimuli (predictable

idioms followed by their figurative meaning). Data is taken from [69]
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is placed within a framework that is built of prediction based

on combined cognitive and anatomical hypotheses [77] and

enhance the validity of the results.

Enhancing Learning and Memory with tDCS

Floël and colleagues [78] examined tDCS effects on learning

and acquisition of novel vocabulary. In their experiment,

tDCS stimulation was applied over the posterior part of the

left perisylvian area in 19 young right-handed individuals,

while the participants had to acquire a miniature lexicon of

30 novel object names. This study employed a double-blind,

sham controlled, within design. Each participant was given

anodal, cathodal (each 20 min of 1 mA), and sham sessions

in a randomized, counterbalanced manner. Results showed

that with anodal stimulation, the participants showed better

associative learning in the fifth block when compared to

sham and cathodal stimulation. Mood ratings, blood pres-

sure, heart rate, discomfort, RTs, and response styles were

similar between stimulation conditions. Importantly, transfer

of the vocabulary into the participants’ native language was
also significantly better after learning under anodal tDCS

when compared to cathodal tDCS and sham. However, no

significant difference between the conditions was found for

the lexical knowledge test after 1 week. This study was the

first to show that anodal tDCS, when performed on the left

hemisphere, significantly improves the acquisition of a novel

vocabulary (faster learning and higher overall success) in

healthy subjects.

Another study by Liuzzi and others [79] tested the

hypothesis that language is embodied in neural circuitry

connections between perisylvian language areas and the

motor cortex, as based on Hebb’s law of association. Liuzzi

et al. examined the functional relevance of the left motor

cortex for the learning of a novel action word vocabulary by

Fig. 18.3 (a) Task procedure: Each trial began with a central fixation

cross which was presented for 1,200 ms. The three prime words were

then presented simultaneously, above, at, and below the center of the

screen. The words remained on the screen for 7 s, during which the

participants were asked to solve the problem. After a solution was

indicated or the time limit was exceeded, a fixation cross reappeared

for an additional 500 ms, followed by a presentation of the target word

for 1,500 ms. Then, the word “Solution?” appeared on the screen, and

the participants were instructed to indicate whether the target word was

the correct solution of the problem or not. On half of the trials, the

target was the correct solution word, and on the other half—an unre-

lated distractor. In this example, the correct solution followed the three

problem words. (b) Solution generation: mean early solution rates and

SE, by stimulation condition and item difficulty. ***p < 0.001. (c)
Solution generation: mean early solution rates and SE, by stimulation

condition and item difficulty. ***p < 0.00. Data is taken from [76]
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interfering with neural accessibility in the motor cortex by

means of tDCS. The study utilized a between design, double-

blind, sham-controlled, randomized, matched-samples

design in 30 young healthy, right-handed volunteers. In

combination with tDCS (anodal, cathodal, or sham), subjects

learned a novel vocabulary of 76 concrete, body-related

actions by means of an associative learning paradigm. The

training of novel action-word learning was spread over four

single learning sessions (40 min each), separated by 24 h.

Prior to each learning session, subjects received tDCS. Elec-

trode positions over the left motor cortex were determined

by TMS, and the anodal or cathodal was placed accordingly.

The reference electrode was placed over the right supraor-

bital region. tDCS was applied at 1 mA for 20 min.

The primary outcome measure was the percentage of

novel action words that were correctly translated into German

at the end of the training session on day 4. This test was

chosen in order to assess whether subjects had established

robust semantic associations of the action concepts with the

novel words independent of the action photos that were used

during training. Compared with sham stimulation, cathodal

tDCS reduced success rates in vocabulary acquisition as

shown by tests of novel action word translation into the native

language. The analysis of learning behavior revealed a spe-

cific effect of cathodal tDCS on the ability to associatively

couple actions with novel words.

Liuzzi et al. [79] also included different control

conditions: the same experiment was conducted with differ-

ent stimulation conditions (anodal, cathodal, or sham) that

were performed on the left DLPFC. Additionally, in another

control experiment, subjects learned object-related words

instead of action words. No significant effects were found

when tDCS was applied to the prefrontal cortex or when

subjects learned object-related words.

This study provided direct evidence to the suggestion that

the left motor cortex is causally involved in the acquisition

of novel action-related words. In addition, this study should

be notable for several reasons: first, for its rigorous method-

ological design. The inclusion of a target stimulation site

alongside a control task clearly addressed the main possible

alternative explanation and improved the validity of results.

Second, although tDCS is not known for being highly pre-

cise in terms of localization, Liuzzi et al. [79] demonstrated

that with the use of relatively conventional electrodes

(25 cm2), it is possible to distinguish between roughly

close areas (motor strip–frontal cortex). This is in line with

recent neuroimaging studies that showed that the spread of

activation following tDCS stimulation is restricted to the

area underneath the electrode [49, 80]. Finally, this study

demonstrated that cathodal tDCS reduced success rates in

vocabulary acquisition, and could be used to create a TMS

like “virtual lesion” [5], thus providing another venue for

tDCS usage in future research.

Regarding a different domain, recent studies have

demonstrated that tDCS can induce significant effects on

working memory function in humans [30]. Working memory

(WM) is the ability to temporarily hold and manipulate task-

relevant information. WM load is considered to be the

amount of temporarily stored WM items prior to WM

retrieval and is hypothesized to impose higher demands on

executive attention as its value increases. Thus, WM tasks

that require active maintenance of temporarily stored high-

load items are considered to be highly dependent on DLPFC

function and executive attention [81]. Indeed some of these

studies revealed that anodal tDCS to the left prefrontal

cortex, presumably the dorsolateral prefrontal cortex of

healthy participants, improves working memory, specifically

its verbal domains [30, 82].

tACS: Harnessing Oscillatory Brain Activity to
Explore and Improve Sensory and Cognitive
Functions

Another method that allows for investigating and

manipulating brain activity is transcranial alternating current

stimulation (tACS) tACS provides a powerful approach to

establish the functional role of neuronal oscillatory activities

in the human brain and to explore the functional role of

neural oscillations in cognitive tasks by stimulating the

brain with biophysically relevant frequencies during task

performance. tACS is supposed to induce regional brain

oscillations in a frequency-dependent manner, thereby

interacting with specific functions of the stimulated region

[39, 83–86]. Oscillatory activity is suggested to play an

important role in linking the crosstalk between brain areas

[85], and it has been argued that oscillations are particularly

instrumental in top-down processing [87] or in a large-scale

integration of bottom-up and top-down processes [88].

Although this technique is still largely unexplored and

volume conduction effects are not wholly understood [83,

89–91], recent studies have demonstrated tACS efficiency in

different domains. For instance, Kanai et al. [83] showed

that cortical excitability of the visual cortex as measured by

the thresholds for TMS evoked phosphenes exhibits fre-

quency dependency, whereby 20 Hz tACS over the visual

cortex enhances the sensitivity of the visual cortex. A recent

study demonstrated that stimulation in alpha and gamma

bands over the associative sensory cortex induced positive

sensory sensations [89]. It has also been demonstrated that

tACS at prefrontal sites during sleep-improved procedural

memory consolidation [92].

In another study, Sela et al. [73] used tACS to investigate

the effects of oscillatory prefrontal theta stimulation on risk-

taking [93]. To modulate risk-taking they used a well-

established paradigm in the realm of risk-taking known as
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the Balloon Analog Risk Task (BART; [94]). In this task,

participants pump a balloon without knowing when it will

explode. The more the pump button is pressed, the more

points accumulate while at the same time the risk of losing

points with a balloon explosion increases. Subjects are thus

pressured to decide whether to adopt a risky behavior and

keep pumping, or to use a more conservative strategy and

stop. Results showed a remarkable effect of left PFC stimula-

tion, whereas right PFC and sham stimulations failed to

produce any substantial effect on task performance. More

specifically, the increase of sequential losses during theta

stimulation over left PFC suggested that subjects lost the

ability to adjust their actions based on negative feedback

given to them explicitly during the task (the balloon exploded

and they lost all the point they earned in that round). In

addition, it was suggested that left PFC stimulation interfered

with a hypostasized “left to right theta dependent switch” that
may be obligatory in order to switch from an explorative

“risk-taking mode” into a “risk-averse” mode.

Most recently, Polanı́a and others [95] simultaneously

applied tACS at 6 Hz over left prefrontal and parietal

cortices with a relative 0 (“synchronized”) or 180

(“desynchronized”) phase difference or a placebo stimula-

tion condition, while healthy subjects performed a delayed

letter task. The results showed that induced frontoparietal

theta synchronization significantly improved visual

memory-matching reaction times as compared to placebo

stimulation. In contrast, exogenously induced frontoparietal

theta desynchronization deteriorated performance.

Given the enormous potential tACS holds [40], it is

expected that in the near future this method would serve to

explore basic questions in other domains in cognition by

utilizing the huge amount of the electrophysiological data

that was gathered so far.

Discussion

The utility of using brain stimulation methods (TMS, tDCS,

tACS) to explore novel theoretical hypothesis and to

uncover the neural basis of sensory and cognitive function-

ing is evident. The different studies tackles intriguing

questions such as the contribution of prefrontal cortex and

motor system to language production, learning, or compre-

hension (e.g., [44, 75, 79]), questions of connectivity [80],

and transcallosal disinhibition [26] using a relatively safe,

noninvasive methods. We conclude this chapter a methodo-

logical section that specifies the different considerations that

one should consider when designing and evaluating brain

stimulation experiment (tDCS in particular) in the context of

cognitive research. We also emphasize a major future direc-

tion in the promising field of rehabilitation, particular in the

domain of language recovery.

Enhancing Cognitive Functions:
Methodological Considerations

In the following section, we emphasize different methodo-

logical consideration and caveats that must be addressed in

order to assert that a genuine effect has been found, and as

such may be considered as reliable and replicable. We aim to

shed more light on what we consider as important steps in

order to help direct future experimental work in the research

of cognition by using mostly tDCS (see Fig. 18.4 and the

following discussion; see also [96, 97] for other types of

considerations that need to be addressed in the context of

clinical trials).

Different stimulation montages (see Fig. 18.5) have been

used in past studies in order to explore cognitive functions.

In general, two types of montages have been used: first, the

so-called unilateral stimulation method, in which the target

location is being excited or inhabited with the “active”
electrode while the “reference” electrode is placed in an

unrelated area (mostly contralateral frontopolar cortex; cf.

[78]). Second, in other studies, a bilateral placement has

been used (e.g., [33]). The obvious advantage of the former

method is that it guarantees, to some extent, that the stimu-

lation modifies a specific region of interest. The primary

caveat of this method is the fact that the usage of the

contralateral frontopolar cortex as the default region for

“reference” electrode may be reasonable when stimulating

the motor cortex [62], but not when the aim is to modify

cognitive functions that may be related to the activation of

this region or nearby regions. In any case, it is highly

suggested to use a large reference electrode (10 � 10 cm2)

when employing this type of montage, as reported for

instance in the Meinzer et al. [80] study, since the increased

size of the reference electrode renders stimulation function-

ally inefficient without compromising tDCS effects under

the active electrode [98]. The main advantage of the bilateral

placement is based on the idea that if the two electrodes are

both placed over cortical areas, tDCS can be used to simul-

taneously increase excitability in one region and decrease

excitability in another region (cf. [73]). This method may be

useful if the main hypothesis tackles issues of brain asym-

metry and/or the combined involvement of the two cerebral

hemispheres (or any other two regions) to a specific function

(cf. [33]). This method may suffer from potential

confounding effects of two electrodes with opposite

polarities over the brain, and may required further stimula-

tion conditions in the form of unilateral stimulation. Alter-

natively, this shortcoming can be solved with a task design

that includes two or more conditions that are expected to

produce inverse patterns that may result from the stimula-

tion. Another possible electrode placement that is available,

and will probably be in widespread use, is to use multiple
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small electrodes (i.e., around 1.2 cm diameter) in order to

achieve effective and targeted stimulation while ensuring

safety of stimulation (see [99]). As noted by Holland and

Crinion [97], it is not clear what the “best” approach one

can use. Deciding which of the above methods of placements

to use directly taps on, and is derived from, other important

parameters such as stimuli duration, electrode size, and

current intensity alongside more general considerations that

includes the nature of the function in question, task at hand,

and other deign parameters.

Another main consideration should be addressed when it

comes to issues of experimental design, which are related to

issues such as what would be the best design to use (within/

between/mixed), when should we start the stimulation (stim-

ulation timing), how many control conditions should be

included, and what is the sample size that should be used.

All of these issues inherently interconnect with the nature of

the task and the task specifications that are in use. For

example, including a control task may be important when

the task by itself produces only one primary measure. In this

case, it will be most recommended to include a control task

in order to verify and specify the effect. Including such a

control has implications with respect to stimulation duration,

the need to counterbalance tasks presentation and so on.

Moreover, task properties should be examined carefully

when deciding on the appropriate experimental design. For

instance, tasks which are known to produce high inter-

subject variability should naturally be tested with a within

design. However, what happens if the task involves learning

and the subjects’ performance is qualitatively changed after

one time exposure? There are many ways to cope with these

types of questions; naturally, it is impossible to address all

possible scenarios here, so the aim is to draw attention to the

vast amount of considerations as summed in Fig. 18.5.

Importantly, the issue of controlling alternative

explanations should be addressed thoroughly. It is obvious

that a single study cannot always cover all the bases, as

doing so would result in endless control groups. However,

Fig. 18.4 Designing a tDCS experiment: main considerations. Four main themes are presented: tDCS Stimulation parameters, general

considerations, task considerations, and controlling for alternative explanations
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it is highly recommended to deal with the alternative

explanations that are most critical for the given experiment,

and at least use a (1) sham condition, (2) site control, (3)

polarity control, and (4) task or condition (within the main

task) control. As in other domains of behavioral research, it

is clear that any evidence for a “single dissociation” is good,
but we should strive to create experimental designs that can

produce an evidence for a “double dissociation.” Finally,

with respect to current intensity and the usage of current

density as a possible control (see [96, 100]), it is quite

surprising that the Iyer et al. study [44] is almost the only

case in which different levels of current intensity were

examined (1 and 2 mA), and showed it may affect perfor-

mance. It is clear that many other tDCS effects may be

intensity dependent, so this parameter should be subjected

to systematic manipulation in future studies.

Future Direction: tDCS Use in Clinical Contexts
and Combining With Training

Cognitive training is being recently the preferred method to

affect brain plasticity. In the last 20 years, controlled cogni-

tive training studies have demonstrated that learning of new

cognitive skills and improving existing skills is possible

across different populations and ages [101]. Successful train-

ing was documented in clinical populations (Schizophrenia:

[102]; ADHD: [103]). Several brain-imaging studies have

recently revealed training-induced plasticity in the healthy

human brain (i.e., [104, 105]). Facilitation effects of the

integration of the tDCS combined with cognitive training

are only beginning to be explored [106, 107]. Most recently,

Ditye et al. [108] showed that tDCS-combined cognitive

training is an effective tool for improving the ability to

inhibit responses. The main aim was to investigate response

inhibition in the context of a learning paradigm by giving

tDCS over the right IFG repetitively over four consecutive

days of training on a behavioral inhibition task (SST). The

results showed that the integration of the training and

rIFG–tDCS produced a steeper linear learning slope. Addi-

tionally, better performance was also found in the active

stimulation group in comparison with the control group.

Combining tDCS protocols with language training hold a

great promise for future research. It may be used as a tool for

enhancing language functions among healthy individuals

and among patients. Language training protocols are at

vast use among clinicians in verity of fields (e.g., language

and speech therapy) and are a standard component of medi-

cal care after traumatic brain injury (TBI) or stroke [109].

So far, a small number of controlled studies evaluated the

potential of tDCS for language recovery (for a comprehen-

sive review see [96, 97]). For example, Monti and coauthors

[110] evaluated the effect of tDCS over the damaged left

frontotemporal areas in eight chronic nonfluent post-stroke

aphasic patients, and showed that cathodal tDCS signifi-

cantly improved accuracy of picture naming. In Baker

et al. [111] study, ten patients with varying types and

severities of chronic aphasia, received 5 days of anodal

tDCS over the left frontal cortex, and 5 days of sham stimu-

lation while performing a computerized anomia treatment.

Performance in the naming task improved significantly after

anodal stimulation, and the effect persisted at least 1 week.

Another work by the same group [112] examined the effect

of anodal tDCS on reaction time during overt picture naming

in eight chronic stroke participants. This time the anode

electrode was placed over perilesional brain regions. Anodal

tDCS reduced reaction time during naming of trained items

immediately after stimulation, and at subsequent testing 3

weeks later. A recent study by Fiori and colleagues [113]

showed that 5 days of anodal tDCS over Wernicke’s area

Fig. 18.5 Example of different stimulation montages. The upper
panel shows a bilateral placement (cf. [33]), which is based on the

EEG 10–20 system. The anode electrode was fixed over the F3 (left

DLPFC), whereas the cathode electrode was placed over its homologue

in the right hemisphere (F4; right DLPFC). The middle and lower
panels shows a bilateral placement (cf. [33]), which is based on the

EEG 10–20 system. In the middle panel (cf. [78]), the anode electrode
was fixed over the CP5 (Wernicke’s area), whereas the cathode elec-

trode was placed over the contralateral supraorbital region (FP2). In the

lower panel (cf. [59]), the anode electrode was fixed over the crossing

point between T3-Fz and F7-Cz (right IFG), whereas the cathode

electrode was placed over the contralateral supraorbital region (FP1)
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produced an improvement in naming accuracy that lasted for

3 weeks in three aphasic patients. Kang and colleagues [114]

showed that a protocol of cathodal tDCS applied on the right

Broca’s homologue combined with language therapy

improved picture naming in patients with post-stroke apha-

sia. Flöel and coworkers [115] demonstrated that anodal

tDCS applied over the right temporoparietal cortex

improved the success of anomia training in a group of 12

post-stroke aphasic left-brain-damaged patients. You and

colleagues [116] found that cathodal tDCS over the right

superior temporal areas of subacute patients with global

aphasia showed significantly greater improvements in audi-

tory verbal comprehension. In sum, tDCS, may be used

concomitantly to training protocols to enhance language

reacquisition, a potential only touched upon in small patient

studies so far [96].
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Functionally specific reorganization in human premotor cortex.

Neuron. 2007;54(3):479–90. doi:10.1016/j.neuron.2007.04.021.

21. Kobayashi M, Hutchinson S, Théoret H, Schlaug G, Pascual-
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Conclusive Overview 19
Dirk Rasche and Helena Knotkova

In this textbook, experts in the field of neuromodulation from

all over the world presented an overview of invasive and

noninvasive neuromodulatory approaches and its potential

for the treatment of various pathological states and conditions.

The book can serve as a structured guide for clinicians,

scientific researchers, medical staffs, and students to get an

insight, structured overview, as well as specific clinically

relevant information about the neuromodulation techniques.

Every chapter strived to provide up-to-date information

regarding underlying physiological mechanisms, technical

aspects, and application protocols in the scope of good

clinical practice and safe performance of these methods

and procedures. All chapters have an extensive reference

list that can serve as an additional source for those interested

in more extensive and in-depth information.

The broad overview of invasive and noninvasive

neuromodulatory methods presented in this book has indeed

demonstrated that neuromodulation is a rapidly growing field

of expertise with enormous potential for research and therapy.

Although some invasive procedures are performed for more

than 30 years, e.g., deep brain stimulation, a revival is

witnessed during the past 10 years because of new experimen-

tal research, medical experience, controlled trials with new

indications, and ongoing technological improvement. Build-

ing on the foundations of available up-to-date evidence, each

neuromodulatory method can benefit from further technical

progress, continuing development, and targeted clinical

applications. In specific,

• Existing studies and clinical observations show enormous

heterogeneity of protocols, dosages, and devices and

therefore results from the studies are difficult to compare

and/or reproduce.

• The documentation and reporting of adverse events or

negative results in published literature on neuromodulation

highly vary, making it difficult to evaluate the methods

across the treatment protocols and patient populations.

• Further research is needed to fill gaps in understanding

neurophysiological mechanisms underlying the effects of

specific neuromodulatory methods. Traditional neurophys-

iological approaches together with novel disciplines,

such as epigenetics, can greatly contribute to this endeavor.

• Large-sample Phase III clinical trials are needed for those

neuromodulatory methods that indicated analgesic effi-

cacy in pilot and Phase II clinical studies.

• For methods that have not yet been fully implemented

into clinical practice, more evidence is needed not only

on efficacy, but also on safety and cost-effectiveness in

clinical settings.

• For most of the existing neuromodulatory methods,

approaches, and protocols, durability of the effects as

well as factors contributing to the treatment responsiveness

have yet to be established and need to be evaluated in

long-term follow-up.

• Consequently, an effective and patient-friendly use of

neuromodulation calls for the dose adjustments for

specific populations (for example children), with the ulti-

mate goal of the development of patient-tailored treat-

ment regimens supported by imaging-assisted diagnostic

assessment prior to the neuromodulatory procedures.

• Further, technical refinement of neuromodulatory devices

and procedures, including miniaturization of electronic

devices, further implementation of biotechnologies,

robotics, or nanotechnology, can facilitate user-friendly

modifications of neuromodulatory devices, general

safety, reduction in the complication rate of the invasive

neuromodulatory procedures, and availability of novel

research and treatment protocols.
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• Regarding education in the field of neuromodulation,

more educational initiatives are needed on all fronts of

the field, from educational materials for patients to com-

prehensive educational and training programs for

providers, and topic-relevant education for supporting

medical and research personnel. A full integration of

neuromodulation into international and national medical

education programs needs to be facilitated and supported

by all involved disciplines and societies.

Overall, it can be expected that the future initiatives in the

field of neuromodulation will encompass developing novel

neuromodulatory approaches, methods, devices, and treat-

ment protocols; facilitating basic and clinical research;

building evidence base on safety, efficacy, and effectiveness;

implementation of neuromodulatory treatment approaches

into clinical practice when appropriate; developing and

periodically reviewing/updating guidelines for the use of

specific neuromodulatory methods; implementing and

facilitating educational and/or training programs for both

providers and recipients of the neuromodulatory procedures;

as well as other activities that will contribute to the overall

development of this exciting field of expertise.
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Spinal cord stimulation (SCS) (cont.)
stem components and implantation technique

algorithm, 40

intraoperative test stimulation, 41, 43

IPG, 40, 43–44

lead placement, 40, 41

lead positioning, 41, 43

loss-of-resistance technique, 40, 41

paramedian oblique technique, 40–42

paramedian Touhy needle approach, 40, 41

percutaneous technique, 40, 42

plate (surgical) leads, 40, 42

Seldinger-guided percutaneous approach, 42–43

single/dual-lead implantation, 40, 41

TENS, 44

VAS, 43

therapeutic staircase, 47–48

transcutaneous oxygen pressure measurements, 45

uses, 46

Spinal cord stimulators (SCS), 193

cluster headache, 201

CRPS, 189–190

low-back pain, 202

migraine headache, 201

PHN, 201–202

PLP, 192

SCS, 193

Stimulation produced analgesia (SPA), 62

Syndrome X, 39

T
tDCS. See Transcranial direct current stimulation (tDCS)

tES. See Transcranial electrical stimulation (tES)

Time dependent motor imagery screening test (TDMI), 156

Tinnitus, 25, 82

TMS. See Transcranial magnetic stimulation (TMS)

Tourette’s syndrome, 218–219, 249, 250

T-PEMF, 142–144

Transcranial alternating current stimulation (tACS)

dosage, 14

historical development, 12

Transcranial direct current stimulation (tDCS)

addiction, 248–249

Alzheimer’s disease, 222–223
behavioral changes, 261

bilateral placement, 267

bipolar disorder, 176

cluster headache, 200

cognitive control

anodal stimulation, 261–262

pre-SMA, 262

response inhibition, 261

rIFG, 262, 263

SST, 261

computational analysis

brain lesions (stroke), 121, 122

obesity, 122–124

pediatric populations, 121–123

skin properties, 124

skull defects, 120–121

computational forward models

automated/manual interventions, 118

clinical applications, 119

clinical outcomes and model predictions, 116

clinical translational utility, 118

current flow imaging, 116

divergent modeling methods, 118

high-resolution individualized models, 115–116

limitations, 120

modeling analysis, 119

patient-specific models, 115, 116

quasi-uniform assumption, 119

role, 113, 114

vs. stimulation approaches, 113, 114

study design, 116–117

uses, 120

cortical activity and excitability

acute effects, 105

animal experiment, 105

CNS active drugs, 106, 108

functional/physiological impact, 107

gating mechanism, 106

glutamatergic neuroplasticity, 106, 107

interregional effects, 108–109

LTP effects, 106

CRPS, 188

current density, 102

dosage, 14

duration, 102–104

dystonia, 217

electrical brain stimulation, 260

electrode size and configurations, 103–104

experimental design, 267–268

facial neuropathic pain, 195–196

fibromyalgia, 197–198

harnessing oscillatory brain activity, 266–267

HIV, 224

language system, 260–261

learning and memory, 265–266

low-back pain, 202–203

MDD, 174–175

mechanisms of action, 104–105

migraine headache, 200

Parkinson’s disease, 214
PFC

Cerruti and Schlaug findings, 263–264

domains, 262

double-blind design, 262

hypothesis testing, 262–263

RAT, 263

sham controlled design, 262, 264, 265

polarity/electrode position, 102

principles, 260

schizophrenia, 178

single dissociation, 269

transcranial application, 101

unilateral stimulation method, 267–268

Transcranial electrical stimulation (tES)

definition, 7

dosage

electroanesthesia, 8, 9, 13–14

electroconvulsive therapy, 8, 9, 14

electrosleep, 8, 9, 13–14

high-definition transcranial direct current stimulation, 14

high-intensity pulses, 8, 9, 14

tACS, 14

tDCS, 14

tRNS, 14

historical development

direct current stimulation, 11–12

electroanesthesia, 11

282 Index



electroconvulsive therapy, 12

electrosleep, 10–11

noncranial electrical therapies, 13

tACS, 12

tRNS, 12

temporal waveforms, 9, 10

Transcranial magnetic stimulation (TMS)

addiction, 248–249

AP orientation, 93, 94

coil types

batwing coil, 92

circular coil, 91

coil types, 91

double cone coil, 92

figure-of-eight coil, 91–92

LM orientation, 93–94

neuronal elements activation

bypass spinal cord mechanisms and shape novel patterns, 90

corticomotoneuronal cells, 89

direct/indirect waves, 90

fast corticospinal pathway, 90

old and new motor cortex, 89

neurophysiological measurements

IHI, 94–96

SICI, 94, 95

origin of, 87

PA orientation, 92–93

repetitive TMS

dystonia, 97

effects, 97

high-frequency type, 96–97

physical and drug therapy, 96

Purdue Pegboard tested, 96

therapeutic methods, 96

transient pain relief, 97

Transcranial random noise stimulation (tRNS), 12

dosage, 14

historical development, 12

Transcutaneous cranial electrical stimulation (TCES), 128, 129

Transcutaneous electrical nerve stimulation (TENS), 20, 38, 44, 128

Trigeminal neuropathic pain (TNP), 22

V
Vagus nerve stimulation (VNS), 127, 172, 175

Visual analogue scale (VAS), 43, 78, 249

Visuospatial neglect

cTBS, 231

definition, 230

rTMS protocol, 231

tDCS, 231–232

visual scanning therapy, 230

Vividness of movement imagery questionnaire (VMIQ), 155–156

Index 283


	Foreword
	Preface
	Contents
	List of Contributors
	Part I: Basic Aspects
	1: Principles of Neuromodulation
	Neuroplasticity and Neuromodulation
	Cortical Reorganization
	References

	2: Methods and Technologies for Low-Intensity Transcranial Electrical Stimulation: Waveforms, Terminology, and Historical Notes
	Scope and Approach
	Historical Development
	Developments from Electrosleep to Cranial Electrotherapy Stimulation
	Developments from Electroanesthesia to Limoge Currents and Other Related Methods
	Direct Current Stimulation
	Electroconvulsive Therapy
	Contemporary Approaches
	Transcranial Alternating Current Stimulation

	Noncranial Therapies

	Dosage
	Electrosleep and Derivative Techniques
	Electroanesthesia and Derivative Techniques
	Transcranial Direct Current Stimulation/Transcranial Random Noise Stimulation/Transcranial Alternating Current Stimulation
	High-Definition Transcranial Direct Current Stimulation
	Transcranial Electrical Stimulation
	Electroconvulsive Therapy

	Conclusion
	References


	Part II: Methods
	3: Peripheral Nerve Stimulation
	Introduction
	The Spectrum of Peripheral Nerve Stimulation
	Transcutaneous Electrical Nerve Stimulation
	Percutaneous Electrical Nerve Stimulation
	Peripheral Nerve Stimulation

	PNS/PNFS Techniques
	Indications and Patient Selection
	Neuropathic Limb Pain
	Neuropathic Facial Pain
	Neuropathic Trunk Pain
	Peripheral Nerve Field Stimulation of the C2 Nerve

	Indications for C2 PNFS
	Headache
	Headache: Occipital Neuralgia
	Headaches: Chronic Migraine
	Headaches: Cluster Headache
	Fibromyalgia
	Peripheral Pain
	Tinnitus


	Device Choice
	Procedural Details
	Occipital Nerve Stimulation Techniques
	PNS Complications
	Outcomes
	Conclusions
	References

	4: Spinal Cord Stimulation
	Introduction
	Mechanisms of Action of Spinal Cord Stimulation
	Local Effects at the Spinal Level
	Effects at Cerebral Level
	Peripheral Effects on Vasculature

	Indications for Spinal Cord Stimulation
	Spinal Cord Stimulation for Treatment of Peripheral Neuropathic Pain
	Characterization of Neuropathic Pain

	Failed Back Surgery Syndrome
	Spinal Cord Stimulation for Treatment of Complex Regional Pain Syndrome
	Spinal Cord Stimulation for Treatment of Painful Ischemic Disorders

	Spinal Cord Stimulation Stem Components and Implantation Technique
	Safety Profile of Spinal Cord Stimulation
	Evidence-Based Support for Efficacy of Spinal Cord Stimulation
	Cost-Effectiveness of Spinal Cord Stimulation
	New Technology, Techniques, and Indications
	The Future
	References

	5: Dorsal Root Ganglion Stimulation: A Target for Neuromodulation Therapies
	Role of the Dorsal Root Ganglion in Chronic Pain
	Interventional Techniques Targeting the DRG
	Case 1: Neuropathic Groin Pain
	Case 2: Postamputation Pain
	Case 3: Complex Regional Pain Syndrome
	Case 4: Failed Back Surgery Syndrome

	Conclusions
	References

	6: Deep Brain Stimulation
	Introduction
	Mechanism of Action
	Stimulation of the Lateral Somatosensory Thalamus
	Stimulation of the Periventricular or Periaqueductal Grey
	Stimulation of CM-PF Thalamic Nuclei
	Stimulation of the Posteromedial Hypothalamus

	Operative Technique
	Step 1: Preoperative Imaging (Without Frame)
	Step 2: Stereotactic Frame Placement
	Step 3: Magnetic Resonance Imaging with Frame
	Step 4: Presurgical Target Planning
	Step 5: Presurgical Trajectory Planning
	Step 6: Prepare the Patient for the OR
	Step 7: Stereotactic Arc Fixation
	Step 8: Incision and Making the Burrhole
	Step 9: Attachment of Lead Fixation Device on Burrhole
	Step 10: Stereotactic Arc Fixation
	Step 11: Physiological Confirmation of Anatomical Target
	Step 12: Intraoperative Testing with Microelectrode Recording System
	Step 13: DBS Lead Placement
	Step 14: Intraoperative Clinical Testing with DBS Lead
	Step 15: DBS Lead Fixation
	Step 16: Intraoperative Final Lead Confirmation
	Step 17: Dismantle Equipment and Suturing Incision
	Step 18: Postoperative Final Lead Confirmation
	Step 19: IPG Placement

	Clinical Results
	Conclusion
	References

	7: Motor Cortex Stimulation
	Introduction and History of Invasive Cortical Stimulation
	Mode of Action
	Patient Selection

	Perioperative Management
	Operative Procedure
	Post-operative Test Trial
	Follow-Up Visits
	Complications
	Discussion and Review of the Literature
	MCS in the Treatment of Chronic Pain

	ICS in the Treatment of Non-painful Conditions/Syndromes
	Parkinson´s Disease and Movement Disorders
	Depression
	Tinnitus
	Stroke
	Epilepsy

	Conclusion
	References

	8: Physiological Basis of Transcranial Magnetic Stimulation
	Introduction
	History of Motor Cortical Stimulation
	Neuronal Elements Activated by TMS
	TMS Methodology and Measurements
	Coil Types
	Circular Coil
	Figure-of-Eight Coil
	Double Cone Coil
	Batwing Coil

	TMS Coil Orientations
	PA Orientation
	LM Orientation
	AP Orientation

	Neurophysiological Measurements Examined by TMS
	SICI
	IHI


	Therapeutic Uses of TMS: Repetitive TMS
	Conclusions
	References

	9: Transcranial Direct Current Stimulation: Protocols and Physiological Mechanisms of Action
	Introduction
	tDCS Protocols
	Impact of Stimulation Polarity/Electrode Position on the Effects of tDCS
	Impact of Current Density on the Effects of tDCS
	Impact of Stimulation Duration on the Effects of tDCS
	Impact of Electrode Configurations on the Focality of tDCS
	Mechanisms of Action of tDCS
	Regional Effects of tDCS on Cortical Excitability
	Acute Effects of tDCS on Cortical Activity and Excitability
	Aftereffects of tDCS on Cortical Activity, and Excitability
	Interregional Effects of tDCS: Impact on Functional Connectivity


	Conclusion
	References

	10: A Role of Computational Modeling in Customization of Transcranial Direct Current Stimulation for Susceptible Populations
	Introduction to Computational Models of Noninvasive Neuromodulation
	Methods and Protocols in the Generation of Computational Forward Models of tDCS
	Pitfalls and Challenges in the Application and Interpretation of Computational Model Predictions
	Example Results of Computational Analysis in Susceptible Populations
	Case 1: Skull Defects
	Case 2: Brain Lesions (Stroke)
	Case 3: Pediatric Populations
	Case 4: Obesity
	Case 5: Skin Properties

	Conclusion
	References

	11: Cranial Electrical Stimulation
	Introduction
	Contemporary Devices and Clinical Applications
	Evidence of CES Efficacy from Open and Randomized Clinical Trials

	Contraindications for Use and Safety of CES
	CES Regulatory Status (FDA)
	Proposed Mechanisms of Action of CES
	Brain Structures Impacted by CES
	Evidence for Effects on Endogenous Brain Oscillations and Cortical Excitability
	Evidence for Impact on Neurotransmitters, Hormones, and Endorphins
	Evidence for Impact on Autonomic Nervous System

	CES and Alternative Medicine
	Barriers and Future Directions
	Conclusion
	References

	12: The Mechanisms and Actions of Motor Imagery Within the Clinical Setting
	What Is Motor Imagery?
	Neurophysiology of Movement Initiation
	Primary Motor Cortex
	Premotor Cortex
	Supplementary Motor Areas

	Motor Imagery and Movement
	Clinical Application of Motor Imagery (See Table12.1 for Summary of Studies)
	Graded Motor Imagery
	Outcome Measures in Motor Imagery
	Questionnaires
	Mental Chronometry
	Mental Rotation


	Conclusion
	References
	Recommended Reading


	13: Neuroprosthesis and Sensorimotor Training
	Introduction
	Brain Changes in Chronic Pain
	Injury-Related Brain Changes in Neuropathic Pain Disorders
	Brain Changes in Musculoskeletal Pain Disorders

	Interventions
	Sensory and Motor Training
	Mirror and Motor Imagery Training
	Virtual Reality Approaches to Mirror Training and Robotic Applications

	Conclusions
	References


	Part III: Clinical Potential and Applications
	14: Clinical Applications of Neuromodulation in Psychiatry
	Major Depressive Disorder
	Pharmacotherapy
	Neuromodulation Strategies
	Electroconvulsive Therapy
	Repetitive Transcranial Magnetic Stimulation (rTMS)
	Transcranial Direct Current Stimulation
	Deep Brain Stimulation (DBS)
	Cranial Nerve Stimulation


	Bipolar Disorder
	Pharmacotherapy
	Electroconvulsive Therapy
	Repetitive Transcranial Magnetic Stimulation (rTMS)
	Transcranial Direct Current Stimulation

	Schizophrenia
	Pharmacological Treatment for Schizophrenia
	Electroconvulsive Therapy
	Repetitive Transcranial Magnetic Stimulation
	Transcranial Direct Current Stimulation

	Eating Disorders
	Pharmacotherapy
	Neuromodulation Strategies

	Obsessive Compulsive Disorder (OCD)
	Pharmacotherapy
	Cognitive-Behavioral Therapy
	Transcranial Magnetic Stimulation

	Attention Deficit Hyperactivity Disorder (ADHD)
	Pharmacotherapy
	Neuromodulation Strategies

	Conclusion
	References

	15: Applications of Neuromodulation in Pain Management
	Complex Regional Pain Syndrome (CRPS)
	Treatment Strategies in CRPS
	Neuromodulation
	Repetitive Transcranial Magnetic Stimulation (rTMS)
	Transcranial Direct Current Stimulation (tDCS)
	Motor Imagery
	Motor Cortex Stimulation (MCS)
	Spinal Cord Stimulation (SCS)


	Phantom-Limb Pain
	Treatment Strategies in PLP
	Neuromodulation
	rTMS
	Visual Feedback Therapy and Motor Imagery
	MCS and DBS
	SCS


	Central Post-stroke Pain (CPSP)
	Treatment Strategies in CPSP
	Neuromodulation
	rTMS
	DBS
	MCS
	SCS


	Facial Neuropathic Pain
	Treatment Strategies in Facial Neuropathic Pain
	Neuromodulation
	rTMS and tDCS
	DBS
	MCS


	Fibromyalgia
	Treatment Strategies in Fibromyalgia
	Neuromodulation
	rTMS
	tDCS
	Cranial Electrotherapy Stimulation (CES)
	ECT


	Headaches
	Treatment Approaches to Migraine and Cluster Headache
	Neuromodulation
	rTMS
	tDCS
	DBS
	Occipital Nerve Stimulation (ONS)
	SCS
	Ganglion Sphenopalatinum Stimulation


	Other Chronic Pain Syndromes
	Post-herpetic Neuralgia
	Low-Back Pain

	Conclusions
	References

	16: Applications of Neuromodulation in Neurology and Neurorehabilitation
	Movement Disorders
	Parkinson´s Disease
	Pharmacologic Treatment in PD
	Non-pharmacologic Management of PD
	Rehabilitation in PD
	Neuromodulatory Approaches for the PD
	Electroconvulsive Therapy (ECT)
	Repetitive Transcranial Magnetic Stimulation (rTMS)
	Transcranial Direct Current Stimulation (tDCS)
	Deep Brain Stimulation (DBS)


	Dystonia
	Dopamine Therapy
	Antidopaminergic Therapy
	Anticholinergic Therapy
	Anticonvulsants
	Other Pharmacologic Agents
	Botulinum Toxin
	Surgical Procedures Except DBS
	Neuromodulatory Approaches for Dystonia
	Repetitive Transcranial Magnetic Stimulation (rTMS)
	Transcranial Direct Current Stimulation (tDCS)
	Deep Brain Stimulation (DBS)

	Essential Tremor
	Beta Blockers
	Anticonvulsants
	Benzodiazepines
	Botulinum Toxin
	Neuromodulatory Approaches for ET
	Electroconvulsive Therapy
	Repetitive Transcranial Magnetic Stimulation (rTMS)
	Deep Brain Stimulation (DBS)


	Tics or Tourette´s Syndrome
	Dopamine Antagonists
	Dopamine Agonists
	Other Drugs
	Botulinum Toxin Injection
	Neuromodulatory Approaches for Tics and Tourette´s Syndrome
	Electroconvulsive Therapy (ECT)
	Repetitive Transcranial Magnetic Stimulation (rTMS)
	Deep Brain Stimulation (DBS)


	Chorea
	Neuromodulatory Approaches for Chorea
	Electroconvulsive Therapy
	Repetitive Transcranial Magnetic Stimulation (rTMS)
	Deep Brain Stimulation (DBS)


	Neurodegenerative Disorders
	Alzheimer´s Disease
	Pharmacologic Treatment
	Acetylcholinesterase Inhibitors

	Neuromodulatory Approaches for the AD
	Electroconvulsive Therapy (ECT)
	Repetitive Transcranial Magnetic Stimulation (rTMS)
	Transcranial Direct Current Stimulation (tDCS)
	Deep Brain Stimulation (DBS)


	Neurodegenerative Disorder Associated With Human Immunodeficiency Virus (HIV) Infection
	Conventional Treatment in HIV
	Zidovudine
	Antiretroviral Agents
	Immune-Based and Neuroprotective Therapies

	Neuromodulatory Approaches for the HIV

	Post-stroke Rehabilitation
	Motor Recovery
	Visuospatial Neglect
	Aphasia
	Dysphagia
	Cognitive Decline
	Post-amputation Rehabilitation
	Neuromodulatory Approaches for the Amputation

	Conclusion
	References

	17: Neuromodulation for Addiction
	Introduction
	Epidemiological Significance
	Neurobiology of Reward and Addiction
	Effects of Therapeutic Neurosurgical Lesions on Addictive Behavior
	Noninvasive Neuromodulatory Techniques and Addiction
	The Scientific Rationale Behind Deep Brain Stimulation for Treating Addiction
	DBS to Treat Addictive Patterns in Animal Models
	Cocaine
	Ethyl Alcohol
	Opioids
	DBS for Influencing Substance Dependencies in Humans

	Hypotheses Pertinent to the Effects of DBS on Addiction, viz. Substance Addiction

	Conclusion
	References

	18: Enhancement of Sensory and Cognitive Functions in Healthy Subjects
	Introduction
	Transcranial Magnetic Stimulation (TMS)
	TMS: Modes of Operation
	TMS Protocols
	TMS and Cognitive Enhancement
	TMS: Major Caveats

	Electrical Brain Stimulation: tDCS
	Enhancing Language with tDCS
	Neural Underpinning of DC Effects
	Enhancing Cognitive Control With tDCS
	Enhancing Other PFC-Related Functions
	Enhancing Learning and Memory with tDCS
	tACS: Harnessing Oscillatory Brain Activity to Explore and Improve Sensory and Cognitive Functions

	Discussion
	Enhancing Cognitive Functions: Methodological Considerations
	Future Direction: tDCS Use in Clinical Contexts and Combining With Training
	References

	19: Conclusive Overview

	Index

