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Thesis abstract

Painful stimuli are processed in a network called the pain neuromatrix (PNM) which comprises
both the cortical and subcortical areas of the brain. The primary motor cortex (M1), primary
sensory cortex (S1), and dorsolateral prefrontal cortex (DLPFC) are the cortical sites of the PNM.
Literature indicates that modulatory changes occur in the excitability of these cortical sites during
pain processing. These changes coincide with behavioral modulations such as sensory (STh) and
pain (PTh) thresholds, and pain level (PL) changes. Transcranial direct current stimulation (tDCS)
of cortical sites provides supportive evidence for the modulation of these cortical and behavioral
changes. tDCS is a non-invasive neuromodulatory technique with a polarity dependent manner.
The application of an anode over the target cortical sites (a-tDCS) increases corticospinal
excitability (CSE), and the application of a cathode over the target (c-tDCS) decreases the CSE.
Although there is an upward trend using a- and ¢c-tDCS over M1, S1, and DLPFC for increasing
SThand/or PTh, there is no consensus on the superiority of different tDCS modes and stimulation
sites on the aforementioned effects. Therefore, the broad aim of the present study was to investigate

the effects of tDCS modes and stimulation sites on CSE and STh/PTh modulation.

Prior to the experimental studies, two systematic review and meta-analyses (Studies 1-2) were
conducted to verify the effect of a-tDCS and c-tDCS on different cortical sites of the PNM on STh
and PTh in healthy individuals and patients with chronic pain. These reviews confirmed that these

stimulation effects are site specific in both healthy and patient groups following a- and c-tDCS.

A reliability study was then conducted to test the intra- and intersession reliability of elicited MEPs
and to fine-tune the set-up for application of TMS as an assessment tool (Study 3). The reliability

study was a necessary step before conduction of the other experimental studies in this thesis.

In Studies 4 and 5, we investigated how single-site a-tDCS and c-tDCS of functionally connected

Xiv



cortical sites of the PNM affect the level of M1 and S1 excitability. The result of Study 4 showed
that a-tDCS of M1 and DLPFC are the best cortical sites for induction of greater CSE. This site
specificity was not found for STh/PTh changes and a-tDCS of these three cortical sites increased
STh/PTh in healthy adults. The results of Study 5 showed that c-tDCS of M1, S1, and DLPFC
reduce M1 and S1 excitability, while it had opposite effects on STh/PTh. In fact, no site specificity

was found following c-tDCS of these cortical sites in healthy adults.

Studies 6 and 7 compared the effects of single-site (conventional) tDCS and a novel tDCS
technique termed unihemispheric concurrent dual-site tDCS (tDCSuncps) on M1 CSE, short-
interval intracortical inhibition (SICI), and intracortical facilitation (ICF). In this technique two
unihemispheric functionally connected sites of the PNM were concurrently stimulated to intensify
tDCS-induced CSE changes. Study 6 indicated that a-tDCSuyncps of M1-DLPFC induces larger
M1 CSE with day-long lasting effects, compared to M1 a-tDCS. This increase was mainly
associated with an ICF increase. Study 7 showed that the application of c-tDCSuyncps on cortical
sites of the PNM not only failed to induce inhibitory effects, but even induced excitatory changes
in some experimental conditions. These changes were associated with an ICF increase and a SICI
decrease. Overall, in these two studies, we concluded that tDCSuwncps is a more effective technique

for induction of CSE changes compared to single-site tDCS.

In Study 8, this novel technique is used to explore the effect of both a- and c-tDCSuwcos of cortical
sites of the PNM on STh/PTh. The results in this concluding chapter revealed that, compared to
single-site tDCS and c-tDCSumncps, a-tDCSuncps of M1-DLPFC is the most efficient technique to

enhance STh and PTh with day-long lasting effects.
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Thesis Outline

The present thesis will present the results of a body of work (Figure 1) investigating the effect of
tDCS over cortical sites of the pain neuromatrix (PNM) on the excitability level of primary motor
(M1) and sensory (S1) cortices and sensory (STh)/pain (PTh) thresholds in healthy adults. In
addition, the effect of a new tDCS paradigm named unihemispheric concurrent dual-site tDCS
(tDCSuncps) on CSE and STh/PTh will be compared to that of a conventional paradigm. To
investigate the mechanisms behind the alteration induced by tDCSuncps, SICI and ICF changes

are assessed by paired-pulse TMS.

Introduction (Chapter 1)

/\

Systematic review and Meta-analysis Systematic review and Meta-analysis
for a-tDCS studies (Chapter 2) for c-tDCS studies (Chapter 3)

Reliability study (Chapter 4)

Differential effects of a-tDCS of superficial Differential effects of c-tDCS of superficial
pain neuromatrix sites on brain excitability pain neuromatrix sites on brain excitability
and pain perception (Chapter 5) and pain perception (Chapter 6)
Corticospinal excitability changes induced Corticospinal excitability changes mduced
by a-tDCSypcps in healthy adults and the by ¢-tDCSypeps in healthy adults and the
effect of that on SICI and ICF (Chapter 7) effect of that on SICT and ICF (Chapter 8)

\/

Sensory and pain threshold changes in healthy adults by a- and c-tDCSyyeps
(Chapter 9)

Summary and Concluding Remarks (Chapter 10)

Figure 1: Thesis structure
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Chapter 1 provides an introduction to the topic and background information on the neuroplasticity
and physiology of the cerebral cortex, cortical sites of PNM, and pain-induced neuroplasticity, in
order to anchor the framework of the research field that this thesis is related to. Also, the
introduction presents the concept of NIBS methods, neurostimulatory and neuromodulatory
techniques, safety issues, and tools for assessment of M1/S1 excitability and STh/PTh, which are

the main concepts in this thesis.

Chapters 2-3 present two systematic reviews and meta-analyses of the current literature on the
effects of a-tDCS (Chapter 2) and c-tDCS (Chapter 3) of cortical sites of the PNM (M1, S1, and
DLPFC) on STh and PTh in healthy individuals and pain level (PL) in patients with chronic pain,

compared to no stimulation and sham control.

Chapter 4 outlines inter- and intra-session reliability of the assessor and the optimal TMS protocol
for elicitation of MEPs. This study aims to compare the intra- and inter-session reliability of peak-
to-peak amplitudes of MEPs with short (4 sec) and long (10 sec) inter-pulse intervals (IPIs)

recorded from the first dorsal interossei (FDI) muscle at rest.

Chapters 5-6 investigate the effect of a-tDCS (Chapter 5) and c-tDCS (Chapter 6) of functionally
connected cortical sites of the PNM on the M1/S1 excitability in healthy adults. The STh and PTh

alterations following the application of a- and c-tDCS are also evaluated.

Chapters 7-8 evaluate the effect of a new neuromodulatory tDCS paradigm named unihemispheric
concurrent dual-site tDCS (tDCSuncps) on CSE. The primary aim of Chapter 7 is to compare the
effect of a-tDCSuncps Of two cortical interconnected sites of M1 with a conventional paradigm. In
chapter 8, the effect of c-tDCSuncps is compared with the conventional ¢c-tDCS paradigm. The

secondary aim in both studies was to compare the level of changes in intracortical facilitation and
XXV



inhibition following tDCSurcos With a conventional paradigm.

Chapter 9 examines how a- and c-tDCSuncps of these cortical sites of PNM affect STh and PTh.
The primary aim of this study is to compare the effect of tDCSuncos and conventional tDCS to

find the most efficient paradigm for STh and PTh enhancement.

The final chapter (Chapter 10) summarizes the findings and provides conclusions for different

studies in this thesis.
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Chapter 1: Introduction

General introduction

Non-invasive brain stimulation (NIBS) represents a number of new breakthrough approaches
for the modulation of cortical sites of the pain neuromatrix (PNM) focused on using magnetic
or electrical energy to modulate pain-induced neuroplasticity (Luedtke et al. 2012, O'Connell et
al. 2011). These techniques are used for research in healthy individuals and patients with
different pathologies including painful conditions. While currently available medications and/or
physiotherapeutic techniques are effective for many patients, unfortunately a substantial
number of patients do not always respond fully to these interventions. For example, side effects
of conventional psychiatric medications may limit the effectiveness of conventional treatments
(Arana 2000). On the other hand, when the person is medication intolerant or the problem is
resistant to medication, side effects of medication can become chronic, lasting for long periods
of time in some cases (Apkarian et al. 2005, Medeiros et al. 2012). In such situations,
pharmacological treatments or other methods of pain management like spinal cord stimulators,
implantable drug delivery systems, and surgery, may not be effective enough to manage these
conditions. In addition, based on the results of an epidemiological study conducted by the
University of Sydney, the cost of chronic pain management in 2007 was $34.3 billion in

Australia, or $10,847 for each affected case (Australia 2010).

Regarding the physical, psychological, and economic effects of pain on the quality of life of
patients suffering from chronic pain, finding an efficient and safe technique to non-invasively
reduce pain-induced neuroplasticity is an urgent need. Furthermore, despite significant
advances in the development of pain treatment protocols, controlling the pain following some
neuropathic chronic pain disorders, such as Fibromyalgia or Multiple sclerosis is often

incomplete (Fagerlund et al. 2015, Fregni et al. 2006b, Mori et al. 2010). In this scenario,



modulating the functionally connected cortical sites of PNM by NIBS may lead to greater

clinical outcomes than could be achieved with traditional therapies.

Recent NIBS approaches have begun to build on methods to prime the effects of other
therapeutic technigues (Dobkin 2003) or to be used as a stand-alone technique in pain treatment
(O’Connell et al. 2010, Rosen et al. 2009) and treatment of some psychological (George et al.
2007) and neurological (Fregni and Pascual-Leone 2007, Schulz et al. 2013) disorders. Priming
could be achieved by enhancing the sensitivity of the brain to therapy using techniques that
modulate the excitability of the cortex (Schabrun and Chipchase 2012). In this context, NIBS
appears to be a promising option (Fregni and Pascual-Leone 2007). A number of NIBS
techniques have been developed and are now being tested for their ability to prime the brain in
conditions such as chronic pain (Boggio et al. 2009a, Fregni et al. 2006a, Fregni et al. 2006c¢)
and dystonia (Schabrun et al. 2009). These techniques are non-invasive, painless and induce
changes in corticospinal excitability (CSE) that outlast the period of stimulation and have no or
few side effects (Rossi et al. 2009a). These characteristics make NIBS techniques attractive for

use in different clinical settings.

NIBS induced alternations in the excitability of the cortex is considered to be a key component
for pain modulation. Over the last decade there has been increasing evidence of links between
NIBS induced CSE modulations for pain treatment (Huntley and Jones 1991, Mendonca et al.
2011, Nitsche et al. 2003a, Riberto et al. 2011). A growing body of research indicates that
improvement in cortical outputs (CSE enhancement) coincides with an increase in sensory
(STh) and pain (PTh) thresholds as behavioral outputs of pain in healthy individuals

(Bachmann et al. 2010, Grundmann et al. 2011).

A primary goal of neuroscientists in this area of research is to develop NIBS protocols to prime
the effects of other pain management methods such as pharmacological and surgical treatments

(Nitsche and Paulus 2011, Price 2000, Wagner et al. 2007b). NIBS paradigms have been



developed to modulate CSE by different methods such as repetitive transcranial magnetic
stimulation (rTMS) and transcranial electric stimulation (tES) (Pascual-Leone et al. 1994,
Paulus 2011). In addition to rTMS, which is a neurostimulatory technique, tES is an umbrella
term to describe a humber of neuromodulatory techniques such as transcranial direct current
stimulation (tDCS), transcranial alternating current stimulation (tACS) and transcranial random
noise stimulation (tRNS) (Paulus 2011). tDCS is the most common technique in which a low-
amplitude direct current is applied on the target area of the brain to modulate CSE in a polarity-

dependent manner (Nitsche and Paulus 2000a).

In current standard tDCS protocols, the primary motor cortex (M1) has been widely stimulated
to affect cortical and behavioral outputs of pain (Bachmann et al. 2010, Luedtke et al. 2012).
However, existing literature indicates that utilizing the electrodes over the other cortical sites of
PNM (i.e., the primary sensory cortex (S1) and the dorsolateral prefrontal cortex (DLPFC))
resulted in increasing the level of STh/PTh in healthy individuals or decreasing the level of pain
in patients with chronic pain (Grundmann et al. 2011, Naylor et al. 2014). As a result, there is
no consensus on the optimal stimulation site for the most efficient pain management. In
addition, both a- and c-tDCS have been used in pain-related studies. Crucially the optimal
parameters of tDCS — such as site and mode of stimulation — need to be taken into
consideration in both the realm of research and in its future clinical applications. Optimization
of tDCS parameters can have a profound impact on its efficacy for M1 CSE enhancement and
pain perception improvement in the near future in both healthy patients and patients with

chronic pain.

The studies introduced in this thesis are motivated by the need for development of non-medical
adjunct therapies to enhance CSE and STh/PTh. In the current tDCS protocols, the effects of
tDCS on functionally connected sites of PNM are unknown. Therefore, it is hard to introduce
best stimulation sites and tDCS modes to maximally enhance M1 CSE with longer lasting

effects and to significantly increase STh and PTh. The studies in this thesis were designed



partly to address these issues. A probable strategy to improve tDCS effects on CSE
enhancement and STh/PTh increase is concurrent stimulation of more than one cortical site of
PNM in the same hemisphere. This technique is completely novel but may boost the immediate
and longer lasting effects of tDCS. Another important issue is finding the probable mechanisms
behind the efficacy of concurrent dual-site tDCS. In addition, it is important to explore whether
the neurophysiological findings can be translated into clinical effects — for instance, whether a
tDCS-induced CSE enhancement can be coincided with STh/PTh increase in healthy
individuals or PL decrease in patients with chronic pain. As such, the primary aim of this thesis
is to determine the optimal stimulation site and tDCS mode to increase the level of M1 CSE,
STh, and PTh more than the current tDCS approaches do in healthy individuals. The secondary
aim is to investigate the probable effects of these optimal parameters on intracortical inhibition

(ICI) and facilitation (ICF) in healthy adults. These studies are detailed in Chapters 2- 9.

To address these aims, a number of studies were designed and carried out on healthy
participants. To establish a framework for understanding the results of these studies, a brief
review is given of the anatomical/physiological characteristics of the areas of the central

nervous system (CNS) involved in sensory and pain processing.

The Cerebral Cortex

The cerebral cortex is the outer layer of the brain that covers the gray matter over the
hemispheres. Typically it covers the gyri and sulci with a thickness of 3-4 mm (Edelman and
Mountcastle 1978, Taylor 1999) and contains most of the somas of the cerebral neurons. It
encompasses about two-thirds of the brain mass and lies over and around most of the structures
of the brain. It is the most highly developed part of the human brain and most of the actual
information processing in the brain takes place in the cerebral cortex. It is divided into frontal,
temporal, parietal and occipital lobes that contain functionally distinguished areas such as

motor, somatosensory, and visual areas, as well as a multitude of their subdivisions. Although



there are small inter-individual variations, each cortical area has its typical location in terms of

the sulci and gyri.

Horizontal organization

In general, the cerebral cortex consists of six layers (I-VI) of histologically and functionally
distinct cells. Neurons in the cerebral cortex are distributed in horizontal layers and vertical
columns (Garey 1994) depending on the function of the regions of the cortex. The relative
thickness of each layer may be varied (Dinse et al. 2013). The layers are numbered with Roman
numerals from superficial to deep. Layer | is the molecular layer, which contains the apical
dendrites of pyramidal cells. The distal branches of axons located in the thalamus project to the
cortex. Layers Il and Il are the external granular layers, which contain small and medium
pyramidal and stellate cells respectively. Layer IV is the inner granular layer. This layer
receives the afferents from the thalamic relay nuclei. Layer V is the internal pyramidal layer,
which contains large pyramidal cells projecting to the corpus striatum, brain stem, and spinal
cord. Layer VI is the multiform, or fusiform layer, which contains modified pyramidal cells

projecting to the thalamus (Figure 1).
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Figure 2: The cerebral isocortex. (A) Somatic sensory cortex. Cortical laminas I-VI are
numbered on the left. (B) Primary motor cortex. Cortical laminas I-VI are numbered on the right.
Short associated fibres show the fibres which are passing to the motor or sensory cortex. This
figure is adapted from Clinical Neuroanatomy and Neuroscience (Mtui et al. 2011).

Different areas of the brain are functionally and anatomically connected to each other by the
horizontal layers. Layers | to Ill are the primary origin and termination of intracortical
connections, which are either associational (i.e., with other areas of the same hemisphere), or
commissural (i.e., with connections to the opposite hemisphere, primarily through the corpus
callosum). These layers permit communication between one portion of the cortex and other
regions. Layer IV receives thalamocortical connections, especially from specific thalamic
nuclei. This is most prominent in the primary sensory cortices. Layers V and VI primarily
connect the cerebral cortex with subcortical regions. These layers are most developed in motor
cortical areas. Layer V goes to the principal cortical efferent projections in basal ganglia, the

brain stem and the spinal cord. Layer VI, which is the multiform or fusiform layer, projects to



the thalamus (Ab Aziz and Ahmad 2006, Brodal 1981).

The pyramidal cells, named ‘Betz cells’, can be extremely large in layer V of the motor cortex.
The Betz cells in the motor cortex come from most corticobulbar and corticospinal fibres
(Porter and Lemon 1993). Betz cells send their axons down to the spinal cord where in humans
they synapse directly with anterior horn cells, which in turn synapse directly with their target

muscles.

Pyramidal cells use excitatory amino acid glutamate as their primary neurotransmitter (Cotman
and Monaghan 1988). Stellate cells or granular cells, which act as interneurons within the
motor cortex (DeFelipe and Farifias 1992) constitute approximately 25% of the neurons in the
motor cortex, and are located in layers II-VI, but most prominent in layer IV. The most
prevalent satellite cells in the motor cortex are basket cells, which make inhibitory synaptic
contacts with pyramidal neurons, using the neurotransmitter gamma- aminobutyric acid

(GABA) (Jones 1983a, Meyer 1987).

Columnar organization

In addition to the distribution of neurons in layers, groups of cells work together in vertical
units called cortical columns (Edelman and Mountcastle 1978, Horton and Adams 2005). In the
mature human cortex, a narrow chain of neurons, called a minicolumn, is the basic unit.
Cortical columns are formed by many minicolumns bound together by short-range horizontal
connections and vertically extended across the cellular layers 11-V1, perpendicular to the pia
matter (Edelman and Mountcastle 1978). This columnar organization is characterized by
extensive synaptic communication between neurons, the majority of which is inhibitory (Jones
1983b). The recurrent axon collaterals of pyramidal cells project vertically, which provides a
strong excitatory drive to adjacent neurons. These axons are connected to a columnar surround
inhibition, via inhibitory interneurons, for the sharpening of motor commands (Keller 1993). It

has been shown that each cortical column is a discrete complex processing unit that
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communicates with the adjacent columns and other regions of the cortex through extensive

horizontal connections (Edelman and Mountcastle 1978).

In Chapters 7 and 8, the function of inhibitory (GABA) and facilatory (glutamergic)
mechanisms are evaluated in the motor cortex to investigate the possible mechanisms behind
the efficacy of a novel tDCS technique, which is introduced in this thesis for the first time. As a
result, to better understand the function of inhibitory and excitatory interneurons in the brain,
the next section provides a brief review of the neurochemistry of glutamergic and GABAergic

mechanisms.

Gamma-aminobutyric acid (GABA) in the central nervous system

Bazemore described the function of GABA in 1956 for the first time (Bazemore et al. 1956). A
number neurochemical and electrophysiological investigations have confirmed the inhibitory
effects of GABAergic mechanisms in CNS (Basile 2002, Kubota et al. 2003, Szabo et al. 2014,
Vicario-Abejon et al. 2000). There are many examples of GABAergic projection neurons such

as the Purkinje cell of the cerebellar cortex.

There are three types of GABA receptors termed GABAA, GABAg, and GABA (Kahsai et al.
2012). The activation of GABA receptors increases the permeability of chloride (CL") and
bicarbonate (HCOs) ions (Momiyama and Koga 2001). Although pharmacologically,
electrophysiologically, and biometrically GABAA and GABAg are different, both of them
induce inhibition (Momiyama 2002). Electrophysiological studies have indicated that GABAA
mediates the membrane conductance increase by hyperpolarization of the membrane and
increasing the firing threshold (Homanics et al. 1997). Hence, inhibition of action potential
production reduces in neurons, which leads to neuronal inhibition. The reduction of membrane
resistance is accompanied with GABA-dependent facilitation of CL ion influx through a
receptor-associated channel. As a result, the level of intracellular CL" increases, and this can

activate the Ca?* entry via voltage-gated channels (Momiyama 2002).



GABAA receptors

GABAA receptors can be found in the majority of GABAergic synapses (Schofield et al. 1987).
To date, sixteen GABAA receptor subunits (al1-6, B1-4, y1-4, 3, €) have been noted (DeLorey
and Olsen 1992). Based on the type of subunit bindings, different ion channels may be opened
and consequently the permeability to CL™ is increased, which leads to the influx of CL™ and
membrane hyperpolarization (de Azeredo et al. 2010). There are two sites of GABA-
recognition in a GABA receptor. As a result, increasing the level of GABA concentration
results in the induction of doubly liganded receptors and consequently the average time for

opening the ion channels increases (Bormann 1988, Macdonald and Olsen 1994).

It has been shown that the ionic permeability increase in GABAA receptors is transient in the
continuing presence of an agonist (Cash and Subbarao 1987). This is called desensitization. The
underlying mechanism is not clear yet but the mediation of opening of the CL™ channels is the

base of the desensitization (Cash and Subbarao 1987).

GABAG receptors

There are seven transmembrane segments for GABAg receptors. These segments are coupled
through G-proteins to K* or Ca?* channels. Activation of these receptors results in a K* increase
or Ca*conductance decrease, which mediates slow synaptic inhibition (Curtis et al. 1974,
Emson 2007). To date, three subunits have been cloned and are termed GABAg R1la, GABAs

R1b, and GABAB R2 (Kaupmann et al. 1997, Nicoll 2004).

GABAG receptors are located on neurons and glia and they are able to induce both presynaptic
and postsynaptic inhibition by inhibiting the presynaptic Ca?* entry and consequently
neurotransmitter release (Emson 2007). In addition, GABAg receptors are indirectly coupled to
K* channels. By activating the K* channels, the level of Ca*" conductance decreases, which
leads to hyperpolarization and inhibition of cyclic Adenosine Monophosphate (CAMP)

production mediated by G-proteins (Hill 1985). GABAg receptors are mainly found in the



cerebral cortex, the thalamus, the superior colliculus, the cerebellum, and in the dorsal horn of
the spinal cord. The GABAGg receptor concentration in these cortical sites has inhibitory effects

on the pre- and postsynaptic neurons (Figure 2).

GABAC receptors

An analogue of GABA, cis-aminocrotonic acid (CACA), is able to bind to a GABA receptor,
which is different from either GABAa or GABAGg receptors (Drew et al. 1984, Johnston et al.
1975). GABA( receptors have three subunits (p1-3) (Johnston 1996) which are coupled to the
CL " selective ion channel. These receptors are activated by GABA and CACA and blocked by

Picrotoxin.
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Figure 3: Physiological roles of GABAE& receptor. Adapted by the Nature Review Journal
(Gassmann and Bettler 2012) .In presynaptic neural membranes, GABAB receptors (GABABRS)
activate G proteins to decrease the level of cyclic adenosine monophosphate (CAMP). At the axon

terminals (A in Figure 3), cAMP prevents vesicle fusion, which results in less or no
neurotransmitter release. G-beta-gamma (Gpy) inhibits the voltage-gated Ca2+ channels
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(VGCCs). Therefore, less Ca2+ dependent neurotransmitter will be released. GBy also directly
binds to a protein named SNARE, which is the complex required for vesicle fusion. Therefore,
less neurotransmitter is released. All these factors lead to less long-term potentiation (LTP) and
the initiation of a initiating long-term depression (LTD) process.In postsynaptic compartments (B
in figure 3), GPy opens dendritic G protein-activation to rectify potassium channels (GIRKS).
GIRKSs inhibit the excitability of neurons by the shunting of excitatory currents, the generation of
slow inhibitory postsynaptic potentials (IPSPs), and the inhibition of back-propagating action
potentials (APs). GIRKSs accelerate the activation and deactivation kinetics of the GABABR -
mediated K+-current response. Inhibition of VGCCs prevents dendritic Ca2+ spikes. GABABR-
mediated inhibition of adenylyl cyclase reduces protein kinase A (PKA) activity, thereby
alleviating an A-kinase anchoring protein (AKAP)-dependent and tonic inhibition of TREK2
channels. The Reduction of PKA activity by GABABRSs inhibits the Ca2+ permeability of
NMDA-type glutamate receptors (NMDARs) without affecting the overall synaptic currents
through NMDARs. GABABR-mediated down regulation of PKA activity also influences gene
expression (Gassmann and Bettler, 2012).

Glutamic acid (Glutamate) in the central nervous system

Glutamate (Glutamic acid) is the main excitatory neurotransmitter located in the neuronal cells,
especially in the brain (Aoyama and Nakaki 2013, Castro-Alamancos and Borrell 1993).
Glutamergic receptors are responsible for the glutamate-mediated postsynaptic excitation.
There are two types of glutamergic receptors including metabotric (mGIuRs) and ionotropic
(iGluRs) glutamate receptors. Both receptors are involved in postsynaptic plasticity but the
speed and duration of induced-changes are different (Honoré et al. 1982, Zhang et al. 2013).
Increasing or decreasing the number of glutamate receptors in the membrane of postsynaptic
cells may induce long-term potentiation (LTP) or long-term depression (LTD) (Anggono and

Huganir 2012, Bassani et al. 2013, Henley and Wilkinson 2013, Song and Huganir 2002).

There are three subgroups of iGIuRs including N-methyl-D-aspartate (NMDA), Kainate, and a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Furukawa et al.
2005). iGluRs are liganded-gated nonselective channels which can be activated by binding the
glutamates to pass K*, Na*, and sometimes Ca?" (Fuchigami et al. 2015). As a result, the
activation of iGIuRs resultes in a postsynaptic depolarizing current. Following the action
potential induced by voltage-gated channels located in presynaptic neurons, the glutamate
vesicles are released in synapses (Fuchigami et al. 2015). AMPA and Kainate receptors respond
to glutamates by opening Na* channels and initiating an action potential in postsynaptic

neurons (Perkinton et al. 1999). In addition, NMDA receptors have an internal voltage-
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dependent site to bind with Mg?* ions to block the receptor. The outward current flow releases
the glutamate to bind with NMDA receptors. Binding the glutamate and NMDA removes the
Mg?* which leads to opening the NMDA receptors and increasing the permeability of the
membrane to Ca?* (Paoletti and Neyton 2007, Song and Huganir 2002). The flow of Ca?" may
lead to the induction of more action potentials and AMPA receptors activation which leads to
modifying the strength of the synaptic connection. Prolongation of Ca?" may regulate the gene

expression (Perkinton et al. 1999) (Figure 3).
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Figure 4: Excitatory effects of glutamergic mechanisms in the formation of long-
term potentiation (LTP). The figure is adapted from
http://thebrain.mcaill.ca/flash/a/a 07/a 07 m/a 07 m tra/a 07 m tra.html.

In all experimental studies presented in this thesis, the cortical sites of PNM are stimulated. As
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a result, the following section briefly summarises the function of cortical and subcortical sites

of PNM and the functional connectivities between these sites.

The pain neuromatrix (PNM)

The processing of painful stimuli is a multidimensional phenomenon mediated by a network of
neurons in the brain called the ‘Pain neuromatrix’ (Derbyshire 2014, lannetti and Mouraux
2010). Collaboration between vast areas of the brain including cortical and subcortical areas is
needed to process not only sensory but also the affective, motoric and cognitive elements of
painful stimuli (Bushnell and Duncan 1989, Wiech et al. 2008). In early functional magnetic
resonance imaging (fMRI) and positron emission tomography (PET) scan studies, it was
demonstrated that the thalamus, the anterior cingulate cortex (ACC), and the S1 and the
secondary sensory cortex (S2) are activated to process painful heat stimuli (Jones et al. 1991,
Talbot et al. 1991). Since then, many fMRI and PET scan studies during different experimental
and clinical pain conditions have been conducted to define all active brain regions during pain
processing. The current PNM expanded to cortical and subcortical regions. The cortical sites
are the S1, S2, prefrontal (Hsieh et al. 1995, Kwan et al. 2000, May et al. 1998, Petrovic et al.
2000), M1 and supplementary motor areas. The subcortical sites are the thalamus, the ACC, the
midbrain regions of pre-aqueductal grey matter (PAG), the lenticular complex (Apkarian et al.
2005, lannetti and Mouraux 2010), the insula (Davis et al. 1998, Hsieh et al. 1996), the
inferioparietal, and the anterior cingulate cortices (Apkarian et al. 2005, lannetti and Mouraux

2010) (Figure 4).
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Figure 5: A schematic representation of ascending pain pathways and the PNM. The color-
coded regions superimposed on an anatomical MRI (coronal slice) (B) are shown. S1: primary
sensory cortex; S2: secondary sensory cortex; ACC: anterior cingulate cortex; PFC: dorsolateral
prefrontal cortex, M1: primary sensory cortex. BG: basal ganglia; HT: hypothalamus; and Amyg:
amygdala. Adapted from the European Journal of Pain. This figure adapted from (Apkarian et al.
2005).

Cortical sites of the pain neuromatrix

In all studies presented in this thesis, the effects of tDCS over S1, M1, and DLPFC on cortical
sites and behavioural outcomes are evaluated. The selection of these sites was based on the fact
that they are superficial sites of this matrix and it is possible to directly induce modulatory
changes by tDCS. As a result, the next section provides a brief summary of the function of

these cortical sites (Figure 5).
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Figure 6: Cortical sites of the pain neuromatrix

The Primary Motor Cortex or M1

The primary motor cortex (M1) is located in the pre-central gyrus area of the frontal lobe of the
cerebral cortex and extends onto the medial cortical surface within the longitudinal fissure
(Rademacher et al. 1993). The organization of M1 in the cerebral cortex is like that of a small,
distorted, discontinuous map of the body (homunculus) (Figure 6), with larger areas devoted to
body regions characterized by fine or complex movements and smaller areas to body regions
characterized by gross movements involving few muscles. Hand, face, intraoral and, to some

extent, foot muscles are particularly well represented on the M1 (Geyer et al. 1996).
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Figure 7: The homunculus of the M1 and the S1 (Squire et al. 2012)

The strength of excitatory glutamergic horizontal pathways (Hess et al. 1994) is possibly
influenced by GABAergic inhibitory interneurons (Donoghue 1995, Hess et al. 1996, Hess et
al. 1994). There is increasing evidence that these extensive horizontal connections provide a

basis for cortical plasticity.

In addition to extensive horizontal local cortico-cortical connections the M1 receives afferent
sensory input pertaining to the activity of muscles via the thalamus and the S1 (Ghosh and
Porter 1988). Additional afferent inputs come from the premotor cortices, the cingulate motor
area and the parietal cortex (Ghosh et al. 1987, Muakkassa and Strick 1979, Tokuno and Tanji
1993) in a roughly somatotopic arrangement. In addition, there are transcallosal afferents from
the contralateral M1 (Sloper and Powell 1979), and sparse transcallosal inputs from the

contralateral premotor areas (Rouiller et al. 1994).

Based on the result of some animal studies, there are many dopamine D, receptors in M1
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neurons, which play an important role in pain control (Viisanen et al. 2012, Viisanen and
Pertovaara 2010). Dopamine D, receptors modulate striatal and spinal dopamine D receptors
resulting in increasing the inhibitory effect of dopaminergic mechanisms and activation of

sensorimotor gating of nociceptive information (Hagelberg et al. 2004).

The Primary Sensory Cortex or S1

The primary sensory cortex is also known as the S1, and is located in the lateral post central
gyrus in the parietal lobe of the cerebral cortex. It was initially defined as the Brodmann Area 3
(Geyer et al. 1999) (Figure 5). Like the M1, the S1 contains a map of sensory areas in an
inverted fashion from toe (at the top of the cerebral hemisphere) to the mouth (at the bottom),
which is called the sensory homunculus (Figure 6). The devoted areas of each part of body in
the homunculus refers to the relative density of receptors in that part of body. Each hemisphere

receives the somatic senses from the contralateral side of the body.

The function of the S1 can be categorized into three types:

. Exteroceptive functions include the sensations of touch, temperature, and pain, which can be

divided into three modalities

Mechanoreception: All non-painful mechanical stimuli are received by mechanoreceptors

including Pacinian corpuscles, Meissner's corpuscles, Merkel's discs, and Ruffini endings.

Thermoreception: All heat and cold stimuli are received by thermoreceptors.

Nociception: the sensations of burning and/or sharp pain are received by C and v fibres.

. Proprioceptive function includes the kinesthetic senses of position and movement. The
sensory inputs from muscles, tendons, and joints are received by proprioceptors to provide

information related to the position of joints and the direction, force, and speed of movements.
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Muscle spindles and the Golgi Tendon (neurotendinous spindles) are responsible for providing

proprioceptive information.

. Interoceptive functions provide information about the internal organs.

All myelinated and unmyelinated axons enter the sensory information lateral fibres and
terminate in layers | and lla of the dorsal horn and layers V, VI, and X of the intermediate horn
of the spinal cord (Desmedt 1987). The nociceptive, thermal and non-discriminatory touch
signals are transmitted by the anterolateral system and the vibration, fine touch, two-point
discrimination, and proprioception signals are conveyed by the posterior column medial

lemniscus pathway.

The Dorsolateral Prefrontal Cortex or DLPFC

The DLPFC is located in the middle frontal gyrus of the frontal lobe (approximately areas 9 and
46 of Brodmann) (Hoshi 2006) (Figure 5). The DLPFC is heavily connected to the orbitofrontal
cortex and many primary and secondary areas of the cortex including the M1 and S1 (Apkarian
et al. 2005, lannetti and Mouraux 2010, Petrican and Schimmack 2008). It is also connected to
subcortical areas of the brain such as the dorsal caudate nucleus of the basal ganglia, thalamus,
and hippocampus (MacDonald et al. 2000, Nagel et al. 2008, Staphorsius et al. 2015). The
executive control of information processing, behavioral expression (mood and emotional
judgment), the maintenance of information (working memory), inhibition of irrelevant stimuli,
the evaluation and selection of the best response to stimuli (decision making), and attention to
stimuli are responsibilities of the DLPFC (MacDonald et al. 2000). According to Mayberg
(1997), there are two streams for the regulation and processing of the received sensory and

painful stimuli (Mayberg 1997):

The dorsal cortical stream: It is composed of the DLPFC, the dorsal part of the ACC, the

dorsomedial part of the prefrontal cortex, and the dorsal anterolateral prefrontal cortex. This
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stream regulates behavior and experience as well as executive functions, attention, and the

planning of movements (Davidson and Irwin 1999).

The Ventral cortical stream: This stream includes the DLPFC, the subgenual cingulate gyrus,
the ventrolateral cortex, the orbitofrontal cortex, the amygdala, the anterior insula, the ventral
striatum, the medial thalamus, and the hippocampus. The ventral cortical stream is mostly
activated in pain or painful stimuli processing and provides behavioural responses to sensory

and/or behavioural stimuli.

Subcortical areas of the pain neuromatrix

Sensory and pain information is relayed through a number of subcortical areas including the
reticular formation (Almeida et al. 2004, Sessle 2000), the thalamus (Ab Aziz and Ahmad
2006) and the ACC, the amygdala, and the insula (Valet et al. 2004). The following points

should be noted:

The reticular formation consists of many small networks with different functions located in
the brain stem. The reticular formation is involved in the sleep-awake cycle, motor-control,
pain management, cardiovascular control, and habituation. It is also the origin of the

descending analgesic pathway (Andy 1986)

The thalamus is one of the most important structures receiving projections from different
sensory pathways and affects the nociceptive stimuli before interpreting the information in the
S1. The thalamus is involved in both the medial and lateral pain systems (Willis and Westlund

1997).

The nociceptive neurons from the ventrobasal complex of the thalamus project to the S1 and
other parts of lateral pain system which are involved in the sensory discrimination aspect of

pain management (Herrero et al. 2002). The interalaminar thalamic nuclei project to the S1 and
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the limbic system, which are involved in the effective-motivation aspect of pain management.
There are also many projections from the ACC, which is responsible for the motivational aspect

of pain management (Petrovic et al. 2000). Points to note are:

The ACC is located around the corpus callosum and integrates pain or painful stimuli
information. Due to the connectivity of the CC and the DLPFC, M1, amygdala, hypothalamus
and anterior part of insula, the ACC is also involved in the perception of the suffering and

emotional responses (Nakata et al. 2014).

The amygdalae are two almond-shaped groups of nuclei located in the temporal lobe and
considered as part of limbic system. It is connected to the thalamus, hypothalamus, reticular
formation, and the trigeminal/facial nerves. Amygdalae are involved in motivation and

emotional behaviour (Gallagher and Chiba 1996).

Functional connectivities between cortical and subcortical sites of
PNM

Both cortical and subcortical sites of the PNM make two distinct but highly interacted
subsystems — the lateral and medial pain systems (Figure 7). All sites of these two systems are
functionally and/or anatomically connected to cover sensory discrimination and affective-

motivation aspects of painful stimuli processing. To note:

The lateral pain system: The S1, S2, thalamus, and the posterior part of the insula are
collectively called the lateral pain system. This system is responsible for sensory discrimination

of painful stimuli (Chen et al. 2013, Willis and Westlund 1997).

The medial pain system: The DLPFC, M1, ACC, the anterior part of the insula, the amygdala,
and the periaqueductal gray matter (PAG) comprise the medial pain system (Apkarian et al.

2005). The medial pain system is involved in the affective-motivation processing of painful
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stimuli (Craig et al. 1994, Kulkarni et al. 2005, Lang et al. 2004, O'Connell et al. 2011, Vaseghi

et al. 2014).

| Medial pain system | | Lateral pain system

N

Basal
ganglia

Thalamus

v v
Brain stem
(PGA)

Ad afferent
C-fibre afferent

> Spinal cord

Figure 8: A schematic diagram of the medial and lateral pain systems of the ‘pain
neuromatrix’, and their functional connectivities.

In Chapters 2-3, 5-6, and 9, the STh and PTh levels are measured to evaluate the site-specific
effects of tDCS over the cortical sites of the PNM, and to measure the efficacy of a novel tDCS
technique. Hence, the following section outlines the physiology of sensory and pain perception

to clarify how STh and PTh levels may reflect the neuroplasticity induced by tDCS.

The physiology of sensory and painful stimuli perception

Unmyelinated C fibres and tiny myelinated Ad fibres detect the sensory and painful stimuli
induced by various modalities. The transient receptor potential-generated channels or TRP
channels and purinergic channels convert the physiochemical properties of stimuli to electrical
activity. To induce action potential, the electrical activities are amplified by sodium channels

and sent to Lamina I and Il of the dorsal horn of the spinal cord via glutamergic synapses. After

21



integration and assessment of the stimuli in the dorsal horn of the spinal cord, the integrated
output pass through one of the ascending pathways. (This process will be explained in the
following sections). Pain is perceived and analyzed in different sites of the PNM for sensory-
discrimination, affective-motivation, and cognition aspects. The integrated results send to
related parts of the PNM including the M1, DLPFC, and reticular formation, for a proper

response.

The different forms and levels of plasticity induced by painful stimuli

Painful stimuli can induce temporal or permanent neuroplastic changes in the PNM. The

following section provides a brief summary of painful stimuli-induced neuroplasticity.

Due to receiving intensive and/or prolonged painful stimuli, the efficacy of synapses increases
in somatosensory neurons in the dorsal horn of the spinal cord and the S1 by changing the
number of neurotransmitter receptors located on the pre and post synaptic nerves, and changing
the quality of neurotransmitters in the synapses (synaptic level of neuroplasticy) (Woolf and
Salter 2000, Woolf and Thompson 1991). These synaptic changes are the molecular basis for
the concept of central sensitization (Willis and Westlund 1997). Central sensitization heightens

synaptic transmission, which results in PTh reduction and increased pain sensitivity.

NMDA receptors are known as triggers and effectors in central sensitization. The NMDA
receptor channels are blocked in a voltage-dependent manner by a magnesium (Mg?") ion
sitting in the receptor pore (Qian and Johnson 2006) (cellular level of
neuroplasticity). Substance P causes a long-lasting membrane depolarization (Henry 1976) and
contributes to the temporal summation of C- fibre—evoked synaptic potentials (Dougherty and
Willis 1991, Xu et al. 1992) as well as to intracellular signaling. Sustained release of glutamate
and substance P by painful stimuli depolarizes the neuron membrane and forces Mg?* to leave
the NMDA receptor pore, whereupon glutamate binding to the receptor generates an inward

current (Qian and Johnson 2006). This process is the major mechanism for rapidly boosting
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synaptic strength and allows entry of Ca?" into the neurons. Prolonged painful stimuli increase
the level of Ca?* (Molecular level of neuroplasticity) (Kuner 2010), which contributes to the
central sensitization maintenance and the STh/PTh decrease in the painful condition. Increasing
the level of excitability in the membranes and facilitation of the synapses results in excessive
integrated sensory inputs analyzed by sensory-discrimination, affective-motivation, and the
cognition centers of the PNM. As a result, the co-activation of both cortical and subcortical
sites of the PNM mediates at network level (Network Level of Neuroplasticity) (Woolf and
Salter 2000, Woolf and Thompson 1991). A long-lasting increase in synaptic strength and
Ca?* levels in the cortex induces long-term potentiation (LTP) (Ji et al. 2003). There is
tremendous potential for plasticity at network-level processing of painful stimuli inputs.
Depending upon how the networks affected by pain stimulate the output of different regions,
PNM can change. These outputs are STh/PTh, PL, the level of movement phobia, and motor

impairment.

tDCS is a NIBS technique to modulate the pain-induced neuroplastic changes such as cortical
excitability and STh/PTh decrease. As a result, the next section introduces one of the NIBS
techniques, tDCS, and related behavioral and cortical assessment techniques used in the present

thesis.

NIBS techniques

NIBS can be defined as neurostimulatory and neuromodulatory techniques. Transcranial
magnetic stimulation (TMS) and repeated TMS (rTMS) are two neurostimulatory non-invasive
tools for stimulating the human brain. TMS rapidly changes the magnetic fields to induce brief
cortical currents, which depolarize the cell membranes of both cortical excitatory pyramidal
cells and inhibitory interneurons. If the depolarization exceeds a threshold level, the neuron will
discharge (Wassermann et al. 2008). As well, TMS can be used as an assessment or therapeutic

technique. rTMS regularly induces repeated TMS pulses at certain high or low frequencies
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(Rossi et al. 2009b).

Despite the above neurostimulatory techniques, transcranial electrical stimulation (tES) covers
the neuromodulatory group of NIBS techniques. Manipulating ion channels and shifting
electrical gradients are the most significant changes induced by tES, which influences the
electrical balance of ions inside and outside the neuronal membranes. tES is an umbrella term
used for tDCS, transcranial random noise stimulation (tRNS), and transcranial alternative

current stimulation (tACS).

tDCS is the intervention of interest in the present thesis. This technique is simple, painless,
inexpensive and therefore feasible for home use. In addition, the feasibility of inducing long-
lasting excitability modulations makes this technique a potentially valuable tool for the
induction of CSE and STh/PTh changes. tDCS is the most studied NIBS technique and has the
potential to be used as an adjunct or stand-alone intervention for psychological or
neurophysiological disorders. Beside the numerus studies indicating the positive effects of
tDCS, it is worth noting that negative findings are less likely to be published. The results of a
systematic review and meta-analysis indicated that tDCS has no effect on pain reduction in
patients with chronic pain (O’connell et al. 2011). However there are many methodological,
neurophysiological reasons behind this result, which is extensively discussed in Chapter 2. In
addition, there some interindividual factors which may affect the responses to tDCS (Weithoff
et al. 2014). These interindividual factors are differences in cranial and brain anatomy, the level
of motor cognition, neurotransmitters and receptor sensitivity, and the functional organization
of local inhibitory and excitatory circuits within the cortex. tDCS will be described in more

detail in the next section.

Transcranial direct current stimulation (tDCS)

tDCS is a safe and painless technique for brain modulation that has been increasingly

investigated in healthy individuals and as a clinical tool for neuropsychiatric and neurological
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conditions. Direct current was first introduced by Galvani’s (1791) and Volta’s (1792)
experiments on animal and human electricity (Piccolino 1997). The discovery of
electroconvulsive therapy by Bini and Cerletti in the 1930s, however, led to an abrupt loss of
interest in the technique of tDCS. In the 1950s and 1960s this method had a brief comeback and
its effects were primarily investigated in animals (Bindman et al. 1964, Creutzfeldt et al. 1962,
Purpura and McMurtry 1965). During that time it could already be shown that tDCS is able to
affect brain functions (Albert 1966a, Albert 1966). Most effects and mechanisms of DC
stimulation, as explored in these animal studies, seem to be similar to those found to account

for the tDCS effects in humans (Nitsche et al. 2009).

tDCS is delivered by a constant current stimulator to the cortex through a pair of saline-soaked
surface sponge electrodes. It induces focal and prolonged, yet reversible, shifts of neuroplastic
changes (Nitsche and Paulus 2000a, Nitsche and Paulus 2001a, Priori 2003, Priori et al. 1998).
Membrane potential changes induced by chemical neurotransmission, either pre- or
postsynaptically, may play an important role in tDCS effects (Liebetanz et al. 2002). The direct
current enters the brain through the active electrode (anode or cathode), then travels through the
brain tissues, and finally exits through the reference electrode. During application of tDCS,
some of the injected current is shunted through the scalp, which is dependent on the electrode
dimensions, position and the proximity of the anode and the cathode. Increasing the distance
between the electrodes over the scalp, increases the relative amount of current entering the
brain than ‘shunts’ across the scalp (Miranda et al. 2006). Consequently, using smaller
electrodes can increase the distance between the electrodes (Nathan et al. 1993). It also affects
the fraction of the injected current that reaches the brain or shunts through the scalp (Datta et al.

2009).

Electrode montage is critical for achieving expected effects. Conventionally, the ‘active’
electrode is always placed over the targeted cortical region (i.e., the M1) (Boggio et al. 2007,

Boggio et al. 2009b, Hummel and Cohen 2005, Nitsche and Paulus 2001a, Nitsche et al.
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2003b). The ‘reference’ or ‘indifferent’ electrode is most often placed over the contralateral
supraorbital ridge (Floel et al. 2008, Hummel and Cohen 2005, lyer et al. 2005, Nitsche et al.
2003b) (Figure 8). This is the most utilized montage for application of tDCS, therefore it was

used for the application of tDCS in the studies presented in this thesis.

‘ Anode electrode

‘ Cathode electrode

A: a-tDCS of M1 B: c-tDCS of M1

Figure 9: tDCS configuration

Depending on the stimulation polarity, tDCS increases or decreases neuronal excitability in the
stimulated area (Priori et al. 1998, Rowny and Lisanby 2008, Wagner et al. 2007a). Cathodal
tDCS (c-tDCS) application of the negatively charged electrode (cathode) over the target area of
stimulation, leads to hyperpolarization of cortical neurons, inducing decreased CSE. On the
other hand, anodal tDCS (a-tDCS) application of the positive charged electrode (anode) over
the target area of stimulation results in cortical depolarization, inducing increased CSE (Nitsche

and Paulus 2000b, 2001b).

Once the electrodes are placed and fixed with two perpendicular straps (Figure 9), the
stimulation can be started. In the tDCS device the current intensity as well as the duration of

stimulation can be set (Sparing & Mottaghy, 2008). Many devices have a built-in capability that
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allows the current to be ‘ramped up’ or increased slowly until the necessary current is reached.
This decreases the sudden stimulation effects felt by the person at the beginning of the tDCS
application. Then, the current will continue unchanged during the set treatment time and finally

will be automatically shut off.

Two reference echtmdes re
positioned over contralateral
~ supraorbital area

Two active tDCS
electrodes are positioned
over the targets

The electrodés are fixed
by two perpendicular
straps

Figure 10: Two custom-designed perpendicular straps fix the active and reference electrodes.

tDCS safety

Due to the widespread use of tDCS in neuroscience research on both healthy individuals and on
patients with pathological conditions, its safety is of central importance. tDCS is a very safe
method and its safety is ensured by the following safety protocol introduced by Nitsche et al.,
(2003) (Nitsche et al. 2003b). A precise experimental design is critical in achieving the desired

safety issues. Previous animal studies are the basis for safety conclusions made by tDCS
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researchers (Agnew and McCreery 1987, McCreery et al. 1990, Yuen et al. 1981).

The safety of brain stimulation depends on the amplitude of te applied current, the size of the
electrodes and the duration of the stimulation (lyer et al. 2005, Nitsche and Paulus 2000a,
Nitsche et al. 2003b, Nitsche and Paulus 2001a, Priori et al. 1998). To determine the safety
limits of tDCS, current density and total charge of the applied current have to be considered
(Agnew and McCreery 1987, Nitsche et al. 2003b). The following formulas are used to
calculate the current density and total charge:

. mA stimulus intensity (mA)
Current density (sz) =

electrode size (cm?)

C stimulus intensity (mA)
Total charge (cmz) =

- > X total stimulus duration (s)
electrode size (cm?)

The recommended safety guideline was determined by McCreery et al. (1990) and Yuen et al.
(1981) as less than 25 mA/cm? for current density and 216 C/cm? for total charge in adult
humans (McCreery et al. 1990, Yuen et al. 1981). Furthermore, there has been some work done
to determine harmful effects of tDCS (lyer et al. 2005). lyer et al. (2005), evaluated 103
subjects in a safety study of tDCS (1 or 2 mA current intensity; 25 cm? electrode size), and
found no adverse effects on cognitive and psychomotor measures and electroencephalography
(EEG) changes during or after 20 min of treatment (lyer et al. 2005). Also, Gandiga et al.
(2006), who studied both healthy individulas and patients with stroke, found that tDCS (1mA
current intensity; 25 cm? electrode size) elicited a minimal discomfort of tingling sensations

(Gandiga et al. 2006).

Moreover, Poreisz et al., (2007) reported the following effects during 567 tDCS administrations
(1ImA current intensity; 35 cm? electrode size) in 102 participants (comprised of 75.5% healthy

subjects, 9.8% tinnitus patients, 8.8% migraine patients, and 5.9% post-stroke patients) over a
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two-year period: 1) 70.6% noticed a mild tingling under the electrodes; 2) 35.3% felt fatigue
following treatment; and 3) 30.4% felt itching under the electrodes. Additionally, headache
(11.8%), nausea (2.9%), and insomnia (0.98%) were reported, but, however, the authors
concluded that tDCS is still safe to use when safety guidelines are followed (Poreisz et al.
2007). However, it was recently reported that the use of 2 mA caused skin lesions in five
patients following 2 weeks (5 days per week) of 20 minute tDCS administrations, which lead
the authors to suggest that researchers should inform participants of this potential side effect
during the administration of tDCS at an intensity of 2 mA (Palm et al., 2008) or long

applications of tDCS even though using smaller intensities.

Furthermore, it is shown that tDCS under safe protocols does not cause heating effects under
the electrodes (Nitsche and Paulus 2000a), does not increase serum neurone-specific enolase
levels (Nitsche et al. 2003b, Nitsche and Paulus 2001a) and does not result in changes of
diffusion-weighted or contrast-enhanced MRI or pathological EEG changes. There is no data in
the literature reporting epileptic jerks elicited by tDCS. Furthermore, no cortical edema,
necrosis or alterations of the blood—brain barrier or cerebral tissue, nor any sign of cell death,

was observed (Nitsche et al. 2004, Nitsche et al. 2003b).

The parameters used in Chapters 5 to 9 are selected based on the tDCS safety guidelines to
ensure that the tDCS parameters are safe for participants. In summary, in all experimental
studies (Chapters 5-9), the current density of 0.1 mA/ cm? (current intensity of 0.3 mA) was
applied for 20 min. As a result, the total charge was 120 C/cm?which is far below the reported
safety limit (216 C/cm?) (Yuen et al. 1981). All participants (Studies 4-8) tolerated the applied
currents very well and there was no interruption of experimental procedures due to the side- or

adverse-effects of the applied currents in all of the presented studies.

Outcome measures

The effects of tDCS on cortical sites of the PNM on M1 CSE and STh/PTh changes are
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evaluated in the present thesis. Therefore there are two types of outcome measures in this
project: first, outcome measures for assessment of cortical changes such as M1 (Chapters 5-8)
and S1 (Chapters5-6) excitability changes and the level of short-interval intracortical inhibition
(SICI) and ICF (Chapters 7-8); second, outcome measures for assessment of behavioral
changes such as STh/PTh (Chapters 5-6, and 9). The assessment tools to evaluate changes in

these outcome measures will be described in more detail in the following sections.

Over the past decades, neuroscience research methods have developed dramatically. The
availability of noninvasive neuroimaging and electrophysiological techniques allows us to
study cortical reorganization in the intact human brain. Single- and multi-neuron recordings,
EEG, somatosensory evoked potential (SEP), computerized tomography (CT), positron
emission tomography (PET), single photon emission computed tomography (SPECT), photon
migration tomography (PMT), MRI, fMRI, Magnetoencephalography (MEG), and TMS are
examples of methods which enable researchers to identify the normal or abnormal functions of
different brain regions. Each approach investigates the human brain from a different
perspective and complements the other techniques (Baudewig et al. 2001, Lang et al. 2005). In
this thesis, TMS is used as an assessment tool to elicit motor evoked responses for evaluation of
M1 CSE modulations. Compared to the majority of the other techniques, which are mainly

imaging techniques, TMS provides in vivo assessment of cortical changes.

TMS is the core assessment technique for the evaluation of CSE, ICI, and ICF changes in the
studies listed in this thesis (Hallett 2000) and will be explained in more detail in the following
section. It was also used to locate the M1 of the target muscle for application of an active

electrode during tDCS application (Nitsche et al. 2008).

Transcranial magnetic stimulation (TMS) for assessment of M1 CSE

The application of TMS was introduced as a painless and noninvasive technique to stimulate
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the human motor cortex by Barker and his colleagues in 1985 (Barker et al. 1985). Since that
time, TMS has been extensively used to assess M1 CSE and the integrity of the corticospinal

tract (Petersen et al. 2003).

The pyramidal tract, which encompasses both the corticospinal and corticobulbar tracts, is one
of the most important motor tracts in the human body. The majority of the fibres in the tract (up
to 60%) originate in layer V of the M1 and the adjacent premotor cortex, while the remaining
fibres arise from the S1 and parietal cortex (Nathan et al. 1990). These fibres are collectively
known as the corticospinal tract (Figure 10). 70-90% of these fibres decussate and continue on
as the lateral corticospinal tract, to synapse with the motor neurons in the ventral horn of the
spinal cord that innervate limb and trunk muscles. The remaining 10-30% are uncrossed fibres
which descend in the ventral columns of the spinal cord as the ventral corticospinal tract and
terminate in the thoracic spinal cord to innervate trunk muscles (Figure 10). TMS induced
evoked responses are generated by the stimulation of Betz cells in the M1. They propagate
action potentials through this pathway, and the induction of muscle responses in the target

muscles through spinal nerves.
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Figure 11: The corticospinal tract (Squire et al. 2012)

A magnetic stimulator induces a magnetic pulse, which can be applied on the skull by a
magnetic coil. Based on Faraday’s law, an electrical current can be induced in a secondary
circuit when it is brought into close proximity to the primary magnetic circuit in which a time-
varying current is flowing. By discharging the magnetic circuit induced by the magnetic
stimulator, a brief pulse of current of up to 5000 ampere (A) passes through the stimulating coil
(Jalinous and Chris 2006). This transient magnetic field is able to induce electrical current to
flow in a nearby secondary conducting material, such as the brain. Depending on the time-
course of the induced electrical current, the nerve cells in the stimulated area may be excited.
The intensity of the magnetic field is represented by influx lines around the coil and is

measured in Tesla (T). This intensity declines rapidly with distance. The direction of current
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flow in the coil is opposite to the direction of the induced current in the nervous tissue (Figure

11).

Magnetic
field

Skull

Coil—

Electric ‘a—» Electrical field

AN

Pyramidal axons

Figure 12: In the TMS, current in the coil generates a magnetic field that induces an
electrical field. The above drawing schematically illustrates a lateral view of the percentral gyrus.
Two pyramidal axons are shown with a typical orientation of the cranium. The intracranial electric
field is parallel to the scalp, and causes an electric pulse to travel down the pyramidal axons. The

figure is adapted from (Hallett and Chokroverty 2005).

TMS-induced evoked responses are called motor evoked potentials (MEPs), which can be

measured by electromyography (EMG) from the target muscle.

TMS has been used for therapeutic and diagnostic (assessment) purposes (Rossini and Rossi
2007). As an assessment tool, TMS has been used to evaluate the CSE, the timing of cortical
processes, cortico-cortical connectivities, and the inhibitory and facilitatory interaction of
cortical processes by single- or paired-pulse TMS (Anand and Hotson 2002, Chen et al. 2004,

Di Lazzaro et al. 2004, Pascual-Leone et al. 2000, Sanger et al. 2001).

In the present thesis, both single and paired-pulse TMS are used to assess the level of CSE, ICI,

and ICF. As a result, these two TMS paradigms are describe in more detail in the following

sections.
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Single-pulse TMS

Single-pulse TMS are the most widely used TMS paradigm with a good temporal resolution. A
number of different and valuable neurophysiologic measures of MEP can be derived from
single-pulse TMS. These include MEP threshold, MEP size, representational motor mappings,

input-output curves, and assessment of the silent period.

To minimize a large number of confounding variables which may affect elicited MEPs, the
guideline checklist developed by Chipchase et al. (2012) was followed in all experiments in this

thesis (Chipchase et al. 2012).

Paired-pulse TMS

A paired-pulse technique was originally introduced by Kujirai et al. (1993) in which a
subthreshold conditioning stimulus is applied prior to a suprathreshold test stimulus (Kujirai et
al. 1993). Depending on the length of the inter-stimulus interval (1SI) between conditioning and
the test stimuli, paired-pulse TMS can be used for assessment of ICI or ICF (Figure 12). In fact,
inhibitory or excitatory intracortical connections to the pyramidal tract neurons can be

stimulated by different ISls in paired-pulse TMS.

In this paradigm, subthreshold conditioning stimulus intensity is applied as 80% of the RMT,
followed by a second suprathreshold test stimulus. In this thesis the test stimulus is adjusted to

achieve a baseline single-pulse TMS-induced MEP of around 1 mV (Batsikadze et al. 2013).
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Test stimulus

ISI: 3 msec

ISI: 10 msec

200 pv

50 ms

Figure 13: Recorded MEPs from relaxed right first dorsal interosseous (FDI) muscle.
Representative single-pulse induced MEP using test stimulus (A), and when this stimulus
conditioned by a subthreshold conditioning stimulus of 3 msec (B), and 10 msec (C) earlier. The
inter-stimulus intervals (ISIs) were 3 and 10 msec to measure short-interval intracortical
inhibition (SICI) and intracortical facilitation (ICF) respectively. Paired-pulse TMS was delivered
by a MagPro R30 (MagOption) stimulator (MagVenture, Denmark).

MEP recording

For MEP recording, the participants were seated comfortably in a fully adjustable treatment
chair (MagVenture, Denmark) with head and arm rests, and with easy access to the their head

for stimulation of target area(s) (Figure 13).
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Figure 14: The participants sit upright in an adjustable podiatry chair. A TMS coil is
positioned on the hotspot for the first dorsal interossei (FDI) muscle. When a TMS pulse is
delivered over the M1, surface EMG is recorded from the FDI muscle using bipolar Ag/AgCl
disposable surface electrodes.

The stimulation site, i.e. M1, contralateral to the target muscle, is first determined by using the
international EEG 10/20 system. Then to find the optimal site for recording the MEP responses,
the coil is moved around the M1 until the largest motor MEPs can be recorded from the target
muscle. This area is called the ‘hotspot’ for the target muscle (Neggers et al. 2004). After
localizing the hot spot, the coil's position is marked on the scalp to guide the experimenter

during the rest of the testing.

The orientation of the coil is set at an angle of 45° to the midline and tangential to the scalp,
such that the induced current flows in a posterior-anterior direction in the brain (Brasil-Neto et
al. 1992, Rossini et al. 1994). Small alterations in the orientation of the TMS coil on the scalp

can alter the efficacy of stimulation and result in excitation of different populations of cortical
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neurons (Amassian et al. 1992). Surface EMG is recorded by bipolar Ag/AgCI disposable self-

adhesive and pre-gelled surface electrodes (Figure 14).

Surface EMG electrodes
located on the FDI

A ground electrode is
placed on the styloid
process.of ulnar bone

Figure 15: Surface electromyography (EMG) electrodes are positioned over FDI muscles
with a 2 cm inter electrode space. The reference electrode is placed over the ulnar bone.

To ensure good surface contact and to reduce skin resistance, a standard skin preparation
procedure of cleaning and abrading will be performed for each electrode site (Gilmore and
Meyers 1983, Robertson et al. 2006, Schwartz 2003). The location of the surface electrodes on
the target muscle (right FDI muscle) is determined based on anatomical landmarks (Perotto and
Delagi 2005) and also observation of muscle contraction in the testing position (Kendall et al.
2010). The accuracy of EMG electrode placement is verified by asking the subject to
maximally contract this muscle while the investigator monitors online EMG activity. A ground
electrode is placed ipsilaterally on the styloid process of ulnar bone (Basmajian and De Luca
1985, Oh 2003). The electrodes are secured by hypoallergenic tape (Micropore, USA). All raw
EMG signals are band pass filtered (10-500 Hz), amplified (x1000) and collected for offline
analysis (The PowerLab 8/30, ADinstrument, Australia) on a PC running commercially

available software (Figure 15).
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Figure 16: MEPs generated by TMS are recorded from the target muscle, right first dorsal
interossei (FDI) in this figure.

MEP threshold

MEP threshold can be measured with the muscle of interest at rest and is referred to as the
resting motor threshold (RMT), or when the muscle is in a low level of sustained contraction
referred to as the active motor threshold. In all experimental studies included in this thesis
(Chapters 5-9), RMT is recorded, which is explained in more detail in the next section. RMT
has been classically defined as the TMS machine output (intensity) necessary to produce a MEP
that exceeds defined peak-to-peak amplitude (usually 50 uV) 50% of the time in a finite

number of trials (Neggers et al. 2004). The guideline for assessment of RMT by Rothwell et al.
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(1998) suggests that the TMS operator starts with a suprathreshold TMS intensity and decreases
in steps of 2% or 5% of machine output until a level is reached below which reliable responses
disappear (where the definition of reliable response is based on the stimulus strength by which
five MEPs in a series of 10 with minimum amplitude of 50-100 uV are elicited in the relaxed
muscle) (Rothwell et al. 1998). RMT reflects the global excitability of the motor pathway,
including large pyramidal cells, cortical excitatory and inhibitory interneurons and spinal motor

neurons (Ziemann 2004b).

Accurate estimation of RMT is very important in both research and clinical studies as it is the
value most commonly used for estimation of the therapeutic dosage or the size of test stimulus
in TMS applications (Wassermann 2002). Inaccurate estimation of RMT can lead to
overstimulation of a subject’s cortex, which can increase the probability of TMS-induced
seizures (Pascual-Leone et al. 1993, Pascual-Leone et al. 1998, Wassermann 1998b). In
addition to this, accurate measurement of RMT is also important for the sake of subject

comfort, and expedience in the laboratory or treatment room.

It has been indicated that NMDA antagonists, including Ketamine, reduce RMT whilst the
block of voltage-gated sodium channels enhances RMT. Furthermore, it was shown that GABA
has no effect on RMT (Ziemann et al. 1996b). A number of environmental factors could affect
the size of RMT such as consuming caffeine (coffee, energy drinks), sleep deprivation, and
sedative medicines. Other factors that have been shown to influence RMT are sodium-channel
blockers (Ziemann et al. 1996a) posture (lower when sitting or standing vs. lying supine)
(Ackermann et al. 1991), neck rotations (Alagona et al. 2001), mental activity and closing and
opening of eyes (Rossini and Rossi 1998). In addition, any slight contraction of the target
muscle decreases MEP threshold, and it is therefore important to assure complete muscle

relaxation when determining the RMT.
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MEP amplitude

The peak-to-peak amplitude of the MEP provides an immediate quantitative measure for the
degree of CSE (Wassermann et al. 2008). In addition to inter-individual differences there is
great inter-trial variability even in the same subject (Kiers et al. 1993). Several technical factors
influence MEP amplitude. They include coil positioning (Wassermann et al. 2008), direction of
induced electrical field (Wassermann et al. 2008), movements of the coil (Gugino et al. 2001),
and TMS inter-pulse interval (Vaseghi et al. 2013). In addition, a number of physiological
factors may also influence the size of MEPs: the number of recruited motor neurons in the
spinal cord (Keenan et al. 2006), the number of motor neurons discharging more than once to
the stimulus (Magistris et al. 1998, Z'graggen et al. 2005), the synchronization of the TMS-
induced motor neuron discharges (Wassermann et al. 2008), the level of background muscle
activity (Hess et al. 1986), limb position (Labruna et al. 2011), and the state of arousal (Labruna
et al. 2011). Even with all conditions stable, however, there remains a considerable between—
trial variability that is essentially random (Kiers et al. 1993). Facilitation maneuvers, such as
voluntary contraction of the target muscle, increases MEP amplitude. Even low background
contractions may significantly increase MEP amplitude (Darling et al., 2006). This is
particularly helpful in the lower extremities and trunk muscles where MEPs are sometimes

difficult to obtain even at maximal stimulator output.
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Figure 17: Recorded MEP from the first dorsal interossei (FDI) muscle. MEP amplitude is
measured from peak-to-peak. Latency is measured from the TMS stimulus artefact to the onset of
the recorded MEP from the target muscle (Rothwell 1997).

In the studies presented in this thesis, peak-to-peak MEP amplitude of the elicited MEPs
(Figure 17), was measured automatically using a custom designed macro in Powerlab 8/30
software. The peak-to-peak values for each MEP were listed in a spreadsheet (Figure 17C). The

setup is shown in the Appendices.
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Figure 18: The Automatic detection of peak-to-peak MEP amplitudes using LabChart
software from the Adinstrument Company. (A) Scope View provides an additional way of
displaying and analysing the capabilities of a digital storage oscilloscope using PowelLab. In
Scope View, each sweep is recorded and represented in a single page, creating a list of recorded
MEPs that can be averaged and overlaid for analysis. (B) Chart View is the main window in
which data can be dynamically viewed. (C) The peak-to-peak MEP amplitudes are automatically
detected and recorded, using a custom designed macro with PowerLab 8/30 software.

There are a multitude of measures and protocols in the paired-pulse TMS paradigm including
SICI, long interval intracortical inhibition (LICI), ICF, and short-interval intracortical

facilitation (SICF) to measure ICI and ICF (Figure 18). Such measures and protocols are used in
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different mechanism-base TMS studies to evaluate the function of GABAergic and/or
Glutamergic mechanisms. In Chapters 7-8 of the present thesis, the paired-pulse paradigm is
used to evaluate the mechanisms behind the efficacy of a novel tDCS technique on CSE
enhancement, named unihemispheric concurrent dual-site tDCS (tDCSurcps). In these chapters,

SICI and ICF are measured, which will be described in more detail in the next section.

Short interval intracortical inhibition (SICI)

To measure SICI, a subthreshold conditioning stimulus is delivered 1 to 5 ms prior to a
suprathreshold test stimulus (Kujirai et al. 1993) (Figure 18A). Compared to single-pulse
induced MEPs, the recorded MEP is suppressed at a cortical level (Kujirai et al. 1993). Since it
was shown that magnetic conditioning stimulus has no effect on electrical test pulses, which
activates the axon of the corticospinal tract, it was concluded that the inhibition observed in
SICI is not due to the refractoriness of the corticospinal tract (Kujirai et al. 1993). SICI has
been associated with the activity of GABAA receptors (Cohen et al. 1998, Di Lazzaro et al.

2000).

Subthreshold conditioning stimulus Suprathreshold test stimulus
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Figure 19: TMS paired-pulse protocols for testing short intracortical inhibitors (SICI) (A),
long intracortical inhibitors (LICI) (B), intracortical facilitation (ICF) (C), and short intracortical
facilitation (SICF) (D). The blue blocks show the inter-stimulus interval (ISI).
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Intracortical facilitation (ICF)

In the paired-pulse paradigm, if the subthreshold conditioning stimulus is delivered 7 to 20
msec prior to the suprathreshold test stimulus, the responses will be facilitated, compared to the
single-pulse paradigm (Kujirai et al. 1993) (Figure 18C). ICF is an index for the function of
excitatory circuits in the motor cortex (Ziemann et al. 1996b). Based on pharmacological
studies, NMDA antagonists like Lorazepam decrease ICF (Ziemann et al. 1996b). In contrast
GABAg agonists like Baclofen enhance the levels of ICF (Ziemann 2004a). Regarding the ICF
reduction by NMDA antagonists, it is suggested that glutamate plays an important role in ICF

enhancement (Ziemann et al. 1998).

The literature indicates that 1SIs of 3 and 10 msec are the most efficient protocols to measure
the function of cortical inhibition (Batsikadze et al. 2013, Ni et al. 2011, Oliveri et al. 2000,
Udupa et al. 2010) and facilitation (Du et al. 2014, Kothari et al. 2014, Sato et al. 2013) circuits
respectively. As a result, in Chapters 7 and 8, paired-pulse magnetic stimuli were delivered by a
MagPro R30 (MagOption) stimulator (MagVenture, Denmark) to measure SICI (with an ISl of

3 msec) and ICF (with an ISI of 10 msec).

The safety of TMS

TMS is believed to cause only a transient change in neural activity (Bridgers 1991, Bridgets
and Delaney 1989, Chokroverty et al. 1995, Pascual-Leone et al. 1992, Yamada et al. 1995).
However, the possibility of unforeseen risks in the long term has not been excluded
(Wassermann et al. 2008). TMS safety is a function of stimulation rate (Wassermann 1998b).
As the stimulation frequency of TMS increases, the risk of unwanted side effects increases. In
many studies, single-pulse (<1 Hz) TMS in healthy adults appears to pose no significant health
risk. Prospective studies designed to systematically evaluate health effects, have found no
changes in heart rate, serum prolactine, blood pressure, cerebral blood flow, EEG, memory or

cognition (Bridgers 1991, Cohen and Hallett 1987, Ferbert et al. 1991). The most commonly
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reported side effect of TMS is headache (5%) (Daskalakis et al. 2002). Subjects may experience
some discomfort under the coil due to muscle contraction and stimulation of nerves on the

scalp. If a subject develops headache, it is usually easily managed with standard analgesics.

A study in which three monkeys received 7000 stimuli each at maximum intensity over thirty
days demonstrated no short- or long-term deficits in higher cerebral function or other adverse
effects (Yamada et al. 1995). In normal healthy subjects, prolonged high intensity rTMS with
rates of 10-25 Hz can produce partial seizures with or without secondary generalization (Xiao-
Ming and Ju-Ming 2011). A study of rTMS in healthy young participants indicates that
exposure of healthy men to 12960 magnetic pulses a day for up to 3 days in 1 week failed to
produce seizures or any other significant side effects (Anderson et al. 2006). A literature review
on the safety and tolerability of rTMS (Bae et al. 2007) indicates that even by using rTMS in

epileptic patients, the risk of seizure in these patients is very small (0.35%).

Certain conditions increase the risks associated with TMS (Appendix 12). The TMS Adult
Safety Questionnaire was developed to alert investigators to factors in prospective subjects that

may predispose them to adverse events during TMS (Wassermann 1998b).

Furthermore, if the guidelines for safe application of TMS as the assessment technique are
followed, there will be no risks to participants. If they are not followed, there may be some

potential risks as described below:

The effect of magnetic fields on biological tissues.

The magnetic field generated can reach a peak of 2.2 T for a duration of less than 1 millisecond.
This value is less than the level of 2.5 T used during an MRI. In addition, while an MRI
typically exposes large portions of the human body to constant magnetic fields, TMS only
exposes a small area of the body to intermittent transient magnetic fields. Therefore no direct

harmful effects on human tissue have been reported or expected due to the short duration as
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well as relatively low level of magnetic stimulation.

Heat production.

The total power dissipated at a constant TMS stimulus rate of 1 per second and 100% intensity
is less than 10-3 Watts (W). Normal functioning of the body and brain produces 13W of energy
in the adult human brain, and hence TMS heating effects are not considered to be harmful

(Wassermann 1998a).

Effects on the immune system

Lateralized effects of single-pulse TMS on T lymphocyte subsets have been reported. The
increases, which appear to be consistent across individuals, resolve within 48 hours, and
comparable changes in lymphocyte subpopulations can occur with mild stress, a normal
circadian cycle and the menstrual cycle. Therefore, the effects of TMS on the immune system

are not considered to be dangerous or harmful (Amassian et al. 1994, Sontag and Kalka 2007).

Seizures.

There exists a very small possibility that seizures may be induced through the use of TMS, even
though in the last 20 years of TMS usage there have been no reported cases of accidental
induction of seizures using single-pulse TMS in healthy individuals with no cortical lesions or
abnormalities (Hallett 2000). Nevertheless, seizures have been produced by single-pulse TMS
in several patients with large cerebral infarcts or other structural lesions (Fauth et al. 1992,
Kandler 1990). There has also been the proposition that a minor degree of risk is involved in

the use of TMS in people with epilepsy (Dizel et al. 1996, Hufnagel et al. 1990).

In all studies in this thesis, we have considered the latest TMS and tDCS safety guidelines

(Appendixes 10-11). A modified version of TMS safety questionnaire (Appendix 13) was
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completed prior to all the experiments of the present studies to screen and exclude subjects for

whom TMS was contraindicated.

Somatosensory evoked potential for assessment of S1 excitability

Sensory Evoked Potential Responses (SEP) is a noninvasive technique which could be used to
assess excitability of the S1. The S1 is responsible for sensory discrimination of painful stimuli
or pain. SEP recording involves elicitation and recording of the cortical waves in response to
electrical signals (sensory and painful stimuli). They are a series of positive and negative
deflections that reflect the sequential activation of neural structures along the somatosensory
pathways. In fact, these responses are the result of the synchronous response (action potential
and synaptic potentials) of a series of neurons activated in response to sensory signals (Aminoff

and Eisen 1998).

The recorded signals are low-amplitude (1-20 uV) (Freye 2005). These signals are mixed with
other electrical potentials including the activity of spontaneous nervous system like rhythmic
cardiac activity, which generates undesirable noise. As a result, improving signals and
decreasing the signal to noise ratio is required in order to have a clear response. Averaging and
amplifying the signals are the best ways to have reliable data (Desmet et al. 1987). The
remaining signals represent the potential signals evoked by sensory stimulus. This technique

was developed by Dawson in 1954.

The SEP involves a series of sinusoidal waves, whose peaks are characterized by specific
latency (in msec) from the stimulation (Cruccu et al. 2008, Freye 2005). Morphology of peaks
and inter-peak latencies are other important SEP parameters (Figure 19). The amplitude of SEP
waves represents the number of neurons/fibres and their synchronization when fired (Freye

2005).
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Figure 20: SEP components are characterized by amplitude, latency, onset latency, and
inter-peak latency. Adapted from Banoub 2003 (Banoub et al. 2003).

Animal studies have demonstrated that SEPs are primarily mediated by dorsal column-medial
leminscal tract (Cohen et al. 1981, Cruccu et al. 2008, Cusick et al. 1979). Other somatosensory
tracts like the spinothalamic tract can affect the components of SEPs (Aminoff and Eisen 1998,

Toleikis 2005). Finally, all sensory inputs terminated to S1 and can be recorded from scalp.

In clinical studies, electrical or mechanical stimulation on the distal part of a peripheral nerve is
applied and SEPs are elicited from related areas in the S1 (Aminoff and Eisen 1998). Tactile
stimulation, as a mechanical stimulation, can been applied using a pneumatic stimulator on a
finger to record SEPs (Wienbruch et al. 2006). Alternatively, transcutaneous electrical
stimulation of a peripheral nerves, usually the median or ulnar nerves, at the wrist level for
upper extremity monitoring, can be used for elicitation of SEPs (Berger and Blum 2007,
Shellhaas et al. 2011). Based on the American Clinical Neurophysiology Society’s (2011)
recommendations, it is suggested that monophasic rectangular pulses with a duration of 100-
300 ps and a frequency of 3-5 Hz are used. The intensity of electrical stimulation should be set
so as to induce visible muscle twitching in related muscles. For example, a muscle twitch
should be observed in abductors of the thumb by stimulation of the median nerve (Aminoff and

Eisen 1998, Berger and Blum 2007, Cruccu et al. 2008). An earth electrode should be
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positioned between the stimulation and recording sites (Shellhaas et al. 2011). SEP waves are
composed of both low and high frequencies resulting in noisy SEPs. As a result, depending on
the setting and aims of studies, either low or high frequencies can be filtered. The band pass
filters of 5-30Hz and 2000-4000Hz for the low- and high-pass filters are the most common

filtering protocol (Berger and Blum 2007, Freye 2005, Shellhaas et al. 2011).

To record SEP waves, electrical stimulation is applied to the selected nerve ending and the
responses are recorded by two standard EEG electrodes (impedance: < 5kQ) which are placed
over the scalp (Cruccu et al. 2008, Freye 2005). High-resolution scalp recordings can be
performed using a cap with electrodes located according to the International 10-20 System
(Lascano et al. 2009, van de Wassenberg et al. 2008). The latency between the peripheral nerve
stimulation to elicited SSEPs from the scalp is about 40 msec for the upper extremity. This
latency can be prolonged by neurological problems such as hypothermia or anaesthesia. To be
sure that the recoded signals are not artefacts, it is recommended each recording be replicated

(Cruccu et al. 2008, Shellhaas et al. 2011).

The reference electrode should be theoretically placed over an isoelectrical (zero potential) part
of the body. As the heart and nerves produce electrical potentials in the whole body
(Geselowitz 1998), the ideal location of the reference electrode is still under debate (Desmedt
1987). Therefore, in some studies the reference electrode is positioned on a non-cephalic part of
the body (Cruccu et al. 2008) while other studies use the cephalic reference (Geselowitz 1998,
Murray et al. 2008). As the cephalic reference electrode is the most common configuration, in
the studies in this thesis (Chapters 4 and 5), the reference electrode was placed over the mid-
frontal area (Fz) (Fukuda 2006, Matsunaga et al. 2004) in which the net source of potential is

zero (Murray et al. 2008).

SEP components

The SEP components are determined according to polarity (positive (P) and negative (N)
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components) and the average post-stimulus latency from a sample from a normal adult
population (Berger and Blum 2007, Shellhaas et al. 2011). For instance, P20 means that the
peak is positive and appears 20ms after the stimulus. Conversely, N25 is a negative peak which

appears 25 ms after the stimulus (Desmedt 1987).

SEP waves can also distinguish between near-field and far-field electrical potentials according

to the distance from their source with the recording electrodes.

Near-field potentials refer to long-latency cortical components of neurons located in the grey

matter of cortical areas, within 3-4 cm from the recording electrodes.

Far-field potentials refer to short-latency components of subcortical or peripheral neurons
located in the white matter corresponding to SEPs whose generators are subcortical or
peripheral (Banoub et al. 2003, Berger and Blum 2007, Freye 2005, Gilmore 1989). The
characteristics of short-latency peaks produced after stimulation of the median nerve are N9,
P9, N11, P11, N13, P13, P14, N18, N20, P20, P22, P25, P27, N30, P30, N35, P45 (Desmedt

1987).

N9 and P9 are the first peaks of near-field potentials recorded from Erb’s point and provide
information related to the brachial plexus (Desmedt 1987). Therefore, both N9 and P9 show the

function of peripheral nerves.

N11 and P11 are recorded from the lower cervical spine and reflect the function of primary

somesthesic neurons near the dorsal root entry zone in the spinal cord (Desmedt 1987).

N13 and P13 are also recorded over the lower cervical spine and evaluate the function of the
postsynaptic activity of neurons in the posterior horn of the lower cervical spinal cord and in
ascending afferents in the cuneate tract (Berger and Blum 2007, Desmedt 1987, Shellhaas et al.

2011).
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P14 generated far-field potential recorded referentially from the scalp and having a widespread
distribution. P14 is the result of activity in the dorsal column nuclei or the caudal medial

lemniscus (Shellhaas et al. 2011).

N18 subcortically generated far-field potential was recorded referentially from the ipsilateral
scalp electrodes. N18 reflects the postsynaptic activity of the brain stem and the thalamus

(Shellhaas et al. 2011).

N20 is a near-field potential derived from the contra-lateral parietal cortex and it is the first
cortical negativity, reflecting activation in the contralateral S1 from thalamocortical radiations

projecting from the VPL (Berger and Blum 2007, Desmedt 1987, Shellhaas et al. 2011).
P22 is generated by frontal nerves located near the central sulcus (Desmedt 1987).

N20, P20, P25, N30, P30 and N35 are the result of the activity of neurons located in the hand
area of the contralateral S1 and in the cortical association areas (Cracco and Cracco 1976)

(Figure 20)
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Figure 21: The normal Somatosensory Evoked Potential (SEP) following electrical
stimulation of the right Median nerve at the wrist level. The intensity of stimulation was fixed
at the motor threshold.
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Factors altering the sensory evoked responses
Many factors can affect the latency, amplitude, morphology and topographical distribution of
SEPs (Banoub et al. 2003, Freye 2005). Besides the pathologic factors, the responses can be

different by changing the stimulation parameters including:

Type of stimulation: Compared to mechanical stimulations, electrical stimulations induce

bigger amplitude responses (Aminoff and Eisen 1998).

Intensity of stimulus: Increasing the intensity of stimulations leads to amplitude enhancement,
while the latency of SEPs recorded following median nerve stimulation cannot be affected by

changing the intensity of stimulation (Aminoff and Eisen 1998).

Frequency of stimulus: Increasing the frequency of the stimulus can decrease the amplitude of

responses but has no effect on the latency (Araki et al. 1999).

Setting of filtering: The effect of filtration on SEP responses has been explained previously.

Chapters 5-6 detail the recording of SEPs from the S1 following electrical stimulation of the
right median nerve at the wrist level at 2Hz with a pulse width of 0.2ms. The intensity of
stimulation was fixed at the motor threshold. The electrical potentials were recorded in epochs
from 0 to 200ms after the stimulus. A total of 500 stimulus-related epochs were recorded. Peak-

to-peak amplitudes of N20-P25 responses generated in the S1 is measured.

Equally important, some characteristics of participants can also affect the SEP responses (Freye

2005):

Age: it has been shown that aging induces a gradual increase in both the amplitude and the

latency of responses in healthy people (Aminoff and Eisen 1998, Shagass and Schwartz 1965,
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Zumsteg and Wieser 2002). The investigation indicated that the conduction velocity at the
median nerve decreases by about 0.16 m/s/year, which is equal to increasing the latencies. In
young human adults, peripheral conduction is 71.1+4.0 m/s, whereas it decreases to
61.2+5.9m/s in healthy octogenarians (Desmedt 1987). In fact, aging also affects the spatial

distribution of SEPs (Zumsteg and Wieser 2002).

Maturation: The result of SEP responses illustrated that the nervous system in infants is still
maturing (Berger and Blum 2007, Gilmore 1989). As a result, the inter-peak latency after
stimulation of the median nerve decreases rapidly from age 0 to 2 years, then slower from 2 to

6 years old, and reaches adult values at 8 years old.

Gender: As females are usually shorter than males, the latency of the median nerve in females

is 1ms shorter than males (Banoub et al. 2003).

Height: The length of the somesthesic pathways increases with the patient’s height and

consequently the latency increases as well in adults.

Cutaneous and core temperatures: Temperature directly affects the conduction velocity of
peripheral nerves (a 5% velocity increase per 1°C temperature increase) and causes minor
changes in the central pathways. In the case of increasing hypothermia, central conduction time
and latency lengthen, and some components tend to disappear (Banoub et al. 2003).
Conversely, hyperthermia results in a decrease in conduction time and latency, whereas the
amplitude is not affected (Banoub et al. 2003). As a result, recordings should be performed at a
constant temperature (21-23°C) with the cutaneous temperature at 34°C and the central body

temperature at 37°C.

Consciousness Level: The amplitude, latency and waveform of some components such as N20
are subject to change during the different stages of sleep and vigilance (Niedermeyer and da

Silva 2005).
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Attention: Some early cortical components recorded before 50 msec could be modified by

attention-related processes (Niedermeyer and da Silva 2005).

Blood pressure: Lower blood pressure can result in a slight reduction in the amplitude of

responses (Banoub et al. 2003, Long).

Anaesthesia administration: Anaesthesia can generate diverse cortical SEP components,

while subcortical SEPs show no change (Banoub et al. 2003, Berger and Blum 2007).

In Chapters 5 and 6, the amplitudes of N20-P25 were used as an index of S1 excitability in

healthy young adults.

Tools for assessment of behavioural changes

STh and PTh are two behavioral outcome measures assessed in the current thesis. The

following sections provide an overview of STh and PTh assessment tools.

Tools for sensory and pain threshold assessment

Based on the International Association for the Study of Pain (IASP), STh is defined as the
minimum intensity required for a stimulus to be perceived for the first time. PTh is defined as
the minimum intensity required for a stimulus to be perceived as a painful stimulus for the first
time. STh and PTh are self-reported experiences (Gracely et al. 1988). The excitability of
peripheral receptors, afferent nerves, sensory tracts including the anterolateral tract and the
posterior column-medial lemniscus tract, and the S1 (as the sensory-discrimination center)
(Adrendt-Nielsen et al. 1990) can affect the level of STh and PTh. Arousal (Chapman 2002),
psychosocial (Price 2000), or cultural factors (Turk and Okifuji 1999) may also affect STh and

PTh.
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There are many methods and instruments used to quantify the level of STh and PTh.
Quantitative sensory testing (QST) is one of the most reliable methods for assessing STh (the
detection threshold for innocuous stimuli), PTh, and sensations evoked by suprathreshold
stimuli (Cornelissen et al. 2014, Lindblom and Verrillo 1979). There are two types of QST

including Static and dynamic.

Static QST measures the threshold determination (including pain detection, tolerance and
threshold) and stimulus intensity rating (including the visual analogue scale or VAS). As one
point from a complex pain processing system is involved in this static type of measurement,

dynamic QST measurement is suggested (Arendt-Nielsen and Graven-Nielsen 2011).

Dynamic QST measures the central temporal and spatial integration of stimuli and controls the

descending pathways of sensory and pain processing. This type of QST is still being evolved.

QST is a semi-subjective method, which is able to quantify sensory and painful stimuli. The
stimulus target fibres and the central pathways, which can be assessed by QST, are summarized

in Table 1.
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Table 1: An overview of stimulus, target fibres, and sensory pathways can be assessed in
QST.

Stimulus QST Target sensory Sensory
fibre pathway
Cold Thermal testing QSTs Ad spinothalamic
Heat Thermal testing QSTs C spinothalamic
Light touch Calibrated AP Lemniscal
monofilament
Vibration Vibrometer AP Lemniscal
Pinprick Calibrated Pin Ad, C spinothalamic
Pressure Algometer A, C spinothalamic

Types of modalities and pain measurement parameters included in QST are summarized in

Table 2.

Table 2: Stimulus modalities and pain measurement parameters in QST.

Stimulus Modalities Pain Measurement Parameters

Electrical Pain Threshold

Contact Thermal (heat, cold) Pain Threshold/Tolerance

Immersion Thermal (heat, cold) Suprathreshold Scaling (e.g.VAS, NRS)
Mechanical  (Pressure, Touch, Pain Threshold/Tolerance, Temporal Summation
Vibration)

Thermal, Ischemic Conditioned Pain Modulation

Chemical (e.0. capsaicin, Cerebral Responses (e.g. EEG, fMRI, PET)
hypertonic Muscle

saline, glutamate) Reflexes

Sensory and pain stimuli are received by different peripheral receptors (Figure 21), transferred
by anterolateral and posterior column-medial lemniscus tracts, and finally received by the S1.
Anterolateral tract neurons located in the dorsal root carry sensory signals by Ad fibres (in the

spinothalamic tract) or C fibres (in the spinoreticular tract) from the peripheral to the dorsal
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horn of the spinal cord. From there, their axons usually decussate and ascend by direct (in the
spinothalamic tract) or indirect pathways (in the spinoreticular tract) and synapse with reticular
formation. Finally the axons ipsilaterally send sensory information to the striatum, the S1, S2,

ACC, and DLPFC (Figure 22).

Hairy skin Glabrous skin
| o

Epidermis

Epidermal
dermal

Junction:
Ruffini

Bare nerve ending
ending
. . Dermis

Meissner's

corpuscle

Merkel disk

receptor

Hair receptor —

Peripheral

Pacinian”” nerve bundle
corpuscle

Figure 22: The location and morphology of mechanoreceptors in hairy and hairless
(glabrous) skin of the human hand. The receptors of glabrous skin are Meissner's corpuscles,
located in the dermal papillae; Merkel disk receptors, located between the dermal papillae; and

bare nerve endings. The receptors of the hairy skin are hair receptors, Merkel's receptors, and
bare nerve endings. Subcutaneous receptors, beneath both glabrous and hairy skin, include
Pacinian corpuscles and Ruffini endings. Nerve fibres that terminate in the superficial layers of
the skin are branched at their distal terminals, innervating several nearby receptor organs; nerve
fibres in the subcutaneous layer innervate only a single receptor organ. The structure of the
receptor organ determines its physiological function. The figure is adapted from
www.ib.cnea.gov.ar.

In the posterior column-medial lemniscus tract, AR and Ad fibres send sensory and/or painful
stimuli from the peripheral to the dorsal horn of the spinal cord. The axons of neurons in the
dorsal horn ascend ipsilaterally through the dorsal column and decussate in the lower medulla
(medial lemniscus). The medial lemniscal axons ascend and provide information to the ventral
posterior lateral nucleus of the thalamus. The information from the halamus goes to the S1. Due
to the decussation in the sensory tracts, the sensory and/or painful stimuli from one side are

analyzed in the contralateral S1.
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Figure 23: The lateral and posterior column pathway (Squire et al. 2012)

Depending on the type of stimuli, QST can assess both small and large fibre dysfunction.
Touch and vibration measure the function of large myelinated Aa and AP sensory fibres.
Thermal stimulation devices are used to evaluate the pathology of small myelinated and
unmyelinated nerve fibres; they can be used to assess heat and cold sensations, as well as
thermal pain thresholds. Pressure-specified sensory devices (PSSDs) assess large myelinated
sensory nerve function by quantifying the thresholds of pressure detected with light, and static
and moving touch. Finally, current perception threshold testing involves the quantification of
the sensory threshold to transcutaneous electrical stimulation. In current threshold testing,
typically 3 different frequencies are tested: 5 Hz, designed to assess C fibres; 250 Hz, designed
to assess Ao fibres; and 2,000 Hz, designed to assess AP fibres. Results are compared with

those of a reference population.
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In Chapters 5-6 and 9, STh and PTh are evaluated by electrical stimulation. The electrical
stimuli was applied by a pen electrode (model: 2762CC, Chattanooga, USA) to the right
median nerve (pulse duration: 200u s) at wrist level. In these chapters, the PTh to pressure
(PpTh) is also measured, using a pressure algometer (model: FDX 50, Wagner, USA; capacity:
50A~ 0.05Ibf, accuracy: +0.3% of full scale) on the belly of FDI muscle with a flat circular
metal probe dressed in a plastic cover (Figure 23). Force was displayed digitally in increments

of 0.1N. More details are described in Chapters 5-6 and 9.

Figure 24: Pressure pain threshold (PpTh) measurement using pressure algometer on first
dorsal interossei (FDI) muscle
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Preamble to Chapter 2

Chapter 2 provides a systematic review and meta-analysis to verify whether previous tDCS

studies support the view that a-tDCS increases STh/PTh in healthy individuals and PL in

patients with chronic pain.
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Chapter 2: Does anodal transcranial direct current stimulation

modulate sensory perception and pain? A meta-analysis study

The format of this chapter is consistent with the Journal of Clinical Neurophysiology
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« Anodal tDCS (a-tDCS) of the primary motor cortex increases sensory and pain threshold in healthy
individuals.

« a-tDCS of the primary sensory cortex increases pain threshold significantly.

« a-tDCS of both primary motor cortex and dorsolateral prefrontal cortex decreases pain level in
patients with chronic pain.

ABSTRACT

Objective: The primary aim of this systematic review was to evaluate the effects of anodal transcranial

direct current stimulation (a-tDCS) on sensory (STh) and pain thresholds (PTh) in healthy individuals

and pain levels (PL) in patients with chronic pain.

Methods: Electronic databases were searched for a-tDCS studies. Methodological quality was examined

using the PEDro and Downs and Black (D&B) assessment tools.

Results: a-tDCS of the primary motor cortex (M1) increases both STh (P < 0.005, with the effect size of

22.19%) and PTh (P < 0.001, effect size of 19.28%). In addition, STh was increased by a-tDCS of the primary

sensory cortex (S1) (P < 0.05 with an effect size of 4.34). Likewise, PL decreased significantly in the patient

group following application of a-tDCS to both the M1 and dorsolateral prefrontal cortex (DLPFC). The

average decrease in visual analogue score was 14.9% and 19.3% after applying a-tDCS on the M1 and

DLPFC. Moreover, meta-analysis showed that in all subgroups (except a-tDCS of S1) active a-tDCS and

sham stimulation produced significant differences.

Conclusions: This review provides evidence for the effectiveness of a-tDCS in increasing STh/PTh in

healthy group and decreasing PL in patients. However, due to small sample sizes in the included studies,

our results should be interpreted cautiously. Given the level of blinding did not considered in inclusion

criteria, the result of current study should be interpreted with caution.

Significance: Site of stimulation should have a differential effect over pain relief.

© 2014 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved

1. Introduction

nuclei, the prefrontal cortex and the limbic system are considered
to subserve the affective-emotional dimension of pain. The overlap

Sensory and emotional processing of pain involves parallel
brain structures (Rainville, 2002; Porro, 2003). Lateral thalamic nu-
clei and the somatosensory cortex (S1) are thought to subserve
sensory-discriminative aspects of pain such as threshold, quality,
location, and judgement of its intensity, whereas medial thalamic

* Corresponding author. G
I ;. ':5c:hi).
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between these areas and emotion-processing regions of the brain
could explain the human subjective qualities of pain (Bornhovd
et al., 2002; Porro, 2003; Wager et al., 2004).

Brain mapping studies have reasonably consistently identified
the brain areas that are active when someone is in pain (Laurent
et al., 2000; Peyron et al., 2000). These areas are mostly
multimodal and respond to salient non-noxious stimuli as well as
noxious stimuli (Mouraux et al., 2011). Brain areas that are

1388-2457/© 2014 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved
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involved in pain processing signals and are also superficial to the
skull are the primary sensory cortex (S1), primary motor cortex
(M1), and dorsolateral prefrontal cortex (DLPFC) (Antal et al., 2010).

S1, with its topographical organization, was long presumed to
be a key location of pain-related brain activity. However, the evi-
dence behind this notion is not compelling. Some studies clearly
show S1 activity is related to pain intensity (Antal et al., 2008;
Grundmann et al., 2011) and others show no such relation (Kanda
et al., 2000; Peyron et al., 2000; Bingel et al., 2003; Porro, 2003).
Some researchers have predicted that S1 activity will most closely
relate to pain when the pain is felt in the skin (Simoes and Hari,
1999; Timmermann et al., 2001).

M1 activation can affect pain reduction not only because of neu-
ral connections existed between S1 and M1, but also because of
functional relationship between M1 and thalamus (Coghill et al.,
1999), and activation of thalamus leads to activation of other
pain-related structures such as anterior cingulate, and periaqu-
eductal grey areas which have major role in pain management
(Tsubokawa et al., 1993; Fomberstein et al., 2013). A vast literature
shows that the motor output of M1 changes with pain (Moseley
and Brugger, 2009). This includes reduced amplitude and velocity
of movement (Lund et al., 1991), altered muscle coordination
(Hodges and Moseley, 2003), decreased motor unit discharge rate
(Farina et al., 2004; Hodges et al., 2008) and decreased maximal
voluntary contraction force (Graven-Nielsen et al., 2002). The
mechanisms behind the involvement of M1 are largely unknown
but we know that M1 activity has a clear link with the pain net-
work, which makes it an intuitively sensible target of interventions
to reduce pain (Apkarian et al., 2004; Baliki et al., 2012).

DLPFC is one of the areas of the brain most commonly activated
during pain, regardless of where the pain is felt (Apkarian et al.,
2005). Changes in connectivity between the DLPFC and deeper
pain-related areas (Baliki et al., 2012) and reduction in grey matter
density and DLPFC volume (Apkarian et al., 2004) have been impli-
cated in chronic pain for an alternative result (Scarpazza et al.,
2013) and for a compelling argument for disregarding brain vol-
ume studies altogether. DLPFC activation does seem to be related
to cognitive and attentional processing of noxious stimuli (Peyron
et al,, 1999; Bornhovd et al., 2002) and probably has a role in mod-
ulating pain expectation (Sawamoto et al., 2000) and pain-induced
anxiety (Ploghaus et al., 1999).

Non-invasive brain stimulation strategies aimed at modifying
corticospinal excitability for different purposes have emerged in
recent years. In recent pain studies, transcranial magnetic stimula-
tion (TMS) (Leon-Sarmiento et al.,, 2013), repetitive transcranial
magnetic stimulation (rTMS) (Lefaucheur et al., 2006; Hosomi
et al., 2013; Jette et al., 2013; Perocheau et al., 2013) and transcra-
nial direct current stimulation (tDCS) (Flor et al., 1997; Riberto
et al.,, 2011) have been used to modulate pain. tDCS is a common
method of modulating the cortical activity of superficial pain-rele-
vant areas; it has been used to treat a variety of clinical conditions,
and is a painless technique with minimal side effects (Jeffery et al.,
2007; Bolognini et al., 2009). tDCS delivers low direct currents via
scalp electrodes to the cerebral cortex that result in the modulation
of cortical excitability . A part of this current is shunted through the
scalp and the rest flows into the cerebral cortex (Miranda et al.,
2006; Nitsche et al., 2008). tDCS is usually applied through two
surface electrodes, one serving as an anode and the other as a cath-
ode. Anodal tDCS (a-tDCS, involving the application of an anode
over the target area) typically has an excitatory effect on the
underlying cerebral cortex by depolarizing neurons, while cathodal
tDCS (c-tDCS, involving the application of a cathode over the target
area) decreases cortical excitability by inducing hyperpolarization
(Nitsche and Paulus, 2000). The proposed mechanism behind
immediate effects of tDCS is polarity-dependent shifts of the rest-
ing membrane potential and consequent alteration of corticospinal

excitability at the stimulation site. The idea is that this alteration
leads to facilitation or inhibition of the superficial structures and
of deeper and more remote brain areas related to pain modulation
(Willis and Westlund, 1997; Petrovic et al.,, 2000; Casey et al.,
2001; Lorenz et al., 2003; Lang et al., 2005). Furthermore, long-last-
ing effects of tDCS depend on N-methyl-p-aspartate (NMDA) recep-
tor-efficacy changes (Liebetanz et al., 2002). Involvement of NMDA
receptors induces neuroplasticity in which transformation of syn-
aptic strength takes place by Long-term potentiation and depres-
sion (LTP & LTD) mechanisms (Islam et al., 1995; Nitsche and
Paulus, 2001; Liebetanz et al., 2002).

S1, M1 and DLPFC are relatively superficial brain areas that con-
tribute to the neural substrate of pain. Pain can be operationalized
into key variables, for example sensory threshold (STh), pain
threshold (PTh), and pain level (PL) (Fernandez and Turk, 1992;
Bornhovd et al., 2002; Giesecke et al., 2005) although these vari-
ables are not closely correlated (Wolff, 1964). Some tDCS studies
have reported that excitatory effects of a-tDCS may increase the
function of superficial areas of pain neuromatrix led to pain man-
agement by increasing the level of STh/PTh (Antal et al., 2008;
Csifcsak et al., 2009) and decreasing the level of PL (Fregni et al.,
2006a,b; Roizenblatt et al., 2007; Antal et al., 2010).

There is now a large literature concerning tDCS for pain relief.
Recently, systematic reviews of all tDCS pain-related studies
have concluded that insufficient evidence exists to make firm
conclusions (O’Connell et al., 2011; Luedtke et al., 2012), a prob-
lem compounded by the recent questioning of the assumption
that the most commonly used intensity of tDCS can be easily
blinded (O’Connell et al., 2012; Russo et al., 2013). These studies
raise a very important question: what is the evidence for the
effectiveness of a-tDCS in modulating pain according to the site
of stimulation? According to the common understanding that
S1, M1 and DLPFC make independent contributions to pain, the
site of stimulation should have a differential effect over pain
relief.

As a result, based on the existed studies, we investigated the
site-specific effects of a-tDCS on STh/PTh in healthy individuals
and PL in patients with chronic pain. We hypothesized that:

1. STh is modulated immediately after application of a-tDCS over
S1 and M1 in healthy individuals.

2. PTh is modulated immediately after application of a-tDCS over
S1 and M1 in healthy individuals.

3. PLis modulated immediately after application of a-tDCS over S1
and M1in patients with chronic pain.

4. Application of sham stimulation to different areas of the brain
has no effect on STh/PTh in healthy individuals, nor on PL in
patients with chronic pain.

2. Methods
2.1. Inclusion criteria

We included studies that recruited participants over the age of
18 years who were healthy or had experienced chronic pain for
more than three months (Smith et al., 2001; Latremoliere and
Woolf, 2009). All types of study designs, parallel or cross-over,
were included regardless of blinding. Studies that utilised a-tDCS
on the S1, M1, or DLPFC in healthy subjects or patients experienc-
ing chronic pain were included if:

(1) The subjects were over 18 years of age.

(2) The outcome measure was VAS in the patient group or STh/
PTh in the healthy group.

(3) Sham tDCS or active control was applied (Table 1).
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Given the fact that M1, S1, and DLPFC are the only superficial
areas of pain neuromatrix which are accessible to stimulate by
tDCS, we included studies investigated the effects of a-tDCS on
these areas in both healthy (Table 2), and patient group with
chronic pain regardless of their pathology (Table 3). All modalities
that evoked a sensory or painful sensation were included (i.e., la-
ser, heat, cold, and mechanical stimuli). Moreover, in patient group,
chronic pain is specified as a refractory pain which is resistant to
medical intervention or drug management more than three month
(Smith et al., 2001; Latremoliere and Woolf, 2009). We included
studies that placed electrodes over M1, DLPFC, or S1 regions.

2.2. Exclusion criteria
Studies were excluded if:
(1) They did not involve brain stimulation.
(2) The duration of symptoms for patient groups was unclear.

(3) The study used surgical brain stimulators, rTMS, TMS, or
electrical stimulation with pulse currents (Table 1).

Table 1
Inclusion and exclusion criteria for identified studies.

1849

(4) The studies used c-tDCS or other forms of non-invasive brain
stimulations (TMS, rTMS, or cranial electrical stimulation);
indirect forms of stimulation (caloric vestibular stimulation
or occipital nerve stimulation) or invasive forms of brain
stimulation involving the use of electrodes implanted within
the brain.

2.3. Outcome measures

The outcome measures for STh and PTh were percentage
changes in stimulus intensities at which participants reported
the onset of sensation (STh) or pain (PTh). For PL in patient groups,
we pooled studies that used a visual analogue scale (VAS).

Because the included trials involved post-intervention assess-
ments at varying periods, these were partitioned into short-term
and long-term outcomes. ‘Short-term’ was arbitrarily defined as
less than one hour after intervention. If a trial had multiple assess-
ments during that period, the assessment performed closest to the
intervention was used. ‘Long-term’ was defined as greater than one

Inclusion

Exclusion

Participants 18 or more years of age

Either healthy or suffering from chronic pain (musculoskeletal,
neural, or central pain syndrome), anatomical location

Intervention a-tDCS and sham
stimulation
Comparison “no treatment”/sham treatment
Before and after a-tDCS
Outcomes NAS measured by QST' and LEP? amplitude in healthy individuals

and VAS in patients with chronic pain
Trial design
trials
Data reported
and sham stimulation on STh, PTh, and PL
Type of publications
English language

Randomized control trial, controlled clinical trials, and pre-post

Peer-reviewed journal articles, regardless of the year of publication

Suffering from other type of diseases (e.g., depression or other
mental disorders, cancerous pain)

With primary symptoms other than pain (e.g., depression or
schizophrenia)

Non-human subjects

Other control group

Other type of evaluation of sensory perception, PTh?, and PL*
(measured by rTMS®, fMRI®, PET’, and Paired TMS)

Review articles

Selective review

Data that enable analysis and estimation of the effects of a-tDCS

Non-English articles

! Quantitative sensory testing.

2 Laser evoked potential.

3 Pain threshold.

4 Pain level.

Repeated transcranial magneticstimulation.
Functional magnetic resonance imaging.
Positron emission tomography.

5
6
7

Table 2
Study characteristics and outcome measure in healthy group.

Included studies Trial design No. participants ~ Stimulation method Outcome measure Intervention Stimulated area
Boggio et al. (2009) Double blinded - Sham controlled 20 E.S VAS a-tDCS V1' M1%DLPFC®
Hansen et al. (2011) Pre-post test 19 E.S* VAS, PREP® BR® a-tDCS, c-tDCS M1

Bachmann et al. (2010) Single blinded - Crossover 8 QST VAS a-tDCS, c-tDCS M1

Grundmann et.al. (2011)  Pre-post test 12 QST VAS a-tDCS, c-tDCS ~ S17

Reidler et al. (2012) Double blinded - Sham controlled 15 QST VAS, a-tDCS M1

Jurgens et al. (2012) Pre-post test 17 QST VAS a-tDCS, c-tDCs M1

Antal et al. (2008) Pre-post test 10 LASER VAS, LEP® a-tDCS, c-tDCS  S1

Csifcsak et al. (2009) Pre-post test 10 LASER VAS, LEP a-tDCS, c-tDCS M1

Ragert et al. (2008) Double blinded - Sham controlled 10 Tactile discrimination ~ VAS a-tDCS S1

Rogalewski et al. (2004)  Single blinded — Sham controlled 13 Tactile perception VAS a-tDCS, c-tDCS  S1

Visual cortex.

Primary motor cortex.
Dorsolateral prefrontal cortex.
Electrical stimulation.

Pain related evoked potential.
Blink reflex.

Somatosensory cortex.

Laser evoked potential.

® N O U oA W N =
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Table 3
Study characteristics and outcome measure in patient group.
Included studies Trial design No. participants  Patients Stimulation area  Intervention = Outcome measure
Riberto et al. (2011) Double blinded - Sham control 23 Fibromyalgia Mm1! a-tDCS VAS, SF-36
Valle et al. (2009) Double blinded - Sham control 41 Fibromyalgia M1, DLPFC? a-tDCS VAS, FIQ®
Fregni et al. (2006a,b) Double blinded - Sham control 32 Fibromyalgia M1, DLPFC a-tDCS VAS,FIQ, Mood
Roizenblatt et al. (2007)  Double blinded - Sham control 32 Fibromyalgia M1, DLPFC a-tDCS VAS, RAM, REM
Mendonca et al. (2011) Double blinded - Sham control 30 Fibromyalgia M1, so* a-tDCS VAS
c-tDCS
Mori et al. (2010) Double blinded - Sham control 19 Multiple sclerosis M1 a-tDCS VAS, MC Gill
Antal et al. (2010) Double blinded - Crossover 12 Trigeminal neuralgia M1 a-tDCS VAS, MEP®
Post stroke pain Syndrome
Back pain
Fibromyalgia
Fregni et al. (2006a,b) Double blinded - Sham control 17 Spinal cord injury M1 a-tDCS VAS, PGA®
Fenton et al. (2009) Double blinded - Sham control 7 Chronic pelvic pain M1 a-tDCS VAS
Soler et al. (2010) Double blinded - Sham control 39 Spinal cord injury M1 a-tDCS VAS
Boggio et al. (2009) Double blinded - Crossover 8 Chronic neurogenic pain M1 a-tDCS VAS
Antal et al. (2011) Double blinded - Sham control 26 Chronic migraine V1’ c-tDCS VAS
Dasilva et al. (2012) Double blinded - Sham control 13 Chronic migraine M1 a-tDCS VAS
Antal et al. (2011) Double blinded - Sham control 1 Refractory orofacial pain M1 a-tDCS VAS
c-tDCS

Primary motor cortex.

Dorsolateral prefrontal cortex.
Fibromyalgia impact questionnaire.
Supra-orbital area.

Motor evoked potential.

Patient general assessment.

Visual motor cortex.

hour after intervention; long-term outcomes were not included in
meta-analyses.

2.4. Methods for identifying studies

We searched for relevant studies published in English. To locate
eligible articles, a literature search was performed using PubMed,
Physiotherapy Evidence Databases (PEDro), CINAHL, CENTRAL
(Cochrane Central Register of Controlled Trials), Scopus, PROQuest,
SPorTDiscuss, AMI (Australian Medical Index), Ovid Medline, EBM
Review, Cochrane, Meditex and PsycINFO, from their inception to
July 2012. All reference lists of retrieved papers were searched to
identify additional relevant articles unidentified by initial search
strategy. The key search terms were: ‘transcranial direct current
stimulation’, ‘tDCS’, ‘sensory perception’, ‘pain’, ‘pain perception’,
‘pain tolerance’, ‘sensory threshold’, ‘pain threshold’, ‘sensory stim-
ulation’ and ‘pain trigger’.

2.5. Selection of the included studies

Two reviewers (B.V. and S.J.) independently screened the titles
and abstracts of papers identified in the initial search strategy
against the inclusion criteria. If the information in the title and
the abstract was insufficient to make a decision, the reviewers as-
sessed the full paper to include or exclude the study. All included
studies were then double-checked by a full-text appraisal. If the
reviewers disagreed, resolution was attempted by discussion. If
resolution was not achieved, the third reviewer (M.Z.) was
consulted.

2.6. Risk of bias and quality assessment

To assess the methodological quality of included studies, we as-
sessed risk of bias using the Cochrane ‘Risk of bias. assessment tool
outlined in Chapter 8 of the Cochrane Handbook for Systematic Re-
views of Interventions Version 5.1.2 (Higgins and Green, 2011).
Fig. 1 is a methodological quality graph for all included studies.
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Further quality assessment was conducted for each included
study by using the Physiotherapy Evidence Database (PEDro scale)
(Moseley et al., 2002; Maher et al., 2003). The PEDro scale includes
10 criteria for internal validity; studies are awarded a point for
each criterion met. The PEDro cut-points are 9-10, excellent; 6-
8, good; 4-5, fair and below 4, poor (de Morton, 2009). Because
some of the studies we identified were not randomised controlled
trials, the process was repeated using the Down and Black tool
(D&B) (Downs and Black, 1998). The D&B contains 27 questions,
of which 25 are graded 0 or 1 (“yes”, “no” or “not determined”),
one is scored 0-2 and one, on power, is scored 0-5. Eng et al.
(2007) modified scoring for the final item on power to 0 or 1
(Eng et al., 2007) (Table 4).

2.7. Outcome measures

Our primary outcome measures were the STh and PTh of
healthy individuals and PL in patients who suffered from chronic
pain. STh is usually measured by quantitative sensory testing
(QST) using mechanical, vibration or thermal methods (Chong
and Cros, 2004). A subject’s STh is classically defined as the level
of stimulus intensity necessary for sensation to be just detectable.
PTh is defined as the level of stimulus intensity at which pain is
detected. PL in patients with chronic pain showed the average pain
that they experience during a day, usually measured by VAS
(Bolton and Wilkinson, 1998).

2.8. Subgroup analysis and intervention of heterogeneity

We assessed heterogeneity using the Chi? test and I? statistic.
Also, the effect of a-tDCS and sham stimulation on STh, PTh, and
PL were measured in the M1 and S1 in healthy participants and
in the M1 and DLPFC in patients with chronic pain.

2.9. Data extraction

The following data relevant to the aims of this study were ex-
tracted: study design; characteristics of subjects (Table 2) outcome



B. Vaseghi et al./Clinical Neurophysiology 125 (2014) 1847-1858

1851

Random sequénce generation (selection bias)

Allocation concealment (salection bias)

Blinding of participants and personnel (performance bias)
Blinding of outcome assessmeant (datection bias)
Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias

0% 25% 50% 75% 100%

| - Low risk of bias

D Unclear risk of bias

.High risk of bias

Fig. 1. Risk of bias graph: review authors’ judgments about each risk of bias item presented as percentages across all included studies. The evaluation has six domains: (1)
Adequate sequence generation, (2) Allocation sequence concealment, (3) Blinding, (4) Incomplete outcome data, (5) Selective outcome reporting, (6) Other source of bias.

Table 4
Quality assessment of included studies in healthy (A) and patient (B) groups.

Included studies

Type of study PEDro (1999)

D&B Downs and Black, (1998)

A: Healthy group
Csifcsak et al. (2009)
Grundmann et.al. (2011)
Antal et al. (2008)
Hansen et al. (2011)
Boggio et al. (2008)
Bachmann et al. (2010)
Reidler et al. (2012)
Rogalewski et al. (2004)
Ragert et al. (2008)

B: Patient group
Riberto et al. (2011)
Valle et al. (2009)
Antal et al. (2011)
Antal et al. (2010)
Fregni et al. (2006a,b)
Mendonca et al. (2011)
Mori et al. (2010)
Fregni et al. (2006a,b)
Fenton et al. (2009)
Soler et al. (2010)
Boggio et al. (2009)
Dasilva et al. (2012)

Pre-post test - 17
Pre-post test - 16
Pre-post test - 18
Pre-post test 17

Randomized control trial
Randomized control trial
Randomized control trial
Randomized control trial
Randomized control trial

0 N0

Randomized control trial
Randomized control trial
Randomized control trial
Randomized control trial
Randomized control trial
Randomized control trial
Randomized control trial
Randomized control trial
Randomized control trial
Randomized control trial
Randomized control trial
Randomized control trial

N 00 00 Q) 00 00 N 00 0O Ul oo

measures (Table 2) and a-tDCS parameters in both healthy and
patient groups (Table 5); and percentages of VAS changes immedi-
ately post-intervention compared to baseline (pre-test) and sham
values (Tables 6 and 7) (Chong and Cros, 2004). When the SD
was not reported, it was estimated using the formula SD = SE\/n
(n=number of subjects in each group) (Higgins and Green,
2011). When there was uncertainty regarding the information
and results and when data were not accessible from figures and
graphs, we contacted the corresponding author(s) and requested
the mean + SD of desired outcome measures. Where mean + SD
values were not provided for baseline/control and post-interven-
tion parameters as numerical data, they were pooled out from
the graphs with Plot Digitizer software (Joseph, 2011).

A Java-based Plot Digitizer program (Higgins and Green, 2011)
was used to digitize scanned plots of functional data. Data were en-
tered into the effect size calculator using REVMAN 5.1 software
(Cochrane Collaboration, 2008) (Bax et al., 2007). REVMAN calcu-
lates statistical significance of the difference between means, 95%
confidence intervals (Cls) for the mean difference and uses Hedges’
adjusted g, which is very similar to Cohen’s d but includes an
adjustment for small-sample bias (Deeks and Higgins, 2010). Ex-
tracted data were entered into the meta-analysis using the generic
inverse-variance method as suggested in the Cochrane Handbook
for Systematic Reviews of Interventions (Higgins and Green, 2011).
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We pooled results using RevMan 5 software (version 5.1). We
used a random effects model to conduct separate meta-analyses
for different forms of stimulation (a-tDCS and sham). Where more
than one data point was available for short-term outcomes, we
used the first post-stimulation measure. Two forest plots were
generated for each outcome measure. In the first one, the percent-
age changes in STh, PTh and PL after applying a-tDCS compared to
baseline values were assessed. In the second one, the percentage
changes in STh, PTh and PL after a-tDCS were compared to the per-
centage changes after effects of sham stimulation.

3. Results
3.1. Identification and selection of studies

The search strategy identified 283 studies, including 221 dupli-
cates. Screening by title and abstract identified 49 studies as poten-
tially eligible for the review. 31 studies which did not meet
inclusion criteria were excluded. Seven studies were identified
from hand-searching of the reference lists of included studies, of
which one were not retrievable in abstract or full manuscript form.
Two papers were excluded because no data could be provided
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Table 5
tDCS parameters in both healthy (A) and patient (B) groups.

B. Vaseghi et al./Clinical Neurophysiology 125 (2014) 1847-1858

Included studies Type of tDCS Size of electrode Intensity Current density Time of stimulation Electrode position
(cm?) (mA) (mA/cm?) (min)
A: Healthy group
Boggio et al. (2008) a-tDCS 35 2 0.057 C3, F3, 0z
Bachmann et al. a-tDCS c-tDCS 35 1 0.029 15 Cc3
(2010)
Grundmann et al. a-tDCS 35 1 0.029 15 c3
(2011) c-tDCS
Reidler et al. (2012) a-tDCS 35 2 0.057 20 c3
Antal et al. (2008) a-tDCS c-tDCS 35 1 0.029 15 2 cm posterior to ADM' hot spot
Csifcsak et al. (2009)  a-tDCS c-tDCS 35 1 0.029 10 c3
Ragert et al. (2008) a-tDCS 25 1 0.04 20 2 cm posterior to C3
Rogalewski et al. a-tDCS c-tDCS 35 1 0.029 7 C4
(2004)
Hansen et al. (2011) a-tDCS c-tDCS 16 1 0.063 20 Cz, 1 cm above the supraorbital
nerve
Boggio et al. (2009) a-tDCS 35 2 0.057 5 C3,F3, 0z
B: Patient group
Riberto et al. (2011) a-tDCS 35 2 0.057 20 c3
Valle et al. (2009) a-tDCS 35 2 0.057 20 C3,F3
Fregni et al. (2006a,b)  a-tDCS 35 2 0.057 20 C3 or C4
Roizenblatt et al. a-tDCS 35 2 0.057 20 c3
(2007)
Mendonca et al. a-tDCS c-tDCS 16, 80 2 0.125,0.0125 20 Cc3
(2011)
Mori et al. (2010) a-tDCS 35 2 0.057 20 C3 or C4
Antal et al. (2010) a-tDCS 16 1 0.063 20 Cc3
Fregni et al. (2006a,b) a-tDCS 35 2 0.057 20 C3 or C4
Fenton et al. (2009) a-tDCS 35 1 0.029 20 C3or C4
Soler et al. (2010) a-tDCS 35 2 0.057 20 C3 or C4
Boggio et al. (2009) a-tDCS 35 2 0.057 30 C3 or C4
Dasilva et al. (2012) a-tDCS 35 2 0.057 20 c
Antal et al. (2011) a-tDCS 35 2 0.057 20 c3

1 Abductor digiti minimi.

either from corresponding authors or graphs, bringing the final
number of studies to 22 (Fig. 2).

3.2. Risk of bias and quality assessment

No study was judged to have a low risk of bias across all criteria.
Fig. 1 summarises the risk of bias assessment results. All trials had
unclear or inadequate bias control in one or more of the domains
for the assessment of risk of bias. Based on the results, allocation
of blinding was the major potential source of bias in this meta-
analysis. As well, outcome assessment of sensation and pain was
not blinded in 50% of the studies, representing a high risk of bias.
However, PEDro scores ranged between 5 and 8 in patient studies
(with a mean score of 7.3/11) and between 7 and 8 in healthy vol-
unteer studies (with a mean method score of 7.4/11), which indi-
cate good quality controlled clinical trials. Similarly, the 27-item
D&B quality checklist provided a medium-quality mean method
score of 17/27 for studies involving healthy participants. Table 4
show the PEDro and D&B scores of the included studies.

3.3. Participants in included studies

In total across the included studies, 146 healthy individuals and
276 patients with chronic pain received a-tDCS and sham for VAS
measurement. All studies examined the effect of a-tDCS interven-
tion in one or more of the M1, S1 or DLPFC. In the patients with
chronic pain, the average VAS was more than 5.

There was no study in healthy group in which DLPFC was stim-
ulated to measure STh/PTh. Also, the effect of a-tDCS of S1 on PL
has not been investigated yet. As a result, we investigated the
effects of a-tDCS on two site of stimulation, S1 and M1, in healthy
group and two, M1 and DLPFC, in patient group.
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3.4. Pooled data analysis

For all studies, the standard error (SE) was calculated from the
95% confidence interval of the standardised mean difference and
entered into the meta-analysis using the generic inverse variance
method. Pre-post a-tDCS studies and active-sham studies were
evaluated to assess whether a-tDCS can change STh, PTh, and PL
and whether studies using a sham group as a control produced
results significantly different from those of pre-post studies. The
percentage changes before and after applying a-tDCS and sham
a-tDCS were calculated and pooled in meta-analysis.

3.4.1. Effects of a-tDCS on STh in healthy participants

Fig. 3A summarizes the pooled data (percentage of changes) ex-
tracted from seven studies on healthy individuals (Antal et al.,
2008; Ragert et al., 2008; Csifcsak et al., 2009; Grundmann et al.,
2011). As shown, the percentage STh changes were significant for
stimulation of M1 with a mean effect size of 19.25%, while a-tDCS
of S1 produced no significant mean STh change (P=0.09). The
overall analysis indicated that a-tDCS can change STh significantly
(P<0.001) with an effect size of 13.34%

Forest plot and meta-analysis results indicated an overall posi-
tive mean effect of a-tDCS on STh of 11.22 (Fig. 3B). The subgroup
results demonstrated while sham and active a-tDCS generate sig-
nificantly different STh changes in the M1 subgroup, with a mean
effect size of 16.54%, this is not the case in the S1 subgroup.

3.4.2. Effects of a-tDCS on PTh in healthy participants

Seven studies examined the effect of a-tDCS on PTh in healthy
individuals (Antal and Paulus, 2008; Csifcsak et al., 2009;
Grundmann et al., 2011; Reidler et al., 2012). The stimulation site
in two studies was the S1 (Antal et al., 2008; Grundmann et al.,
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Percentage STh (A) and PTh (B) changes in healthy participants after applying active a-tDCS and sham tDCS.

Papers Stimulus Stimulation

Percentage of changes after-before active a-tDCS

Percentage of changes after-before sham a-

area (mean * SE) tDCS (mean + SE)
A: STh changes
Boggio et al. (2008)  Electrical stimulation M1 35.6+7.11 2.65+2.89
Bachmann et al. Cold detection M1 12.33+6.01 12.33+6.01 10.0+8.0 27.66 £3.89 3.33+1.14.1+2.76 6.87£3.96 1.93 £0.96
(2010) Warm detection
Mechanical detection
Vibration
Antal et al. (2008)  Heat perception produced S1 -10.12 £ 2.51 14.0£10.76
by LASER
Ragert et al. (2012) Tactile perception S1 37.42 +6.36
Grundmann et al. Cold detection S1 22.33+6.45 15.33 £4.33 2.33 £2.0 5.66 + 4.61 2.66 £1.76 0.66 £ 1.03 2.0+ 1.83 1.98 £ 2.65
(2011) Warm detection
Mechanical detection
Vibration
Csifcsak et al. Heat perception produced M1 20.55+19.51 2.89+1.67
(2009) by LASER
Rogalewski et al. Tactile perception S1 7.08 +1.96 3.43+£2.96
(2004)
B: PTh changes
Boggio et al. (2008)  Electrical stimulation M1 17.2+2.57 136+1.2
Hansen et al. Electrical stimulation M1 28.37+2.26 2.67 +1.06
(2011)
Bachmann et al. Cold pain M1 8.66 £5.19 6.03 £4.13 4.03 +4.13 4.54+0.3 3.38+0.13.82+0.33
(2010) Heat pain
Mechanical pain
Reidler et al. Cold pain M1 56 +1.98 42.66 + 3.7 36.0 £7.33 27.87 +5.77
(2012) Mechanical pain
Grundmann et al. Cold pain S1 8.66 £ 3.65 6.33 £2.4 4.36 +3.08 04+0.2 0.5%0.29 0.27 £0.29
(2011) Heat pain
Mechanical pain
Csifcsak et al. Heat perception produced M1 12.97 £4.71 0.10+0.11
(2009) by LASER
Antal et al. (2008)  Heat perception produced S1 —-0.94+1.53 2.84+5.7
by LASER

2011) and in the five remaining studies tDCS was applied to the M1
(Fig. 4).

As shown in Fig. 4A, a pooled analysis of eight trials of a-tDCS on
the M1 in healthy subjects indicated a significant increase in PTh
with a mean effect size of 22.19%. Furthermore, a-tDCS of the S1
significantly increased PTh by a mean of 4.34. The overall effect
of a-tDCS on PTh was significant (P = 0.007) with the effect size
of 16.42% [95% CI: 4.48 to 28.37].

Meta-analysis showed that a-tDCS of both M1 (P =0.003, [95%
Cl: 22.19 (7.63, 36.76)]) and S1 (P=0.02, [95% CI: 4.34 (0.78,
7.90)]) increased PTh significantly. Although there was no signifi-
cant difference between sham and active a-tDCS of the S1, analysis
of all studies applying a-tDCS onto both the M1 and S1 indicated a
positive effect of a-tDCS on PTh (P =0.001, [95% CI: 9.45% (3.70,
15.20)]) (Fig. 4B).

3.4.3. The effect of a-tDCS on PL in patients with chronic pain

Adequate data were available from 13 studies (Fregni et al.,
2006a,b; Roizenblatt et al.,, 2007; Boggio et al., 2009; Fenton
et al., 2009; Valle et al., 2009; Antal and Paulus, 2011; Mendonca
et al., 2011; Riberto et al., 2011; Dasilva et al., 2012) that investi-
gated the effects of a-tDCS on both the M1 and DLPFC in patients
with chronic pain. As can be seen in Fig. 5, pooled analysis of
twelve trials on M1 and two studies on DLPFC showed significant
effects in both subgroups. The average score of PL decrease was
14.6% for a-tDCS of the M1 and 19.3 for a-tDCS of the DLPFC.

In studies that compared the effects of a-tDCS and sham stimu-
lation, pain reduced significantly after applying a-tDCS to the M1,
with a mean effect size of 9.59%, and after a-tDCS of the DLPFC,
with a mean effect size of 15.79% (Fig. 5B).
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4. Discussion

We aimed to determine the evidence for the effectiveness of a-
tDCS in increasing STh/PTh and reducing PL according to the site of
stimulation. We conducted meta-analyses of studies of STh and
PTh after a-tDCS in healthy volunteers and PL in patients with
chronic pain. Our results show that a-tDCS of M1 increased both
STh and PTh in healthy individuals. Furthermore, a-tDCS of both
M1 and DLPFC led to significant PL reduction. Similar results were
found following comparison of active a-tDCS and sham stimulation
(except in a-tDCS of the S1, in which no significant difference was
observed).

4.1. The effects of a-tDCS on STh in healthy individuals

We hypothesized that STh is modulated immediately after
application of a-tDCS over S1 and M1 in healthy individuals. This
hypothesis was supported by the results of our meta-analysis in
the M1 but not in the S1 subgroup. Of seven studies which
involved the S1, two reported a-tDCS of the S1 decreased STh
(Rogalewski et al., 2004; Antal and Paulus, 2008), and one study
concluded that a-tDCS of the S1 had no effect on STh in healthy
individuals (Wager et al., 2004). The other four studies found
significant increases in STh (Fig. 3). After a-tDCS of the M1, STh
increased significantly as compared to baseline condition and
sham stimulation, while after a-tDCS of the S1 a non-significant
increase in STh was observed. Surprisingly, we found no significant
difference in STh between sham stimulation and a-tDCS of S1.

Our findings support those of Enomoto and colleagues, who
suggested that rTMS of the S1/S2 does not alter STh (Enomoto
et al., 2001). In addition, some tDCS studies showed that a-tDCS
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Table 7

Percentage PL changes in patients with chronic pain after applying active a-tDCS and sham tDCS.

Percentages of changes after-before Percentages of changes after-before

active a-tDCS (mean * SD)

sham a-tDCS (mean + SD)

3.33+1.38

8.12+1.22
16.7+0.72
14.29 £2.53
20.31+2.76
23.06 +£3.15
25.83 £3.89 29.43 £ 3.96

14.74 £ 2.67
17.48 £3.58
18.95 +3.56
20.03 £4.23 32.84 £6.97

19.39 £3.03
23.71+2.52 25.81 +3.86

4.8 £0.91

2.69 £0.93
5.6 £0.54
8.23+1.94
10.23 £1.99
12.17 £ 2.06
14.34+2.79 14.57 +3.16

6.38 £0.95
8.94+2.05
6.95 £ 1.57
9.63£2.18 17.83 +5.97

3.94£0.92
13.52 £3.01 12.66 + 2.94

Papers Patients Stimulation area
Antal et al. (2010) Trigeminal neuralgia M1
Post stroke pain syndrome
Fibromyalgia
Antal et al. (2011) Refractory orofacial pain M1
Boggio et al. (2009) Chronic Neurogenic pain M1
Dasilva et al. (2012) Chronic Migraine M1
Fenton et al. (2009) Chrx+onic pelvic pain M1
Fregni et al. (2006a,b) Fibromyalgia M1
Fregni et al. (2006a,b) Spinal cord injury M1
DLPFC
Mendonca et al. (2011) Fibromyalgia M1
Mori et al. 2010 MS M1
Riberto et al. (2011) Fibromyalgia M1
Roizenblatt et al. (2007) Fibromyalgia M1
DLPFC
Soler et al. (2010) Spinal cord injury M1
Valle et al. (2009) Fibromyalgia M1
DLPFC

of the S1 might have no effect on sensation (Rogalewski et al.,
2004); therefore, any observed effects in STh after a-tDCS of the
S1 are probably due to some other mechanism (Dieckhofer et al.,
2006; Antal and Paulus, 2008; Ragert et al., 2008). Moreover, other
studies reported that rTMS of the somatosensory cortex increased
cold perception but not warmth perception (Summers et al., 2004;
Oliviero et al., 2005).Sensation of warmth is transmitted via unmy-
elinated C-fibers and sensation of non-painful cold by small mye-
linated A$ fibers (Fuller and Guiloff, 1989), so pooling data for
different sensations (cold, warm, vibration, mechanical, etc.) might
have altered our results, but the small number of studies made it
impossible for us to do so.

4.2. The effect of a-tDCS on PTh in healthy individuals

We hypothesised that PTh is modulated immediately after
application of a-tDCS over S1 and M1 in healthy individuals. After
a-tDCS of the M1 and S1, significantly increased PTh was observed
when compared with the baseline conditions, supporting our
hypothesis. Additionally, our comparison of the after-effects of ac-
tive a-tDCS and sham stimulation of the M1 demonstrated a signif-
icant difference in PTh.

These results seem consistent with some PET scan studies that
showed that any changes in the resting membrane potential of
nerve fibres caused regional cerebral blood flow increase in various
structures such as the thalamus, anterior insula, and upper brain-
stem (Peyron et al., 1995; Garcia-Larrea et al., 1999; Grundmann
et al.,, 2011). Considering the functional connections of motor cor-
tex and deep structures related to pain and sensory processing, a-
tDCS may act indirectly on these deep structures to increase PTh
(Peyron et al., 1995; Grundmann et al., 2011). The mechanisms be-
hind the efficacy of a-tDCS for PTh remain unclear. Based on the
fact that a-tDCS increases corticospinal excitability, it is possible
that excitation of neurons under the active electrode may led to
the PTh increase. Other hypothesised mechanisms include long-
term potentiation theory (Gamboa et al., 2010) and gating theory
(Ziemann and Siebner, 2008), both of which highlight the multiple
structures of the central nervous system involved in pain process-
ing (Luedtke et al., 2012; Mylius et al., 2012). Stimulation of M1 is
thought to modulate the sensory-discriminative aspects of pain
(Porro, 2003). Resting membrane potential of axons might be mod-
ulated by a-tDCS, thus tDCS can be explained as mediated primar-
ily by action on M1, but possibly also by action on S1 (Bornhovd
et al., 2002; Antal et al., 2008; Mylius et al., 2012). Relevant to this

is the finding that rTMS applied at high frequency over M1
improves sensory discrimination as well as providing some pain
relief (Passard et al., 2007; Lefaucheur et al., 2012). Also, a-tDCS
may impact on intracortical motor circuitry, as suggested by
rTMS-induced changes in cortical excitability parameters.

4.3. The effect of a-tDCS on PL in patient group

We hypothesized that PL is modulated immediately after appli-
cation of a-tDCS over S1 and M1in patients with chronic pain. Our
results support this hypothesis, and the results of two systematic
reviews (O’Connell et al., 2011; Luedtke et al., 2012) concluded that
a-tDCS is an effective method for reducing pain. Our analysis of the
effect of a-tDCS site on PL in patients with chronic pain found that
stimulation of both M1 and DLPFC reduces pain in patients with
chronic pain. The other interesting finding is, that compared to
stimulation of M1, the effect size after applying a-tDCS on DLPFC
is bigger. Significant differences in the PL of patients after applying
a-tDCS and sham stimulation indicate the efficacy of a-tDCS in pain
reduction.

The high level of risk of bias and heterogeneity in the studies we
included suggests that more studies with larger sample sizes are
required to draw firm conclusions about the effects of a-tDCS,
especially of the DLPFC.

In the current study we included different diseases and pathol-
ogies (fibromyalgia, spinal cord syndrome, multiple sclerosis, and
migraine) in the review and the meta-analysis, which led to sub-
stantial heterogeneity. There might be merit in analysing according
to condition if sufficient data exist, but there is not an obvious bio-
logical reason to predict differential responses.

Although the exact mechanism behind the efficacy of a-tDCS is
not clear yet, most of the included studies concluded that the prob-
able mechanism was the changes of resting membrane potential in
neurons directly under the active electrode and indirectly in other
parts of the pain neuromatrix (like periaqueductal grey, insula, and
thalamus) through functional interconnections (Lang et al., 2005).
In addition, it has been proposed that tDCS of the M1 can activate
descending inhibitory M1-thalamic projections that modulate
chronic pain (Fregni et al., 2007). Several rTMS and tDCS studies
have shown that stimulation of the DLPFC is associated with

7oimprovement of depression (Nitsche et al., 2009, 2012), and thus

might have mechanisms of action similar to antidepressants,
which are also capable of inducing analgesic effects.
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4.4. Quality of evidence

Some of the included studies did not clearly report assessor
blinding. This could explain the reduced heterogeneity of meta-
analyses and the pooled effect size. A recent epidemiological study
provided empirical evidence that incomplete blinding in controlled
trials that measure subjective outcomes exaggerates the observed
effect size by 25% (Wood et al., 2008). This may be the case here,
because 2 mA was used in 11 of the 13 included studies of patients
with chronic pain and in three of 10 studies of healthy individuals
(Table 5). Recently, O’Connell et al. (2012) reported that proper
blinding is not possible in a study that uses a current intensity of
2 mA. Though this conclusion was challenged by Russo et al.
(2013) and Palm et al. (2013), the implication is that the overall

Pooled papers from the search of
electronic databases (n=283)

| —

Pooled papers after exclusion of the
duplicates (n=221)

Duplicates excluded (n=62)

«| Titles or abstracts not relevant
to the research purpose (n=172)

3\

Potentially relevant papers for
evaluation of full text (n=49)

Studies which did not met the
inclusion criteria (n=31)

~
ra

3\

Appropriate papers met inclusion
criteria (n= 18)

V( : Hand searched (n=6) |

Total studies considered for data
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Fig. 2. QUORUM flowchart of studies included in the review.
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quality of the evidence for the effects of a-tDCS on STh/PTh assess-
ment in healthy individuals and PL assessment in patients with
chronic pain should be considered cautiously. Results should be
replicated using a current intensity for which blinding is univer-
sally accepted as possible.

4.5. Limitations

According to the Cochrane Handbook for Systematic Reviews of
Interventions, “potential advantages of meta-analysis include an in-
crease in power, an improvement in precision, the ability to answer
question not posted by individual studies, and the opportunity to
settle controversies arising from conflicting claims”. That is, estab-
lishing clear protocols and inclusion and exclusion criteria can
minimise the bias that the reviewer brings to the study. However,
we cannot limit the bias that is within the literature itself. There is
no doubt that negative findings are less likely to be published and
most available studies are fundamentally flawed insofar as they do
not include a control group or they do not verify participant blind-
ing (O’Connell et al., 2012).

Other limitations of our study exist. The literature was limited
to English-language articles, and most studies used small samples
that inflated effect sizes and therefore might affect pooled results.
Finally, studies of the effects of tDCS on STh and PTh used different
types of sensation modalities and methods. As a result, because of
small number of studies investigated the effects of a-tDCS on STh
and PTh, we were not able to study the effect of a-tDCS on each
stimulation method separately.

It is worth noting that the present study limited to immediate
after-effects of a-tDCS not long-lasting effects. Due to limited num-
ber of included studies and mismatched measurement time-points,
it was impossible to evaluate long-lasting after-effects of a-tDCS
based on the site of stimulation.

4.6. Areas for future research

The results of our review indicate that a-tDCS of the M1 in-
creases PTh in healthy individuals, and that a-tDCS of both the
M1 and the DLPFC reduces PL of patients with chronic pain. An
obvious future direction is to perform similar studies by testing
the effects of cathodal tDCS (c-tDCS). The studies conducted in
healthy subjects and patients with chronic pain thus far have been
limited to a single a-tDCS session of approximately 20 min. It is
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Fig. 3. Forest plot of comparison; (A) after-effects of a-tDCS compared to baseline value, (B) after-effects of a-tDCS compared to sham stimulation. Outcome: percentages of

self-reported STh changes, subgroup analysis: M1 and S1.
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Fig. 4. Forest plot of comparison; (A) after-effects of a-tDCS compared to baseline value, (B) after-effects of a-tDCS compared to sham stimulation. Outcome: percentages of

self-reported PTh changes, subgroup analysis: M1 and S1.
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Fig. 5. Forest plot of comparison; (A) after-effects of a-tDCS compared to baseline value, (B) after-effects of a-tDCS compared to sham stimulation. Outcome: percentages of

self-reported PL changes, subgroup analysis: M1 and DLPFC.

possible that longer application time or multiple applications could
significantly increase pain thresholds or reduce pain levels
(Nitsche et al., 2005; Furubayashi et al., 2008). Moreover, no study
to date has optimized parameters regarding the analgesic effects of
a-tDCS on both healthy and pain patient groups. Based on the fact
that c-tDCS can suppress M1 excitability for up to 60 min after
stimulation (Nitsche and Paulus, 2000; Rainville, 2002; Zaehle
et al., 2011; Di Lazzaro et al., 2012), research focusing on the anal-
gesic effects of c-tDCS could develop a more efficient method for
pain treatment. Finally, since there are complicated relationships
between different parts of the brain related to pain processing,
subsequent research could aim to find the best stimulation sites
and develop an efficient tDCS protocol to reduce pain.

Regarding the importance of therapeutic effects of tDCS in pain
treatment, further investigation is required to evaluate the long-
term effects of a-tDCS on STh/PTh in healthy individuals and PL
in patients with chronic pain.
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Preamble to Chapter 3

Chapter 3 provides a systematic review and meta-analysis to verify whether previous tDCS

studies support the view that c-tDCS modifies STh/PTh in healthy individuals and PL in

patients with chronic pain.
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Chapter 3: A meta-analysis of site-specific effects of cathodal
transcranial direct current stimulation on sensory perception and
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The format of this chapter is consistent with the Journal of PlosOne.
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A Meta-Analysis of Site-Specific Effects of
Cathodal Transcranial Direct Current
Stimulation on Sensory Perception and Pain

Bita Vaseghi'*, Maryam Zoghi?, Shapour Jaberzadeh'

1 Department of Physiotherapy, School of Primary Health Care, Faculty of Medicine, Nursing and Health
Sciences, Monash University, Melbourne, Australia, 2 Department of Medicine, Royal Melbourne Hospital,
The University of Melbourne, Melbourne, Australia

Abstract

The primary aim of our meta-analysis was to evaluate the effects of cathodal transcranial di-
rect current stimulation (c-tDCS) on sensory and pain thresholds (STh and PTh) in healthy
individuals and pain level (PL) in patients with chronic pain. Electronic databases were
searched for c-tDCS studies. Methodological quality was evaluated using the PEDro and
Downs and Black (D&B) assessment tools. C-tDCS of the primary motor cortex (S1) in-
creases both STh (P<0.001, effect size of 26.84%) and PTh (P<0.001, effect size of
11.62%). In addition, c-tDCS over M1 led to STh increase (P<0.005, effect size of 30.44%).
Likewise, PL decreased significantly in the patient group following application of c-tDCS.
The small number of studies precluded subgroup analysis. Nevertheless, meta-analysis
showed that in all groups (except c-tDCS of S1) active c-tDCS and sham stimulation pro-
duced significant differences in STh/PTh in healthy and PL in patient group. This review pro-
vides evidence for the site-specific effectiveness of c-tDCS in increasing STh/PTh in
healthy individuals and decreasing PL in patients with chronic pain. However, due to small
sample sizes in the included studies, our results should be interpreted with caution. Given
that the level of blinding was not considered in the inclusion criteria, the results of the current
study should be interpreted with caution.

Introduction

Cathodal transcranial direct current stimulation (c-tDCS) is one of the non-invasive brain
stimulation techniques which depends on the parameters of the applied current, may induce
decreased or increased corticospinal excitability [1, 2]. The inhibitory effect of c-tDCS has been
recently utilized for treatment of different clinical conditions including pain management [3-
5]. To understand how c-tDCS modulates pain, it should be noted that a large distributed net-
work of brain sites are activated during pain processing [6] which collectively is called pain
neuromatrix [7, 8]. Some parts of the pain neuromatrix are superficial, including the primary
sensory cortex (S1), primary motor cortex (M1), and dorsolateral prefrontal cortex (DLPFC).
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Other areas of the pain neuromatrix such as the thalamus, insula, and anterior cingulate cortex,
and pre-acuectal grey matter are deeper structures [9, 10].

Since S1, M1, and DLPFC make contributions to pain processing [11, 12], the site of stimu-
lation should have a differential effect on pain relief. Some imaging studies have indicated that
S1 is responsible for sensory discriminative component of pain, including stimulus localization,
intensity and discrimination of pain quality [7, 10, 13-15]. Furthermore, functional connectivi-
ties between M1, ventro-lateral, and anterior thalamic nuclei affect medial thalamus, anterior
cingulate cortex, and upper brainstem functions [16-18]. These connectivities are the means
by which the central nervous system regulates the musculoskeletal system during painful con-
ditions. Regardless of pain location, DLPFC affects cognition, attention, anticipation, and emo-
tion aspects of pain during the pain processing [8, 15, 19-22]. There is also evidence that
prefrontal cortex and the anterior cingulate cortex are activated during pain expectation [23]
and pain-induced anxiety [24].

Pain can be operationalized into key variables including sensory threshold (STh) and pain
threshold (PTh) in healthy individuals [15, 25, 26] and pain level (PL) in patients with chronic
pain [27, 28]. Recent investigations have demonstrated that c-tDCS of superficial areas of pain
neuromatrix induces excitability decrease [1] which results in STh/PTh increase [29, 30] and
PL decrease [27]. In contrast, others report no effect on these behavioral variables [31]. These
results raise a very important question: what is the evidence for the effectiveness of c-tDCS in
modulating pain according to the site of stimulation? To date, no meta-analysis has drawn to-
gether the abundant evidence from the existing literature on the effects of c-tDCS over superfi-
cial areas of pain neuromatrix on STh/PTh and PL to reach a firm conclusion about the
efficacy of ¢-tDCS in pain management. In the current study, we aimed to investigate the site-
specific effects of c-tDCS on STh/PTh in healthy individuals and PL in patients with chronic
pain.

Methodology
Inclusion criteria

English-language articles describing all types of study designs, including parallel or cross over
studies, were included in the current study regardless of blinding. Studies that utilized c-tDCS
on the S1, M1, or DLPFC in healthy individuals or patients experiencing chronic pain were re-
cruited if the participants were over 18 years of age and either healthy or had experienced
chronic pain for more than three months [6, 32], the outcome measures of interest were the vi-
sual analogue scale (VAS) in the patient group or STh/PTh in the healthy group, and sham
tDCS or active control was applied (Table 1).

Given the fact that M1, S1, and DLPEC are the only superficial areas of pain neuromatrix
which are accessible for stimulation by tDCS, we included studies investigated the effects of c-
tDCS on these areas in both healthy subjects (Table 2) and patient groups with chronic pain re-
gardless of their pathology (Table 3). All modalities that evoked a sensory or painful sensation
were included (i.e., laser, heat, cold and mechanical stimuli). Chronic pain was specified as a re-
fractory pain which is resistant to medical intervention or drug management for more than
three months [6, 32]. We included studies that placed electrodes over M1, S1 or DLPFC
regions.

Exclusion Criteria

Studies were excluded if they did not involve brain stimulation, the duration of symptoms for
patient groups was not clear, the study used deep brain stimulation, transcranial magnetic
stimulation, repetitive transcranial magnetic stimulation, or electrical stimulation with pulse
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Table 1. Inclusion and exclusion criteria for identified studies.

Inclusion

Participants - Studies in which individuals were over 18 years of age

- Either healthy or suffering from chronic pain (no limits were applied to

the type (musculoskeletal, neural, or central pain syndrome),
anatomical location

Intervention - Studies that involve c-tDCS and Sham as intervention of interest
Comparison - Studies in which the comparison of interest is “no treatment’/sham
treatment
- Before and after c-tDCS
Outcomes - Studies in which the outcome measure of interest were Numeric

Analogue Scale (NAS) measured by Quantitative Sensory Testing
(QST) method and LEP amplitude in healthy individuals and VAS in
patients with chronic pain

Trial design - Randomized control trial, controlled clinical trials, and pre-post trials

Data reported - Data that enable analysis and estimation of the effects of c-tDCS and
Sham on STh, PTh, and PL must be reported

Type of - Published in a peer-reviewed journal, regardless of the year of

publications publication

- As the services for translation do not exist, only English publications

will be considered

doi:10.1371/journal.pone.0123873.1001

Table 2. Study characteristics and outcome measure in healthy individuals.

Included Studies

Antal et al. 2008

Bachmann et al.
2010

Boggio et al. 2008
Csfcsak et al. 2009

Grundmann et al.
2010

Hansen et al. 2010

Rogalewski et al.
2004

Terney et al. 2008

1. Primary visual cortex
2. Primary motor cortex

Trial design

Pre-Post test

Single blinded, Crossover
trail

Double blinded, sham
controlled

Pre-Post test
Pre-Post test
Pre-Post test
Single blinded, Sham

controlled

Single blinded crossover
trial

3. Dorsolateral prefrontal cortex
4. Pain Related Evoked Potential

5. Blink Reflex

6. Somatosensory cortex

doi:10.1371/journal.pone.0123873.1002

No.
Participants

10

20
10
12
19
13

15

Exclusion

- Studies involving individuals suffering from other type of
diseases (i.e., depression or other type of mental disorders,

cancerous pain

- Studies on patients with primary symptoms other than pain

(i.e., depression or schizophrenia)

- Other control group

- Other type of evaluation of sensory perception, pain
threshold, and PL (Measured by rTMS, fMRI, PET, and

Paired TMS)

- Review articles
- Selective review

Non English articles

Stimulation Outcome Intervention

method measure

LASER NAS, LEP a-tDCS, c-
tDCS

QST NAS a-tDCS, c-
tDCS

ES NAS a-tDCS

LASER NAS, LEP a-tDCS, c-
tDCS

QST NAS a-tDCS, c-
tDCS

ES NAS, PREP?, a-tDCS, c-

BR® tDCS

Tactile perception NAS a-tDCS, c-
tDCS

LASER NAS, LEP a-tDCS, c-
tDCS

Stimulated area

S1
M1
Vil M12
DLPFC®
M1
516
M1

S

M1
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Table 3. Study characteristics and outcome measure in patients with chronic pain.

Included Studies Trial design No. Patients Stimulation Intervention Outcome
Participants area measure
Antal et al. 2011 a Double blinded sham control 26 Chronic Vi4 c-tDCS VAS
Migraine
Mendonca et al. Double blinded randomised 30 Fibromyalgia M1 a-tDCS, c- VNS'
2011 control tDCS

1. Visual Numeric Scale

doi:10.1371/journal.pone.0123873.t003

currents (Table 1). In addition, studies that used a-tDCS or indirect forms of stimulation (calo-
ric vestibular stimulation or occipital nerve stimulation) were excluded.

Outcome measures

The outcome measures for STh and PTh were percentage changes in stimulus intensities at
which participants reported the onset of sensation (STh) or onset of pain (PTh). For PL in the
patient group, we pooled studies that used VAS (Tables 2 and 3).

Because the included trials involved post-intervention assessments at varying time points,
they were partitioned into short-term and long-term outcomes. “Short-term” was arbitrarily
defined as less than one hour after intervention. If a trial had multiple assessments during that
period, the assessment performed closest to the intervention was used. “Long-term” was de-
fined as greater than one hour after intervention; long-term outcomes were not included in the
current meta-analyses.

Methods for identifying studies

To locate eligible articles, a broad search was performed on all English literatures through rele-
vant databases including PubMed, Physiotherapy Evidence Databases (PEDro), CINAHL,
Cochrane Central Register of Controlled Trials, Scopus, PROQuest, SPorTDiscuss, Australian
Medical Index, Ovid Medline, EBM Review, Cochrane, Meditex and PsycINFO from their in-
ception to December 2014. All reference lists of retrieved papers were searched to identify addi-
tional relevant articles missed in the initial search strategy. The key words were “transcranial
direct current stimulation”, “tDCS”, “sensory perception”, “pain”, “pain perception”, “pain tol-
erance”, “sensory threshold”, “pain threshold”, “sensory stimulation” and “pain trigger”.

Random sequence generation (selection hias) _:]

Allocation concealment (selection hias) _ |

Blinding of participants and personnel (performance hias) —:]
Blinding of outcome assessment (detection bias) _I:]
Incomplete outcome data (attrition bias) _ I

Selective reporting (reporting hias) _:I

Other hias I |

0% 25% 50% 78%  100%

[ Low risk of bias [CJunclearrisk of bias Bl Hioh risk of bias ‘

Fig 1. Risk of bias graph: Review authors’ judgments about each risk of bias item presented as
percentages across all 10 included studies.

doi:10.1371/journal.pone.0123873.g001
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Selection of the included studies

Considering the inclusion criteria, both randomized and non-randomized trials were selected.
Two independent raters (BV and SJ) reviewed the title and abstract of all selected papers. If the
information in the title and abstract was insufficient to make a decision, the reviewers assessed
the full paper to include or exclude the study. All included studies were then double-checked
by a full-text appraisal. If the reviewers disagreed, resolution was attempted by discussion. If
resolution was not achieved, the third reviewer (MZ) was consulted.

Risk of bias assessment

The risk of bias and methodological quality of included studies were evaluated by the assessed
method defined in Chapter 8 of the Cochrane Handbook for Systematic Reviews of Interventions
Version 5.1.2 [33]. Fig 1 is a methodological quality graph for all included studies.

PEDro scale was used for further quality assessment [34, 35] in which there are 10 criteria
for internal validity; studies are awarded a point for each criterion met. The PEDro cut-points
are 9-10, excellent; 6-8, good; 4-5, fair and below 4, poor [36]. For non-randomized controlled
trials, Down and Black tool (D&B) was used [37] (Table 4).

Outcome measures

Our primary outcome measures were the STh and PTh of healthy individuals and PL in pa-
tients who suffered from chronic pain. STh is usually measured by quantitative sensory testing
using mechanical, vibration or thermal methods [38]. The STh is defined as the level of stimu-
lus intensity at which sensation was detected for the first time. PTh is defined as the level of
stimulus intensity at which pain is detected. PL in patients with chronic pain was defined as the
average pain that they experience during a day, usually measured by the VAS [39].

Subgroup analysis and intervention of heterogeneity

The heterogeneity of included studies was evaluated by Chi test and I” statistic. There are two
subgroups in each meta-analysis assessing the effects of c-tDCS on STh and PTh in healthy in-
dividuals: (i) c-tDCS of S1, and (ii) c-tDCS of M1. Due to the limited included studies in patient
group, the overall effect of c-tDCS on PL with no subgroup analysis was assessed in the patient

group.

Table 4. Quality assessment of included studies.

Healthy group

Patient group

doi:10.1371/journal.pone.0123873.1004

Included studies PEDro (1999) D & B (Downs and Black, 1998)
Bachmann et al. 2010 7 -
Rogalewwski et al. 2004 7 -
Terney et al. 2008 16
Csfcsak et al. 2009 17
Grundmann et al. 2010 16
Henssen et al. 2010 17
Antal et al. 2008 18
Boggio et al. 2008 18
Mendonca et al. 2011 7 -
Antal et al. 2011 8 -
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Data extraction

The following data were extracted from the included studies: study design, characteristics of
subjects, outcome measures; stimulated areas in healthy (Table 2) and patient group (Table 3).
C-tDCS parameters, the position and size of active electrodes are also summarized in Table 5.
We asked the corresponding author(s) to send us the mean + SD of desired outcome measures.
Where the requested data were not provided, mean + SD values were extracted from tables or
pooled from graphs using Plot Digitizer software [40]. In studies that did not report standard
deviation (SD), we used the formula SD = SE+/n (n = number of subjects in each group) [33].
Plot Digitizer, a java program, was used to digitize data point off of scanned plots [33] was
used to digitize scanned plots of functional data. Statistical significance of the difference be-
tween extracted data was calculated with 95% of confidence intervals (CIs) by RevMan soft-
ware, version 5.1 (Cochrane Collaboration, 2008) [41]. RevMan is adjusted to calculate small
sample bias [33]. Extracted data were entered into the meta-analysis using the generic inverse
variance method as suggested in the Cochrane Handbook for Systematic Reviews of Interven-
tions [33].We used a random effects model to conduct separate meta-analyses for different
forms of stimulation (c-tDCS and sham). Where more than one data point was available for
short term outcomes, we used the first post stimulation measure. Two forest plots were gener-
ated for each outcome measure. In the first one, the percentage changes in STh, PTh and PL
after applying c-tDCS compared to baseline values were assessed. In the second one, the per-
centage changes in STh, PTh and PL after c-tDCS were compared to the percentage changes
after effects of sham stimulation (Table 5). Based on the Cochrane Handbook for Systematic Re-
views of Interventions: “Standard mean difference (SDM) is used to measure effect size when
the trials all assess same outcomes, but measured in a variety of ways. As a result, the effect
measure for STh/ PTh in healthy and PL in patient groups was assessed by SMD by which we
had this opportunity to clarify the degree of improvement or no improvement in our outcome

Table 5. c-tDCS parameters in healthy individuals.

Included studies

A: Healthy group
Antal et al. 2008
Bachmann et al. 2010
Boggio et al. 2008
Csfcsak et al. 2009
Grundmann et al. 2010
Hansen et al. 2010
Rogalewski et al. 2004
Terney et al. 2008

B: Patient group

Antal et al. 2011 a
Mendonca et al. 2011

1. Abductor digiti minimi

Electrode size (cm?) Intensity (mA) Current density (mA/cm?) Time (min) Electrode Position

35
35
35
35
35
16
35
35

16
16, 80

doi:10.1371/journal.pone.0123873.1005

1 0.029 15 2cm posterior to ADM' hot spot

1 0.029 15 C3

2 0.057 5 C3, F3, Oz

1 0.029 10 C3

1 0.029 15 C3

1 0.063 20 Cz, 1 cm above the supraorbital nerve
1 0.029 7 C4

1 0.029 15 ADM" hot spot

1 0.063 20 C3

2 0.125, 0.0125 20 C3
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measures after the intervention. The SMD calculation in RevMan software is given by:

Difference in mean outcome between groups

SMD =
Standard deviation of outcome among participants

Results
Identification and selection of studies

The search strategy identified 131 studies, including 62 duplicates. Screening by title and ab-
stract, 17 studies, including 12 studies in healthy and 5 in patient group, were eligible to review
in which three studies in the healthy and one study in the patient group were identified from
manual searching the reference lists of included studies. Five studies, which did not meet inclu-
sion criteria, were excluded. As requested data were not provided from corresponding authors
and graphs or tables of two papers, they were excluded. Therefore, the final number of study is
10 (8 in healthy and 2 in patient group) (Fig 2).

Risk of bias and quality assessment

No study was judged to have a low risk of bias across all criteria. Fig 1 summarizes the risk of
bias assessment results. All trials had unclear or inadequate bias control in one or more of the
domains for the assessment of risk of bias. Lack of blinding of participants and personnel was
the major potential source of bias in the current meta-analysis. Also, allocation concealment
and completeness of outcome data were unclear in more than 50% of studies, representing a
moderate risk of bias. However, the PEDro score was 7 in the healthy group (mean score of 7/

Records identified

through data base

searching (n=127)

Additional records
identified through
hand search (n=4)

{ {

Records after duplicates removed (n= 69)

Records screened f Records excluded
(title and abstract) according to excluded
(n=69) criteria (n=52) )
K (
Full-text articles Full-text articles
assessed for > excluded for any
eligibility (n=17) reasonfnsinl
Trials included in Excluded due to
qualitative synthesis having no data (n=2)
(n=12) )
Trials included in
meta-analysis
(n=10)

Fig 2. Flowchart study selection.

doi:10.1371/journal.pone.0123873.g002
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A

Std. Mean Difference

Study or Subgroup IV, Random, 95% CI

11) and ranged between 7 and 8 in the patient group (mean score of 7.5/11), which is in the
range of good quality controlled trials. Mean score of 12/27 in D&B quality checklist indicates
that the mean quality checklist is medium in the healthy group. Table 3 shows the PEDro and
D&B scores of the studies.

Participants in included studies

In total across the included studies, 107 healthy individuals and 56 patients with chronic pain
received c-tDCS and sham for VAS measurement. All studies assessed the effect of c-tDCS in
one or more of the M1, S1, or DLPFC. In patients with chronic pain, the average VAS score
was more than 5.

No study in the healthy group involved stimulating the DLPFC to measure STh/PTh. Fur-
thermore, no study could be identified on the effects of S1 c-tDCS on PL. Due to the patient
group containing only two studies, it was impossible to evaluate the site-specific effects of c-
tDCS in this group.

Pooled data analysis

For all studies the standard error (SE) was calculated from the 95% confidence interval of the
standardized mean difference and entered into the meta-analysis using the generic inverse vari-
ance method. Pre-post c-tDCS studies and active/sham studies were evaluated to assess wheth-
er c-tDCS can change STh, PTh, and PL, and whether studies using a sham group as a control
produced results significantly different from those of pre-post studies. The percentage changes
before and after applying c-tDCS and sham were calculated and pooled in meta-analysis.

Effects of c-tDCS on STh in healthy participants

Fig 3A summarizes the pooled data (percentages of changes) extracted from six studies on
healthy individuals [29-31, 42-44]. The pooled analysis of three studies (n = 81) in S1

B
Std. Mean Difference
IV, Random, 95% CI

Std. Mean Difference
IV, Random, 95% CI

Std. Mean Difference

1V, Rand 95% ClI Study or Subgroup

1.6.1 c-tDCS on $1

Antal 2008 -47.00 [-63.91, -30.09]
Grundmann 2011(Cold) -41.00 [-68.44, -13.56]
Grundmann 2011(Heat) -25.33 [-48.85, -1.81)
Grundmann 2011(Mechanical) -20.66 [-46.14, 4.82)
Grundmann 2011(vibration) -4.66 [-35.35, 26.03)
Roalewski 2004 -15.39 [-32.36, 1.58]
Subtotal (95% Cl) -26.84 [-40.15, -13.54]

Heterogeneity: Tau? = 139.36; Chi* = 10.42, df = 5 (P = 0.06); I* = 52%

Test for overall effect: Z = 3.95 (P < 0.0001)

1.6.2 ¢c-tDCS on M1
Bachmann 2010 (Cold)
Bachmann 2010(Heat)
Bachmann 2010(Vibration)
Bachmann2010 (Mechanical)
Csifcsak 2008

Terney 2008

Subtotal (95% Cl)

-63.33 -97.30, -29.36)
-28.00 [-54.77, -1.23)
5.33 [-21.44, 32.10]
-47.01 -73.78, -20.24)
-3.09 [-53.48, 47.30]

-38.16 [-58.33, -17.99]
-30.44 [-49.88, -11.01]

Heterogeneity: Tau? = 357.62; Chi* = 13.64, df =5 (P = 0.02); I* = 63%

Test for overall effect: Z = 3.07 (P = 0.002)

Total (95% Cl) -28.46 [-39.25, -17.67]

Heterogeneity: Tau? = 187.70; Chi* = 24.26, df = 11 (P = 0.01); I* = 55%

Test for overall effect: Z = 5.17 (P < 0.00001)

Test for subaroup differences: Chi* = 0.09. df = 1 (P = 0.76). I* = 0%

1.4.1 ctDCS on S1

Antal 2008 -7.49 [-10.22, -4.76)
Grundmann 2011(Cold) -3.32[-4.62, -2.01] _
Grundmann 2011(Heat) -2.41[-3.50, -1.32] -

r Grundmann 2011(Mechanical) -1.82[-2.79, -0.84]

— Grundmann 2011(vibration) -0.79 [-1.63, 0.04]

Roalewski 2004 -1.28 [-1.92, -0.64]

Subtotal (95% Cl) -2.37 [-3.44, -1.30] L 2
Heterogeneity: Tau? = 1.38; Chi* = 30.98, df = 5 (P < 0.00001); I* = 84%

Test for overall effect: Z = 4.35 (P < 0.0001)

1.4.2 c-tDCS on M1

Bachmann 2010 (Cold) -2.35[-3.70, -0.99] e
Bachmann 2010(Heat) -3.51[-5.22, -1.80) -
— Bachmann 2010(Vibration) -0.10 [-1.08, 0.89] 1T
Bachmann2010 (Mechanical) -5.61[-8.06, -3.17] I
— Csifcsak 2008 -0.32 [-1.00, 0.36] T
Terney 2008 -3.41[-4.74, -2.09] -
Subtotal (95% Cl) -2.34 [-3.83, -0.84] <

Heterogeneity: Tau? = 2.93; Chi* = 44.23, df = 5 (P < 0.00001); I* = 89%
Test for overall effect: Z = 3.07 (P = 0.002)

. ”M‘ IILER

Total (95% Cl) -2.34 [-3.18, -1.49] L 2
Heterogeneity: Tau? = 1.75; Chi* = 77.34, df = 11 (P < 0.00001); I* = 86% + + +
Test for overall effect: Z = 5.43 (P < 0.00001) R o 10Cs  Favour: Sham
Test for subaroup differences: Chi* = 0.00. df = 1 (P = 0.97). I* = 0%

100 50 0 50 100
After c-tDCS Before c-tDCS

Fig 3. Forest plots of sensory threshold changes in healthy individuals. mparison of percentages of sensory threshold changes before and after c-tDCS
(A), and comparison of after effects of sensory threshold changes between active and sham c-tDCS (B). Subgroup analysis: studies of M1 and S1
stimulation. ®m = the effect size for one trial; horizontal line = 95% of confidence interval; ¢ = pooled effect size for all trials. Cl: confidence interval, IV:

inverse variance.

doi:10.1371/journal.pone.0123873.9003
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Std. Mean Difference
Study or Subgroup 1V, Rand 95% Cl
1.7.1 ctDCS on $1
Antal 2008 -12.90 [-17.68, -8.12]
Bachmann 2010 (Cold) 0.00 [-21.76, 21.76)

Bachmann 2010(Heat) 1.60 [-20.61, 23.81)
Bachmann2010 (Mechanical -9.33 [-31.09, 12.43)
Subtotal (95% Cl) -11.62 [-16.09, -7.14]

Heterogeneity: Tau? = 0.00; Chi? = 2,78, df = 3 (P = 0.43); I’ = 0%

Test for overall effect: Z = 5.09 (P < 0.00001)

1.7.2 ctDCS on M1
Bachmann 2010 (Cold) -3.33[-21.62, 14.96]
Bachmann 2010(Heat) -0.90-14.82, 13.02)
Bachmann2010 (Mechanical) ~ -0-90 [-22.85, 21.05]
Csifcsak 2008 6.15[-1.20, 13.50)
Hansen 2010 -41.07 [-61.43, -20.71)
Terney 2008 -18.03 [-35.90, -0.16)
Subtotal (95% Cl) -8.44 [-21.54, 4.65)

Heterogeneity: Tau? = 195.17; Chi® = 21.99, df = 5 (P = 0.0005); I* = 77%

Test for overall effect: Z = 1.26 (P = 0.21)

Total (95% Cl) -7.35[-15.67, 0.97]

Heterogeneity: Tau? = 107.72; Chi® = 32.46, df = 9 (P = 0.0002); I* = 72%

Test for overall effect: Z = 1.73 (P = 0.08)

subgroup and three studies (n = 61) in M1 subgroup showed that c-tDCS of both S1 and M1
increased STh significantly. The heterogeneity of S1 stimulation was (I” = 84%) and the per-
centages of STh increase was 26.84% (P< 0.0001, 95% CI, (from 40.15% to 13.54%)). The het-
erogeneity for M1 stimulation was (I* = 69%), and the results suggest a significant benefit of c-
tDCS on M1 ((28.25%, (95% CI 53.49%, 3.01%), P = 0.02)).

Overall, our meta-analysis of pooled data from all included studies indicates significant STh
increase (P<0.00001) in healthy individuals with a main effect size of 27.30% (95% CI, (from
39.19 to 15.42%) (Fig 3A).

Fig 3B shows the result of comparison of sham and active c-tDCS. The results of meta-anal-
ysis of pooled studies demonstrated that there are significant STh changes in both S1 (pooled
SMD: -2.37, (95% CI, (from -3.44 to -1.30)), P < 0.0001) and M1 (pooled SMD: -2.34, (95%
CI, (from -3.34 to -1.49)), P = 0.002) subgroups. Forest plot and meta-analysis results also indi-
cated a significant difference between sham and active c-tDCS (P<0.00001).

Effects of c-tDCS on PTh in healthy participants

Six studies assessed the effect of c-tDCS on PTh in healthy individuals [29, 31, 44-46]. Two
studies (n = 46) stimulated S1 and four (n = 72) focused on M1 stimulation. The subgroup re-
sults demonstrated c-tDCS generated a significant PTh increase in the S1 subgroup, with a
mean effect size of (11.62%, (95% CI, from 16.09% to 7.14%), P<0.00001) and heterogeneity of
0%; this was not the case in the M1 subgroup and there was no significant change in PTh after
applying c-tDCS on M1 (Fig 4A). The analysis also indicated no significant overall effect on
PTh (P = 0.08).

As can be seen in Fig 4B, meta-analysis showed that while there is a significant difference
between sham and active c-tDCS of M1 (pooled SMD: -2.20, (95% CI, (from -3.12 to -1.28)),
P < 0.00001), there is no significant difference between sham and active c-tDCS of S1 (pooled
SMD: -1.32, (95% CI, (from -3.16 to 0.53), P = 0.16).

B
Std. Mean Difference Std. Mean Difference Std. Mean Difference
IV, Rand 95% CI Study or Subgroup IV, Random, 95% CI IV, Rand 95% Cl
1.5.1 c-tDCS on $1
- Antal 2008 -5.16 [-7.15,-3.17)
o e Grundmann 2011(Cold) -0.24 [-1.38, 0.89] -
—_— Grundmann 2011(Heat) 0.46 [-0.69, 1.60) T
—_— Grundmann 2011(Mechanical) -0.97 [-2.16, 0.23) =
¢ Subtotal (95% Cl) -1.32 [-3.16, 0.53] -
Heterogeneity: Tau? = 3.06; Chi? = 24.06, df = 3 (P < 0.0001); I* = 88%
Test for overall effect: Z = 1.40 (P = 0.16)
1.5.2 c-tDCS on M1
R - Bachmann 2010 (Cold) :gfg {gg: :gig% _—
—_— Bachmann 2010(Heat) 1 21 [_2' 67’ 0.26] —_—
P Bachmann2010 (Mechanical) 3 64 4 66 '_2'02] —
| Csifcsak 2008 . Db -
-3.13[-4.11,-2.16)
Hansen 2010 -
I -0.95 [-1.81,-0.10)
—_ Terney 2008 -2.20 [-3.12, -1.28] |
< Subtotal (95% Cl) ’ <&
Heterogeneity: Tau? = 0.86; Chi* = 16.47, df = 5 (P = 0.006); I> = 70%
Test for overall effect: Z = 4.70 (P < 0.00001)
* Total (95% Cl) -1.83 [-2.78, -0.87] L 2
ity: Tau? = 1.88: Chi? = = 12 = 83% + + + +
; : : : Heterogeneity: Tau? = 1.88; Chi? = 52.74, df = 9 (P < 0.00001); I* = 83% o = 3 : Py
-50 25 0 25 50

Test for overall effect: Z = 3.75 (P = 0.0002)

Favours c-tDCS Favours Sham
After c-tDCS Before c-tDCS Test for subaroup differences: Chi? = 0.71. df = 1 (P = 0.40). I* = 0%

Test for subaroup differences: Chi? = 0.20. df = 1 (P = 0.65). I* = 0%

Fig 4. Forest plots of pain threshold changes in healthy individuals. Comparison of percentages of pain threshold changes before and after c-tDCS (A),
and comparison of after effects of pain threshold changes between active and sham c-tDCS (B). Subgroup analysis: studies of M1 and S1 stimulation. ® = the
effect size for one trial; horizontal line = 95% of confidence interval; ¢ = pooled effect size for all trials. Cl: confidence interval, IV: inverse variance.

doi:10.1371/journal.pone.0123873.9004
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A B

Std. Mean Difference Std. Mean Difference Std. Mean Difference Std. Mean Difference
Study or Subgroup __ IV, Random, 95% CI IV, Random, 95% ClI Study or Subgroup IV, Random, 95% ClI IV, Random, 95% ClI
Antal 2011 a 2.64[1.88, 3.39] —— Antal 2011 a 20.39 [16.28, 24.50) |
Mendonca 2011 2.73[2.01, 3.44] - Mendonca 2011 2.47(1.79, 3.15)
Total (95% Cl) 2.68 [2.16, 3.20] <& Total (95% Cl) 11.31 [-6.25, 28.87)
Heterogeneity: Tau” = 0.00; Chi* = 0.03, df =1 (P = 0.87): = 0% —4=——4=——F———4=—4=  Heterogeneity: Tau’ = 158.30; Chi’ = 70.98, df =1 (P < 0.00001); = 99% ———t——t—+
Test for overall effect: Z = 10.12 (P < 0.00001) Before c-tDCS  After c-tDCS Test for overall effect: Z = 1.26 (P = 0.21) Favours sham  Favours c-tDC!

Fig 5. Forest plots of pain level changes in patients with chronic pain. Comparison of percentages of pain level changes before and after c-tDCS (A),
and comparison of after effects of pain level changes between active and sham c-tDCS (B). Subgroup analysis: studies of M1 and dorsolateral prefrontal
cortex (DLPFC) stimulation. m = the effect size for one trial; horizontal line = 95% of confidence interval; ¢ = pooled effect size for all trials. Cl: confidence

interval, IV: inverse variance.

doi:10.1371/journal.pone.0123873.9005

The effect of c-tDCS on PL in patients with chronic pain

We had insufficient data to investigate the effect of site of stimulation in the patient group,
but we could investigate the overall effect of c-tDCS on PL in patients with chronic pain. Data
were available from two studies (n = 56) [27, 28]. Regarding heterogeneity of included studies
(I* = 0%), the evidence suggested that applying c-tDCS resulted in a significant decrease in
PL in patients with chronic pain. The pooled effect was 2.68 (95% CI, (from 2.16 to 3.20)),
P < 0.00001) (Fig 5A).

The comparison of active and sham c-tDCS indicates that a non-significant difference in
PL after applying active and sham tDCS (pooled SMD: 11.31, (95% CI, (from -6.25 to 28.87)),
P =0.21) (Fig 5B).

The impact of individual studies on the overall results

The effect of each included study on the pooled effect size of overall analyses was examined in
both healthy and patient groups.

C-tDCS and STh/PTh in healthy individuals

Based on the result of sensitivity analysis, the total effect size of meta-analysis evaluating after
effects of S1 c-tDCS on STh did not change if any one single study was excluded although the
pooled data was slightly decreased by excluding the study of Antal et al. 2008 (P = 0.001) and
Grundmann et al. 2011 (cold and heat: P = 0.001, and mechanical: P = 0.0005). Exclusion of
Grundmann (vibration) and Roalewski et al. (2004) data had no effect on the overall effect size
(Fig 6A). The effect size of STh after c-tDCS of M1 was slightly decreased when Terney et al.
(2008) (P = 0.03) and Bachmann et al. (2011) studies (cold and heat: P = 0.01, and mechanical:
P =0.02) were excluded. Conversely, the pooled dada increased after excluding that part of
Bachmann’s study evaluating the effect of M1 c-TDCS on vibration (Fig 6B).

The sensitivity analysis showed that excluding Antal et al. (2008) study and Bachmann et al.
(2010) (mechanical) investigating the after effects of S1 c-tDCS on PTh in healthy individuals
decreased the overall effect size to 0.68 and 0.05 respectively. Excluding other studies had no ef-
fect on pooled effect (Fig 6C). In addition, the pooled data did not changed by excluding each
study evaluating the M1 c-tDCS on PTh (Fig 6D).

Likewise, the impact of individual studies on the meta-analyses comparing active and sham
c-tDCS on STh and PTh were evaluated (Fig 7A-7D). For meta-analysis on STh, the pooled ef-
fect size would decrease to 0.0002 if the studies of Grundmann et al. (2011) on cold, heat, or
mechanical sensation omitted. Exclusion of other including studies had no effect on the overall
pooled effect (Fig 7A). The results also indicated that the overall effect size of meta-analysis
compared the effects of M1 c-tDCS and sham on PTh did not change after exclusion of each
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Fig 6. Assessment of the individual influence of included studies evaluating the after effects of c-tDCS on outcome measures. The Impact of single
studies on overall effect size in studies evaluating the effect of c-tDCS of S1 (A) and M1 (B) on sensory threshold, c-tDCS of S1 (C) and M1 (D) on pain
threshold in healthy individuals, and pain level (E) in patients with chronic pain were evaluated. The effect sizes are Cohen’s d (SMD) and error bars
represent the 95% confidence interval. The left, middle, and right vertical lines are indicator for the minimum, mean, and maximum value of total effect

size respectively.

doi:10.1371/journal.pone.0123873.9g006

single study. However, pooled effect size reached to 0.01 by omitting Bachmann et al. (2010)

experiments (Fig 7B).

The result of sensitivity analysis focused on the effects of active and sham S1 (Fig 7C) and
M1 (Fig 7D) c-tDCS on PTh in healthy individuals indicated that excluding each individual
study had no effect on the overall pooled effect size.

C-tDCS and PL in Patients with chronic pain

The result of sensitivity analysis in overall effect size in meta-analysis evaluating the after ef-
fects of c-tDCS on PL in patient group illustrated that omitting each study had no effect on
overall effect size (Fig 6E). In contrast, in meta-analysis comparing sham and active c-tDCS on
PL, exclusion of Antal et al. (2011a) study would increase the pooled effect size to 0.002 (Fig
7E).

PLOS ONE | DOI:10.1371/journal.pone.0123873 May 15,2015

88

11/19



@’PLOS ‘ ONE

A Systematic Review of Cathodal tDCS and Perception

Antal 2008

Grundmann 2011 (Cold)
Grundmann 2011 (Heat)
Grundi 2011 (Mechanical)

Grundmann 2011 (vibration)

Roalewski 2004

Antal 2008
Batchamann 2010 (Cold)}
Batchamann 2010 (Heat)

2010 (Mechanical)

Total

P T . _____’. ____________
.......... ..’...................._......._

R K g — ... ____________ -
___________ ..._______________ -

__-___... .............

______.’. ____________

__________ B
3.44 -2.37 1.30
Effect size

Bach

Bachmann 2010 (Cold)
Bachmann 2010 (Heat)
Bachmann 2010 (Mechanical)

Bachmann 2010 (Vibration)
Csifcsak 2008

Terney 2008

Total

Bachmann 2010 (Cold)

Bachmann 2010 (Heat)
2010 (Mechanical)

3.16 -1.32 0.53
Effect size
(E)
Antal (a) 2011 ----
Mendonca 2011 [ N ——
Total |77 T°TTTTTTTTTTTOTTTTOTT
6.25 11.31 28.87
Effect size

Hansen 2010
Csifcsak 2008
Terney 2008

Total

-2.20

Effect size

Fig 7. Assessment of the individual influence of included studies evaluating the effect of active and sham c-tDCS on outcome measures. The
Impact of single studies on overall effect size in studies evaluating the effect of active and sham c-tDCS of S1 (A) and M1 (B) on sensory threshold, c-tDCS of
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doi:10.1371/journal.pone.0123873.9007

Discussion

Our meta-analysis involved eight studies of the effects of c-tDCS on STh and PTh in healthy in-
dividuals and two studies of the effects of c-tDCS on PL in patients with chronic pain. We
aimed to evaluate the effectiveness of c-tDCS in increasing STh/PTh and PL according to the
site of stimulation. The results of subgroup analyses in healthy individuals showed that, com-
pared to baseline values, c-tDCS of S1 increased both STh and PTh in healthy individuals. Fur-
thermore, c-tDCS of M1 led to significant STh but not PTh increase. Due to the scarcity of
studies applying c-tDCS in patients with chronic pain, we could not conduct subgroup analysis
in the patient group, but c-tDCS significantly decreased PL in the patient group overall. Similar
results were found from comparison of active c-tDCS and sham stimulation, except for c-tDCS
of S1, in which no significant difference was observed. More studies are needed to reach a firm

conclusion in this regard.

The effects of c-tDCS on STh in healthy individuals

In spite of the small number of studies available, the results of our meta-analysis showed that
application of c-tDCS on both M1 and S1 increases STh in healthy individuals. Of six studies,
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which involved the S1, five reported c-tDCS of the S1 increased STh [30, 43, 45], and one study
concluded that c-tDCS of S1 had no effect on STh [30] (Fig 3).

Four of six studies reported a significant increase in STh after c-tDCS of M1, and the re-
maining two failed to show such an increase. In addition, our comparison of the after effects of
active c-tDCS and sham stimulation of the M1 and S1 subgroups demonstrated a significant in-
crease in STh.

As can be seen in Fig 3, the heterogeneity of each subgroup and overall heterogeneity was
moderate. We used sensitivity analysis [47] to assess the impact of excluding the studies with
high risk of bias; the results demonstrate no changes in heterogeneity, which indicate insuffi-
cient data from which to draw a firm conclusion. Also, the different stimulation methods ap-
plied in the included studies to assess sensory threshold (laser, heat, cold, and electrical
stimulation) could be another reason for the moderate heterogeneity.

Due to the fact that unmyelinated C-fibers transmit the sensation of warmth and small mye-
linated AS fibers transmit the sensation of non-painful cold [48], pooling data for different sen-
sation (cold, warm, vibration, mechanical, etc.) might affect the results. The findings of
Summers (2004) and Oliviviero (2005) suggested that repetitive transcranial magnetic stimula-
tion of the somatosensory cortex increased cold perception but not warmth perception [49,
50]. Studies with larger sample sizes using the same methods of sensory threshold assessment
will increase statistical power and decrease heterogeneity.

There are several basic mechanisms to explain the increased after effects of c-tDCS. First,
prolonged constant electric field alters ionic concentration in stimulated area, which led to mi-
gration of transmembrane proteins and acid-base balance changes [51, 52]. Second, direct cur-
rents dissociate pure water to H and OH™ [53] resulted in acid-base balance changes by
inducing acidosis or alkalosis that in turn strongly affect membrane, receptor and cell function
[54]. Because changes in intracellular pH and (Ca **) are tightly correlated [55], one possibility
is that c-tDCS changes pH and Ca >* concentration and increases STh

The effects of c-tDCS on PTh in healthy individuals

Meta-analysis of the included studies demonstrates conflicting results in two subgroups. Com-
pared with the baseline conditions, c-tDCS of S1 significantly increased PTh, whilst c-tDCS of
M1 had no effect on PTh. Additionally, our comparison of the immediate after effects of active
c-tDCS and sham stimulation of M1 demonstrated a significant difference in PTh. We also
found no significant difference in PTh between sham stimulation and c-tDCS of S1.

The included studies used a wide range of stimulation parameters and methods, which
might explain the substantial heterogeneity.

The effect of c-tDCS on PL in patient group

The overall effect of c-tDCS was significant decreases in PL. Significant differences in PL of pa-
tients after application of c-tDCS and sham stimulation indicate the efficacy of c-tDCS in pain
reduction. Due to the low number of c-tDCS studies in our patients group and its substantial
heterogeneity, it was impossible to review site-specificity effects of c-tDCS on PL in different
subgroups. The small number of included studies and participants, different pathology, site of
stimulation, and stimulation parameters created substantial heterogeneity in the patient

group data.

The results of our meta-analyses are in line with the conclusions from published systematic
reviews [56-58], which allows us to conclude that c-tDCS can relieve pain in patients with
chronic pain; however, more c-tDCS studies in chronic pain patients with different pathologies
and sites of stimulation are recommended to improve the quality of the evidence.
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The exact mechanisms underpinning the effects of c-tDCS on pain relief are not clear yet,
but recent evidence categorized the effects of c-tDCS into two types: immediate after effects
and long-lasting effects [59, 60]. The immediate after effects of c-tDCS can be explained by
changes in the acid-base balance of neuron membranes [54, 61], excitability diminution [62],
and consecutive reduction of NMDA receptor activity [62-64]. As a result, direct changes in
membrane function, outside of synapses, change the activity of NMDA receptors indirectly
and decrease the function of brain areas related to pain management [47, 59]. Based on the
Kinkelin’s study (2000) it can be concluded that the after effects of tDCS do not arise from
NMDA synaptic involvement alone. Although NMDA receptors are present on peripheral
axons [65], they have not been reported on axons in the CNS [60, 63, 64].

Quality of evidence

Assessor blinding status was not clearly reported which affect both homogeneity and pooled ef-
fect size. Regarding an epidemiological study, incomplete blinding in controlled trials may ex-
aggerate the effect size by 25% [66]. Recently, O’Connell et al. (2012) reported that proper
blinding is not possible in a study that uses a current intensity of 2 mA or greater. Though this
conclusion was challenged by Russo et al. (2013) and Palm et al. (2013), the implication is that
the overall quality of the evidence for the effects of c-tDCS on STh/PTh assessment in healthy
individuals and PL assessment in patients with chronic pain is low and should be considered
cautiously [67, 68]. Results should be replicated using a current intensity for which blinding is
universally accepted as possible. Therefore, the effect size of our meta-analysis of STh and PTh
measurements may be affected by incomplete blinding of included studies.

Potential bias in the review process

Substantial variation exists between the included studies of c-tDCS in both the healthy and pa-
tient groups. Studies varied in terms of the stimulation parameters used, gender and range of
ages of participants, and the number of treatment sessions, all of which increased the heteroge-
neity of subgroups. This heterogeneity was reflected in the I” statistics for the overall c-tDCS
meta-analyses. In addition, several studies in the healthy group used heat and others used cold
stimuli for assessment of STh/PTh, and these different stimuli activate different pathways, so
this can be considered as a source of methodological bias in final responses.

Publication bias

Six funnel plots were generated to examine the result of each meta-analysis for evidence of pub-
lication bias. Three plots show the bias of included studies comparing after effects of c-tDCS
on STh (Fig 8A) and PTh (Fig 8B) in healthy individuals, and PL (Fig 8C) in patients with
chronic pain. As can be seen, the funnel plots are asymmetrical. In addition, funnel plots for
the meta-analyses comparing the effect of active and sham c-tDCS on STh (Fig 8D), PTh (Fig
8E), and PL (Fig 8F) are also asymmetrical. These asymmetrical plots indicate the possibility of
publishing studies with significant positive results and being reluctant to publish studies with
non-significant results. Regarding the level of heterogeneity of meta-analyses in the current
study, the other possibility is the small number of included studies and participants which
often result in exaggerated or overestimated true effect size.

Limitations of the study

The findings of current meta-analysis should be interpreted in the context of some limitations.
First, the small sample sizes in some included studies were associated with larger effect sizes
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doi:10.1371/journal.pone.0123873.g008

that might have affected the overall results and statistical significance. Second, Because of the
scarcity of studies on the effect of c-tDCS on pain, it was impossible to analyses subgroups with
fixed stimulation parameters. Finally, it is worth noting that our study considered only the im-
mediate after effects of c-tDCS, not long-lasting effects. Due to the limited number of included
studies and mismatched measurement time-points, it was impossible to evaluate long-lasting
after effects of c-tDCS based on the site of stimulation.

Areas for future research

The results of our study concern the immediate after effects of a single c-tDCS session. It is pos-
sible that longer applications or multiple applications could significantly increase PTh or de-
crease PL [69, 70]. Given the small number of clinical trials that have assessed the efficacy of c-
tDCS to reduce pain level in patients with chronic pain, investigation of the effects of c-tDCS
in patients with different pathologies would be useful. C-tDCS has short-term analgesic effects
[59] so can be used in acute cases; as a result, opportunities exist for more studies of c-tDCS
during its use to reduce acute and chronic pain in health centers.
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