
Bond University

DOCTORAL THESIS

Modulation of sensory and pain perception with successive non-invasive brain
stimulation

Folmli, Brookes

Award date:
2016

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

https://research.bond.edu.au/en/studentTheses/46535fad-463c-477f-8d0a-7b578042f8e9


 



 

 

 

Modulation of sensory and pain perception with successive 

non-invasive brain stimulation 

 

Brookes Gregory Folmli 

 

A thesis submitted in total fulfillment of the requirements for the degree of  

Master of Science by Research (Health Sciences). 

November 2015 

 

 

Faculty of Health Sciences and Medicine 

Bond University, Australia 

 

Principal supervisor: Prof. Wayne Hing 

Assistant supervisors: A/ Prof. Peter Johnson, Associate Prof. Allan Abbott  

 



!"

"

 



!!"

"

Abstract 

Introduction: Non-invasive brain stimulation techniques are being trialed to 

induce neuroplasticity for meaningful purposes. Transcranial direct current 

stimulation (tDCS) is one such brain stimulatory technique, which involves 

delivering low amplitude direct current (1-2mA) to the brain via scalp 

electrodes. A review of the literature has suggested that repeated daily tDCS 

could induce lasting effects in the motor domain in a healthy population and in 

both the sensory and motor domains in a clinical population (Boggio et al. 

2007, Mori et al. 2012, Reis et al. 2009). Of interest was whether increasing 

tDCS dose could evoke cumulative body sensory system function alteration in 

a healthy population.   

Aims: A systematic review aimed to review the literature most relevant to 

1_the effects of sensory cortex tDCS on sensory threshold related outcome 

measures and 2_the effects of motor cortex tDCS on pain threshold/intensity 

related outcome measures. Study 1 aimed to investigate the effects of 

consecutive daily sessions of tDCS on a sensory psychophysical outcome 

measure in a healthy population. Study 2 aimed to investigate the effects of 

consecutive daily sessions of tDCS on a series of pain related 

psychophysical, subjective and objective outcome measures in a healthy 

population as well as investigate the correlation between the baseline pain 

related psychophysical, subjective and objective outcome measures in a 

healthy population.  

Methods: A systematic review of the literature most relevant to the aims of 

studies 1 and 2 was firstly undertaken. Randomised controlled trial 
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methodology was then utilised in Study 1 to assess the effects of 5 

consecutive daily sessions of active (anodal) or sham sensory cortex tDCS on 

one psychophysical (i.e. vibration detection thresholds) measure in 29 healthy 

human volunteers. In Study 2, randomised controlled trial methodology was 

used to assess the effects of 5 consecutive daily sessions of active (anodal) 

or sham motor cortex tDCS on psychophysical (i.e. electrical, mechanical 

pressure and thermal detection and pain thresholds), subjective (i.e. electrical, 

thermal and mechanical pressure pain visual analogue scales (VAS)) and 

objective (i.e. salivary cortisol) outcome measures in 42 healthy human 

volunteers. Cross-sectional analysis of baseline data was also used in Study 

2 to explore bivariate correlations between examined outcome measures.  

Results: The review indicated both methodological limitations and 

heterogenous tDCS induced effects for trials. The review also revealed that 

repeated stimulation was one area that researchers had failed so far to focus 

on. Studies 1 and 2 demonstrated that consecutive daily sessions of anodal 

tDCS could not consistently alter psychophysical, subjective and objective 

outcome measures compared to sham in a healthy population. Study 2 also 

demonstrated statistically significant correlations between psychophysical and 

subjective outcome measures in a healthy population.  

Conclusion: The results of studies 1 and 2 suggest that increasing tDCS 

dose does not result in more consistent anodal tDCS induced effects on body 

sensory/pain perception in a healthy population.  As well, the results of Study 

2 also may provide further evidence of the clinical utility of different types of 

pain assessments. 
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1.3 Key tDCS variables, limitations and delivery 
parameters 

There are several key variables that influence both the level and direction of 

the tDCS induced response. These include current density, stimulation 

session duration/timing and electrode polarity/positioning.  

Current density determines the electrical field strength and is reliant on both 

the current strength and size of the electrodes (Nitsche et al. 2008). With 

respect to current strength, Nitsche and Paulus (2000) and Batsikadze et al. 

(2013) demonstrated that increasing motor cortex tDCS current intensity 

(whilst maintaining same electrode size) can result in prolonged, larger or 

reversed after effects on the level of motor pathway excitability in a healthy 

human population. These effects on motor pathway excitability can be elicited 

by simply measuring alterations to motor cortex TMS induced motor evoked 

potentials (MEP) amplitudes recorded both before and after tDCS (Nitsche, 

Paulus 2000). 

With respect to electrode size, Nitsche et al. (2007) demonstrated that 

reducing stimulation electrode size area (whilst maintaining stimulation 

intensity) focused motor cortex tDCS induced after effects on motor pathway 

excitability in a healthy population. Using a 35cm2 stimulation electrode size, 

so that the stimulation electrode area covered the motor cortex muscle 

representations for both the abductor digiti minimi and first dorsal 

interosseous muscles, tDCS induced similar excitability changes for the FDI 

and ADM representations. Reducing the stimulation electrode area to 3.5 cm2 

so that the stimulation electrode area only covered the motor cortex muscle 

representation for the ADM produced excitability changes for the ADM 

representation but not for the FDI.   
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Stimulation duration and timing are also key variables that can affect the tDCS 

induced response. Nitsche and Paulus (2000) demonstrated that increasing 

the length (current duration varied between 1 and 5 minutes) of 1mA motor 

cortex tDCS resulted in prolonged and larger tDCS after effects on the level of 

motor pathway excitability in a healthy population. Further, Monte-Silva et al. 

(2013) demonstrated that continuous application of 1mA motor cortex tDCS 

for 26 minutes resulted in motor pathway excitability enhancement whereas 

spaced stimulation of the same total duration (e.g. 2x13 min of tDCS with a 20 

min interval) resulted in an abolishment or reduction of motor pathway 

excitability in a healthy population. 

Current flow direction is another important variable that has been indicated to 

influence the tDCS induced response and depends mainly on the positions of 

the electrodes and their polarity.  In conventional tDCS, both a positive 

(anode) and negative (cathode) electrode are utilised. The tDCS mechanism 

involves the movement of charged ions within the tissue (i.e. positive ions are 

attracted to a skin surface cathode; negative ions are attracted to a skin 

surface anode) (Schabrun 2010). With respect to electrode positioning, 

Nitsche and Paulus (2000) demonstrated that a motor cortex+contralateral 

forehead electrode arrangement achieved motor pathway excitability changes 

whereas motor-cortical, pre+post motor-cortical or occipital+contralateral 

forehead electrode arrangements could not in a healthy population.  

With respect to electrode polarity, Nitsche and Paulus (2000) also 

demonstrated that cathodal motor cortex tDCS reduced motor pathway 

excitability whereas anodal motor cortex tDCS enhanced motor pathway 

excitability in a healthy population whilst maintaining stimulation duration and 

intensity.  
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1.5 Clinical and research applications for tDCS   

tDCS can be used either to modulate the steady state of the cortex by 

increasing or decreasing nervous system pathway excitability or to prime the 

nervous system to improve its responsiveness to other interventions 

(Schabrun 2010). In line with thesis related research goals, however, this 

chapter will not focus on research where tDCS has been used to prime the 

nervous system. This section will review research related to clinical and 

research applications for tDCS in the motor and sensory domains. It must be 

noted that the intention of this section is to provide a brief overview of 

research related to clinical and research applications for tDCS without critical 

appraisal. Critical appraisal of research most relevant to the thesis related 

research goals is provided with the Systematic Review in Chapter 2.  

1.5.1 tDCS effects on the motor domain   

Investigations examining the effects of tDCS on the motor domain have been 

carried out on both healthy and non-healthy populations. The effects of tDCS 

on two main outcome measures, namely motor pathway excitability and 

behavior, will now be explored in further detail. In line with this thesis research 

related goals, the following section also aims to highlight the effects of 

repeated stimulation sessions on abovementioned outcome measures.  

1.5.1.1 tDCS induced changes to the excitability of the motor pathway in 
a healthy population 
Research has investigated the effects of a single session of tDCS on the 

excitability of the motor pathway. As previously mentioned, motor cortex tDCS 

has been shown to alter the level of excitability of the motor pathway in a 

polarity-dependent manner in a healthy population (Nitsche, Paulus 2000).  
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Successive tDCS may also be able to influence tDCS induced changes to the 

level of excitability of the motor pathway. Alonzo et al. (2012) demonstrated 

that consecutive daily sessions of anodal motor cortex tDCS induced greater 

increases in MEP amplitude compared to second daily sessions of anodal 

motor cortex tDCS over a five day period. Interestingly, research later 

demonstrated that consecutive daily sessions of anodal motor cortex at a 

constant intensity (i.e. 2mA) or a gradually increasing intensity (i.e. 1-2mA) 

was equally effective in increasing motor pathway excitability in a healthy 

population (Gálvez et al. 2013). Furthermore, Bastani and Jaberzadeh (2014) 

demonstrated that with-in session repeated tDCS (i.e. two or three 

applications of 10 minute tDCS with an interval of 25 minutes) was preferable 

for modifying motor pathway excitability in a healthy population compared to a 

single application of 10 minute tDCS. 

1.5.1.2 tDCS induced changes to behavioural measures of motor 
function 
Motor cortex tDCS has been shown to influence aspects of motor behavior 

such as activities of daily living and motor learning in a healthy population. 

Boggio et al. (2006) and Hummel et al. (2010) demonstrated that a single 

session of anodal motor cortex tDCS could significantly improve Jebsen-

Taylor Hand Function Test performance (i.e. time taken to perform activities of 

daily living with one hand) in both a young and older aged healthy human 

population but not after sham tDCS. 

Alternatively, tDCS has also been shown to influence motor training. Reis et 

al. (2009) demonstrated that repeated daily sessions of anodal motor cortex 

tDCS in combination with motor training led to significantly enhanced motor 
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test performance compared to the Fregni et al. (2005) study findings (i.e. 16.7 

% vs. 11.7 %). Hence, it can be seen that a number of papers have shed light 

relating to the potential clinical benefits of tDCS on motor function in different 

non-healthy populations.  

1.5.2 tDCS effects on the sensory domain   

Research examining the effects of tDCS on the sensory domain has also 

been carried out on both healthy and non-healthy populations. The effects of 

tDCS on the two main outcome measures of sensory pathway excitability and 

somatosensory perception will now be discussed in further detail. In line with 

research related goals, this section also aims to highlight the effects of 

successive tDCS on the aforementioned outcome measures. 

1.5.2.1 tDCS induced changes to the excitability of the sensory pathway 
in a healthy population 
Research has investigated the effects of a single session of tDCS on the 

excitability of the sensory pathway. A single session of either motor or 

sensory cortex tDCS has been shown to alter the level of excitability of the 

sensory pathway in a polarity-dependent manner (Dieckhöfer et al. 2006, 

Matsunaga et al. 2004). Changes to the level of sensory pathway excitability 

were probed by analysing peripheral nerve electrical stimulation induced 

somatosensory evoked potentials (SEP) recorded both before and after tDCS, 

with changes shown to outlast the stimulation period for up to one hour 

(Dieckhöfer et al. 2006). Alternatively, Sugawara et al. (2015) demonstrated 

that a single session of either motor and sensory cortex tDCS altered the level 

of excitability of the sensory pathway by measuring alterations to peripheral 
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nerve electrical stimulation induced somatosensory evoked magnetic fields 

(SEF) recorded both before and after tDCS.  

1.5.2.2 tDCS induced changes to measures of somatosensory 
perception  

Research has highlighted the ability of tDCS in altering somatosensory (i.e. 

discrimination/detection) and pain (i.e. detection/intensity) function in a 

healthy population. Psychophysical measures can give an indication of 

sensory and pain threshold changes while scales (i.e. numeric or visual 

analogue) can allow subjective rating of pain intensity. Rogalewski et al. 

(2004) showed that a single session of cathodal tDCS applied to the non-

dominant motor cortex reduced tactile frequency discrimination thresholds for 

the non-dominant finger. No changes to tactile acuity, however, were seen 

with anodal and sham tDCS. Additionally, Boggio et al. (2008) showed that a 

single session of anodal motor cortex tDCS significantly increased current 

pain detection thresholds over time but not with sham tDCS. Research has 

also demonstrated that a single session of anodal motor cortex tDCS 

significantly reduced certain heat pain intensity scores compared to sham 

tDCS and/or natural history group (Aslaksen, Vasylenko & Fagerlund 2014).  

Research has also investigated the potential clinical benefit of repeated 

sessions of tDCS on somatosensory processing abnormalities associated with 

disorders such as multiple sclerosis and persistent pain. Mori et al. (2012) 

demonstrated that 5 consecutive daily sessions of anodal somatosensory 

cortex tDCS improved spatial discrimination thresholds in multiple sclerosis 

patients as opposed to sham tDCS that showed no effect. Improvements 

lasted ~2 weeks post stimulation. Moreover, Fregni et al. (2006b) 
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demonstrated that 5 consecutive daily sessions of anodal motor cortex tDCS 

resulted in significantly greater pain improvement (i.e. pain measured using 

pain visual analogue score) compared to sham stimulation and stimulation of 

the pre-frontal cortex in patients with fibromyalgia.  

 

1.6 Proposed molecular mechanisms for tDCS 
induced post-stimulation effects in humans 

The mechanisms underpinning the after effects of tDCS are not completely 

understood. tDCS induced after-effects may involve alterations to the 

membrane potential, neurotransmitter (i.e. glutamate and gamma-amino-

butyric acid {GABA}) involved synaptic transmission, protein level expression 

and neuromodulator activation (Nitsche et al. 2003a, Nitsche et al. 2004). 

With respect to membrane potential changes, Nitsche et al. (2003a) showed 

that sodium and calcium channel blockers, namely carbamazepine and 

flunarazine, could effectively block motor cortex anodal tDCS induced post 

stimulus changes to MEP amplitudes. In line with a cathodal tDCS induced 

hyperpolarizing effect on the neuronal membrane, flunarazine and 

carbamazepine did not alter cathodal after effects.  

With respect to neurotransmitter involved synaptic transmitter receptor 

changes, Nitsche et al. (2003a) further demonstrated that antagonizing 

glutamate receptors with the use dextromethorphane could abolish both 

anodal and cathodal motor cortex post stimulus effects on MEPs. Moreover, 

another study showed that lorazepam, a GABA agonist, enhanced and 

prolonged anodal tDCS induced effects on MEP amplitudes (Nitsche et al. 

2004). Finally, Stagg et al. (2009) found that anodal motor cortex tDCS 
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significantly reduced magnetic resonance spectroscopy (MRS) detected 

GABA concentrations within the stimulated cortex, whilst cathodal motor 

cortex tDCS resulted in reduced MRS detected glutamate and GABA within 

the stimulated cortex.  

With respect to protein level expression changes, research suggests that 

tDCS induced after effects may also be brain-derived neurotrophic factor 

(BDNF) dependent. Fritsch et al. (2010) demonstrated that combined tDCS 

and low frequency repeated electrical stimulation produced long-term 

potentiation (LTP) in motor cortex mouse slices. tDCS induced LTP, however, 

was absent in BDNF and tropomyosin related kinase B (TrkB) mutant mice. 

Another study also demonstrated using a retrospective analysis that carriers 

of the BDNF vall66met polymorphism, known to partially affect activity-

dependent BDNF secretion, showed enhanced tDCS induced plasticity 

compared to Val66Val carriers (Antal et al. 2010).  

Additionally, certain dopamine, adrenergic, acetylcholine and serotonin agents 

have previously been shown to alter anodal and cathodal tDCS induced after 

effects (i.e. abolish, enhance/prolong or turn inhibition into facilitation) 

(Nitsche et al. 2006, Nitsche et al. 2009, Nitsche et al. 2004, Kuo et al. 2007).  

In summary, tDCS post stimulus effects may act via membrane, neuro-

transmitter related synaptic transmission modulation, neuromodulator and 

neurotrophic based mechanisms. Further research appears to be required 

before firm conclusions can be made regarding the mechanisms of tDCS post 

stimulus effects.  
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1.7 Proposed central mechanisms for motor cortex 
tDCS induced post-stimulation effects on pain related 
outcome measures in humans 

In line with the research goals of this thesis, it is worthwhile reviewing the 

proposed central and peripheral mechanisms for motor cortex tDCS induced 

post-stimulation effects on pain related outcome measures in humans. The 

proposed central mechanisms that will be discussed in further detail include 

influencing cortico-thalamic pathways, descending opioid-based anti-

nociception and central stress related circuitry.  

Firstly, motor cortex tDCS could alter pain related outcome measures by 

influencing descending cortico-thalamic pathways. Research has 

demonstrated using fMRI (i.e. seed functional coupling analysis) that motor 

cortex anodal tDCS could alter functional coupling between the ipsilateral 

motor cortex and thalamus in a healthy human population (Polanía, Paulus & 

Nitsche 2012). Lang et al. (2005) also demonstrated motor cortex tDCS 

induced changes to regional cerebral blood flow in the thalamus relative to 

sham tDCS in a healthy human population.  

Motor cortex tDCS could also alter pain related outcome measures by 

influencing descending opioid-based anti-nociception. DosSantos et al. (2014) 

revealed that a single session of active and sham motor cortex tDCS affected 

Mu Opioid Receptor (MOR) activation differently in a healthy human 

population. Although both active and sham tDCS induced similar MOR 

activation in the precuneus and peri-aqueductal grey matter, only active tDCS 

induced MOR activation in the pre-frontal cortex whereas only sham tDCS 

induced MOR activation in the thalamus. Interestingly, only active tDCS 
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induced significant improvements to heat and cold pain thresholds compared 

to baseline and not after sham tDCS.  

Finally, motor cortex tDCS could also alter pain related outcome measures by 

influencing stress related central nervous system circuitry. Cortisol is an end 

product of the hypothalamic-pituitary-adrenal (HPA) axis. Binkofski et al. 

(2011) demonstrated that a single session of anodal motor cortex tDCS could 

lower serum cortisol levels compared to sham tDCS in a healthy human 

population. The findings therefore suggest that motor cortex tDCS may be 

able to influence central stress related circuitry such as the hypothalamic-

pituitary-adrenal (HPA) axis.  

In summary, it is plausible to suggest that motor cortex tDCS analgesia in a 

healthy population could in part be attributable to influencing cortico-thalamic 

pathways, central opioid receptor activity or central stress related circuitry 

(Knotkova, Nitsche & Cruciani 2013).  

 

1.8 Proposed peripheral mechanisms for motor cortex 
tDCS induced post-stimulation effects on pain related 
outcome measures in humans 

The proposed peripheral mechanisms that will be discussed in further detail 

include influencing peripheral levels of nociceptive neuropeptides or stress 

related hormones.  

The literature suggests a relationship between neuropeptides and 

nociception. Sensory neuropeptide substance P is involved in nociception and 

pro-inflammatory functions (Hernanz et al. 1993, Okano, Kuraishi & Satoh 



" &)"

1998) while research has also shown that levels of peripheral (i.e. plasma) 

substance P are significantly higher in chronic pain patients compared to 

healthy controls (Jang et al. 2011).  

Research also suggests a relationship between stress related hormones and 

nociception. Cortisol is an end product of the hypothalamic-pituitary-adrenal 

(HPA) axis. Persistent pain states may result in abnormal HPA stimulation, 

which for a certain amount of time can result in exaggerated levels of serum 

cortisol (Tennant, Hermann 2002). Research has also shown that salivary 

concentrations of cortisol are significantly higher in chronic pain patients 

compared to healthy controls (Vachon-Presseau et al. 2013). 

Hence, it could be postulated that tDCS induced effects on nociception could 

be associated with changes in the level of nociceptive peripheral 

neuropeptides such as substance P or stress related hormones such as 

cortisol. 



" &/"

Chapter 2  

Systematic Review 
"

2.1 Introduction / Aim 

Reviews of the literature revealed that there are some investigations that have 

demonstrated that repeated daily sessions of tDCS could induce lasting 

effects in the motor domain in a healthy population and both the sensory and 

motor domains in a clinical population (Boggio et al. 2007, Mori et al. 2012, 

Reis et al. 2009). Of interest is whether increasing stimulation session 

frequency can evoke cumulative and lasting body sensory system function 

alteration in a healthy population. The aim of this review was to perform a 

systematic evaluation of the literature on research specific to the application 

of tDCS to a healthy human population in two distinct domains: 

1) the effects of sensory cortex tDCS on sensory threshold related outcome 

measures  

2) the effects of motor cortex tDCS on pain threshold and pain intensity 

related outcome measures. 

 

2.2 Methods 

2.2.1 Systematic review design 

The PRISMA guidelines for systematic review reporting were utilised as 

guidelines for conducting this systematic review (Moher et al. 2009). 
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2.2.3 Eligibility criteria 

2.2.3.1 Rationale for inclusion/exclusion criteria  
Search specific inclusion/exclusion criteria were used to produce 2 results, so 

that the two distinct aforementioned domains of the literature were reviewed 

(refer to Table 2). The first set of search results (Review A) includes literature 

that has investigated the effects of sensory cortex tDCS on sensory threshold 

related outcome measures in a healthy human population. The second set of 

results (Review B) includes literature that has investigated the effects of motor 

cortex tDCS on pain threshold and pain intensity related outcome measures in 

a healthy human population. 

2.2.3.2 Screening and selection procedures 
Initial screening of titles and abstracts in line with study specific inclusion and 

exclusion criteria took place to isolate potential relevant articles. Screening of 

extracted full text papers in line with study specific inclusion and exclusion 

criteria was then performed for final study eligibility and then divided into 

Review A and Review B (refer to Figure 1). The primary investigator screened 

all titles, abstracts, and full text papers prior to making a decision about study 

eligibility.  
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2.2.5 Quantifying tDCS induced changes 

The percentage change from baseline value was obtained using exact 

percentage change from baseline values, exact mean values or graphed 

mean values (i.e. estimated; indicated by a ~) provided for at least one 

relevant outcome measure. A percentage change from baseline value 

assessment has previously been performed in a recent systematic review 

(Vaseghi, Zoghi & Jaberzadeh 2014). The obtained percentage change from 

baseline values for sensory, pain and pain intensity related outcome 

measures are outlined in Tables 6 and 7. Two included studies were excluded 

from this analysis because the percentage change from baseline value for any 

relevant outcome measure could not be calculated. No attempt was made to 

pool data, as the reviewers deemed combining the diverse outcome 

measures reported nonsensical. "

2.2.6 Analysis of results 

After establishing study eligibility, the single student investigator then used a 

critical narrative synthesis approach in order to critique, compare and contrast 

the results from the included studies.  

 

2.3. Results 

2.3.1 Search Strategy 

Figure 1 presents a PRISMA flow diagram.  Electronic database and 

reference list searches yielded 1375 potential articles. After abstract and title 
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review and removal of duplicates, 16 articles were retrieved in full text. After 

full text review, 14 articles met the inclusion criteria. 

"

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Database search n = 666 
PubMed n= 119 
Embase n=199 
Scopus  n =135 

Ovid Medline n =97 
CINAHL n=14 

PscyhInfo n=75 
Cochrane Library n=27 

PEDro n=0 
Informit Health Collection n=0 

ACP Journal Club n=0 
Manual reference list n =709 
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Potentially Relevant Articles 

n = 102 

Articles retrieved in full text 
and assessed for eligibility 

n = 16 

Articles included in review for 
Review A based on Study 1 
inclusion/exclusion criteria 

n = 3 

Articles included in review for 
Review B based on Study 2 
inclusion/exclusion criteria 

n = 11 

Articles excluded 
based on 

Title/Abstract and 
Duplication 

n = 1273 

Articles excluded 
based on duplication 

n = 86 

Articles not eligible 
based on not meeting 
either study criteria 

n = 2 

Figure 1 Prisma flow diagram for systematic review 
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2.3.2 Methodological quality assessment  

Table 3 demonstrates the Downs and Black scores and quality category for 

included studies. The range of scores within Review A was 22-24. All 3 

articles were of a good quality of evidence. While the range of scores was 18-

23 for Review B with 2 articles fair in quality of evidence and 9 articles good in 

quality of evidence. Most studies did not provide a comprehensive attempt to 

measure potential important adverse effects (item 8), the source population 

for participants (Item 11), the research setting (Item 13) and sample size 

power calculations (item 27). 
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2.3.3 Methodological parameters 

2.3.3.1 Study design  
Study design characteristics for Review A and B are outlined in Table 4. The 3 

studies in Review A were all crossover designed while 10 of the 11 studies in 

Review B were crossover designed. The remaining 1 study was a parallel 

design.  

2.3.3.2 Participant numbers 
Participant number characteristics for included studies are outlined in Table 4. 

The total number of participants across the studies in Review A was 31 with 

the number of participants ranging from 9 to 12. The total number of 

participants across the studies was 225 in Review B with the number of 

participants ranging from 8 to 75.  

2.3.3.3 Outcome measures 
Thesis related outcome measure and body stimuli types found in included 

studies are outlined in Table 4. The outcome measure types used by studies 

in Review A and B included sensory and pain thresholds as well as pain 

intensity scores. Body stimuli type included thermal and mechanical for 

studies in review A. The list of body stimuli type found in studies in review B 

included electrical, thermal, mechanical and laser.  

2.3.3.4 tDCS interventions  
tDCS intervention characteristics for included studies are outlined in Table 5. 

The stimulating electrode size, stimulation intensity, current density and 

stimulation duration / stimulation session across the studies in Review A was 

25 to 35 cm2, 1mA, 0.029 to 0.04 mA / cm2 and 15 to 20 minutes respectively. 

The stimulating electrode size, stimulation intensity, current density and 
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stimulation duration / stimulation session across the studies in Review B was 

16 to 35 cm2, 1 to 2 mA, 0.029 to 0.063 mA / cm2 and 5 to 40 minutes 

respectively. The type of direct current stimulation found in studies for both 

Review A and B included anodal and cathodal. 
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When cross-referencing the studies that had a percentage change from 

baseline score reported for the two recent and one present systematic review, 

it appeared that only Grundmann et al. (2011) were scored by all three 

systematic reviews. As well, only Vaseghi, Zoghi and Jaberzadeh (2014) and 

the present systematic review provide a percentage change from baseline 

score for Ragert et al. (2008). 

With respect to percentage change from baseline findings calculated for 

Grundmann et al. (2011) and Ragert et al. (2008) these were higher than 

those reported by our systematic review.  

Data extraction differences may help to explain this. Firstly, Grundmann et al. 

(2011) report tDCS induce changes to cold detection thresholds as the 

difference detected against a baseline temperature of 32 degrees celsius. 

Hence, a mean value change from -1.2 degrees celsius to -2.1 degrees 

celsius (difference from baseline; 32 degree celsius) would correspond to ~ 

75% change from baseline. In contrast, using the current systematic review 

methodology, a mean value change from 30.8 degrees celsius to 20.9 

degrees celsius would correspond to ~3% change from baseline. In addition, 

the present systematic review did not contact authors for means of desired 

outcome measures when means were not presented numerically or 

accessible from figures and graphs. As a result, the review did also not report 

the Grundmann et al. (2011) heat, mechanical and vibration sensory threshold 

percentage change from baseline scores.  

The slight variability present in percentage change from baseline values may 

be due to outcome measure type. Greater percentage change from baseline 
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values were reported for effects of anodal sensory cortex tDCS on mechanical 

sensory discrimination thresholds compared to thermal sensory detection 

thresholds (refer to Table 6).  
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baseline values that do not line up with those reported in Vaseghi, Zoghi and 

Jaberzadeh (2014).  

The variability in motor cortex induced pain threshold percentage change from 

baseline values may be due to outcome measure type. For example, the 

biggest percentage change from baseline values in this review was reported 

for effects of tDCS on face thermal (i.e. cold) pain thresholds (i.e. +85). In 

contrast, percentage change from baseline values in this review for effects of 

tDCS on thermal (i.e. heat), electric and laser pain thresholds measure were 

all less than 10 percent. 

Thirdly, percentage change from baseline values following anodal, cathodal or 

sham motor cortex tDCS for pain intensity scores ranged from -40.9 to +31 

(refer to Table 7).  

Interestingly, both the recent Vaseghi systematic reviews did not extract 

percentage change from baseline scores for pain intensity related outcome 

measures in a healthy population (Vaseghi, Zoghi & Jaberzadeh 2014, 

Vaseghi, Zoghi & Jaberzadeh 2015b).  

It is also important to note that motor cortex tDCS induced pain intensity 

percentage change from baseline values may be affected by outcome 

measure type and body location. For example, bigger percentage change 

from baseline values in this review were reported for effects of anodal tDCS 

on forearm thermal pain intensity scores compared to effects of tDCS on 

finger/head electrical pain intensity scores.  
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2.3.10 Conclusions and research implications 

In summary, there have been numerous investigations into the effects of 

sensory and motor cortex transcranial direct current stimulation on body 

sensory and pain related outcome measures in a healthy population. Critical 

appraisal of this literature revealed key methodological quality limitations, 

which have impaired the quality of evidence. Critical appraisal of the literature 

also revealed that single session anodal, cathodal and sham motor and 

sensory cortex tDCS induced inconsistent but mostly minimal percentage 

change from baseline values for body sensory and pain related outcome 

measures. Future efforts may therefore benefit by increasing stimulation 

frequency (e.g. using repeated daily tDCS), which might help to establish 

more consistent effects on physical sensory/pain thresholds (i.e. detection/ 

tolerance) and pain intensity in a healthy population.        

The following section provides the framework for a comprehensive project 

investigating the effects of repeated sessions of tDCS on somatosensory 

function in a healthy population and the validity for assessing pain with 

physical quantitative sensory measures (psychophysical devices) compared 

to the subjective pain measures (i.e. Visual Analogue Scale (VAS); self-

reported general pain sensitivity questionnaire (SRGPSQ)) and objective pain 

related salivary biomarkers. 

 

2.4 Study design rational and significance  

Numerous studies have investigated the effects of transcranial direct current 

stimulation (tDCS) on measures of somatosensory perception in a healthy 
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population. However, systematic reviews indicate both methodological 

limitations and heterogenous tDCS induced effects for existing trials. The 

reviews also reveal that stimulation frequency (e.g. using repeated daily 

tDCS) is one area that researchers have failed so far to focus their attempts 

on.  

The objective of the first study (that follows) was therefore to investigate the 

effects of repeated daily sessions of tDCS on psychophysical measures of 

somatosensory function only by measuring the effects of repeated daily tDCS 

on vibration detection thresholds in a healthy human population.  

The second study had three distinct objectives. The primary objective was to 

investigate the effects of repeated daily sessions of tDCS on psychophysical 

and subjective measures of somatosensory function (i.e. detection and 

perception) by measuring the effects of repeated daily tDCS on 

psychophysical thresholds (i.e. electric, thermal and mechanical pressure 

detection and pain thresholds) and subjective pain scores (i.e. electric, 

thermal and mechanical pain visual analogue scales) in a healthy human 

population.  

The second objective was to investigate the effects of repeated daily sessions 

of tDCS on objective pain related biological markers by measuring the effects 

of repeated sessions of tDCS on salivary cortisol and substance P levels post 

experimental pain stimulation in a healthy human population.  

The third and final objective of the second study was to investigate the 

associations and/or differences between different psychophysical thresholds 

(i.e. electrical, mechanical and thermal detection and pain thresholds), 
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subjective pain measures (i.e. electrical, mechanical and thermal visual 

analogue scales (VAS); self-reported general pain sensitivity questionnaire 

(SRGPSQ)) and objective pain related biomarkers (i.e. salivary substance P 

and cortisol levels) in a healthy human population.  

Measuring tDCS induced effects on psychophysical, subjective and objective 

outcome measures in a healthy population would be important to 1) better 

understand how tDCS may lead to changes in somatosensory processing, 2) 

provide a rationale for potential therapeutic use of tDCS in the treatment of 

nervous system disorders such as in pain conditions and stroke and 3) help 

discover how to best apply tDCS in the treatment of nervous system disorders 

such as in pain conditions and stroke. 

Measuring associations between the different abovementioned measures 

would be important to firstly potentially provide further evidence of their clinical 

utility and secondly provide further evidence of how to best utilise the 

measures in a clinical setting. 

 

2.5 Aims  

The aims include: 

1) To investigate the effects of five consecutive daily sessions (1 session / 

treatment day) of anodal sensory cortex tDCS on VDT for vibrations (i.e. 

vibration frequency either 30 or 200Hz) delivered to the distal pad of both third 

digits in a healthy population.  
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b_lower levels of cortisol and substance P after experimental pain stimulation 

compared to the effects of sham motor cortex tDCS in a healthy human 

population. 

3_Are there correlations between different psychophysical thresholds (i.e. 

electrical, thermal and mechanical detection and pain thresholds), subjective 

pain measures (i.e. electrical, thermal and mechanical pain visual analogue 

scales (VAS); self-reported general pain sensitivity questionnaire (SRGPSQ)) 

and objective pain related biomarkers (i.e. salivary substance P and cortisol 

levels) in a healthy human population. 
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Chapter 3  

Study 1 and Study 2 
 

3.0 Study 1 

Modulation of sensory cortex function with transcranial direct current 
stimulation 

Brookes Folmlia, Bulent Turmana, Peter Johnsona, Wayne Hinga, Allan 
Abbotta,b,c 

aFaculty of Health Science and Medicine, Bond University, Australia. 

bDivision of Physiotherapy, Department of Neurobiology, Care Sciences and 
Society, Karolinska Institutet, Stockholm, Sweden. 

cDepartment of Physiotherapy, Karolinska University Hospital, Stockholm, 
Sweden. 
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3.2 Introduction 

Research is exploring the use of non-invasive brain stimulation techniques to 

induce neuroplasticity for meaningful purposes. tDCS is one such brain 

stimulatory technique, which involves delivering low amplitude direct current 

(1-2mA) to the brain via scalp electrodes (Nitsche et al. 2008).  

tDCS has previously been shown to alter the excitability of sensory and motor 

pathways as well as having lasting effects on behavioural aspects of nervous 

system function in a healthy human population (Rogalewski et al. 2004, 

Nitsche, Paulus 2001). A systematic review identified that few studies have 

investigated the effects of sensory cortex tDCS on sensory detection 

thresholds in a healthy human population (see Chapter 2). The studies were 

of good methodological quality but the single session tDCS induced 

percentage change from baseline values were mostly minimal and 

inconsistent (Grundmann et al. 2011, Ragert et al. 2008).  

There is some research that suggests that repeated daily tDCS may have 

cumulative effects on neuroplasticity induction (i.e. changes to motor pathway 

excitability and behavior) in a healthy population (Alonzo et al. 2012, Reis et 

al. 2009). It therefore may be that repeated sensory cortex tDCS sessions are 

required to yield larger and more consistent effects on sensory thresholds in a 

healthy population. 

The vibration detection threshold (VDT) measure is an objective method of 

testing human sensory function in research procedures (Stuart et al. 2003). 

The aims of this research study were two fold:  
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1_to establish the effects of five consecutive daily sessions (1 session / 

treatment day) of sensory cortex tDCS on VDT in a healthy human population 

compared to sham tDCS.  

2_to establish whether time influences tDCS induced effects on VDT.  

Previous research has demonstrated that anodal tDCS can increase the level 

of excitability of both the human motor and sensory pathways (Matsunaga et 

al. 2004, Nitsche, Paulus 2000, Sugawara et al. 2015). It was therefore 

hypothesised that consecutive daily sessions of anodal sensory cortex tDCS 

would effectively lower VDT compared to sham over time. Investigating tDCS 

induced effects on VDT in a healthy human population would provide further 

evidence for the effectiveness of tDCS as a tool to manipulate cortical 

plasticity, which could translate into advanced treatment for populations 

characterised by sensory cortex function abnormalities. 

 

3.3 Material and methods 

3.3.1 Study design 

A prospective randomised single blinded controlled trial was instituted 

involving one experimental and one sham control group.  

With respect to randomisation, subjects were allocated to their respective 

groups through random concealed allocation. The randomisation procedure 

involved concealed drawing pieces of paper, which had a noted intervention 

(i.e. active or sham).  
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student population at Bond University, Australia. Table 9 reveals participant 

demographic information. Participants were given written and oral information 

regarding the investigation (see Appendix 1). Persons were excluded from 

participation if they: had any metallic or magnetic pieces inside the brain/skull 

(except titanium); had any implanted metal devices; had epilepsy or have ever 

experienced a convulsion or seizure; had any first degree relatives with 

epilepsy; had any hearing problems or tinnitus; consume heavy amounts of 

alcohol (e.g. +4 standard drinks/day) very regularly; had any recent or severe 

heart disease or were possibly pregnant (see Appendix 2). The participants 

were recruited between July 2012 and May 2013. Participation was voluntary 

and all subjects provided written informed consent prior to inclusion into the 

study (see Appendix 3). The study was approved by the Bond University 

Human Research Ethics Committee (RO1439) and carried out in accordance 

with the Declaration of Helsinki. 

Table 8 Participant flow information 

Participant 
flow variable 

Value Reasoning 

Advertisement        n = 90 1_Time commitment 
responders 2_Ineligible 
  
Non-completed n = 8                         1_Not able to do VDT 
participants                                              2_Dropped out 

Completed n = 29              
participants 
 Completed n = 1                         Data appeared to be outlier  
participants  
not analysed 
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chosen to selectively activate different sensory receptors (Kandel, Schwartz & 

Jessell 2000). 30Hz vibrations preferentially activated Meissner corpuscles, 

whereas 200Hz vibrations activated mainly Pacinian corpuscles (Kandel, 

Schwartz & Jessell 2000). Both upper limbs were assessed to measure both 

the contralateral (dominant side) and ipsilateral (non-dominant) side 

responses to brain stimulation of the dominant hand representation (refer to 

Table 10). Site has previously been shown to have influence on tDCS induced 

effects on VDT (Jürgens et al. 2012).  

Table 10 VDT measures 

Parameter Outcome measure 

 Psychophysical 

  
Vibration Dominant_200Hz (D200) 
 Non-dominant_200Hz (ND200) 
 Dominant_30Hz (D30) 
 Non-dominant_30Hz (ND30) 

  
 

VDT was assessed using a method of limits technique (Stuart et al. 2003). For 

each frequency, subjects initially experienced a randomly chosen supra-

threshold vibratory stimulus. The stimulus amplitude was then gradually 

decreased (descending mode) at a constant rate (~1s / stimulus amplitude) 

until the subject verbally indicated that they could confidently no longer detect 

it. After this, the vibratory stimulus was then gradually increased at a constant 

rate (~1s / stimulus amplitude) from a randomly chosen sub threshold level 

(ascending mode) until the subject verbally indicated that they could 

confidently detect the vibration stimulus. The mean of a minimum of 10 

detection thresholds (five ascending and descending) for each frequency and 
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upper limb was calculated for each subject (Stuart et al. 2003). The method of 

limits procedure was selected for measuring vibro-tactile sensitivity as it has 

previously been shown to be more reliable and time efficient than the forced 

choice procedure (Gerr, Letz 1988).  

With respect to timing, VDT was objectively measured both before and after 

tDCS during the first, third and final sessions (i.e. total VDT time points = 6). 

Baseline (i.e. pre-tDCS) VDTs were measured only at time point 1. The 

outcome measures of VDT at each time point included: dominant-30Hz, 

dominant-200Hz, non-dominant-30Hz and non-dominant-200Hz. A practice 

session was also incorporated on day 1. All the measurements were 

performed between 7:45am and 5:30pm. The experimental procedure is 

shown diagrammatically in Figure 2. 
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3.5 Discussion 

With respect to detection thresholds, the mean detection thresholds obtained 

in this study for both high and low frequency vibrations were smaller than 

those obtained by Stuart et al. (2003) but comparable to results reported by 

Morley and Rowe (1990). Direct comparisons of thresholds described here 

and those reported by others using a similar vibration set up are difficult due 

to methodological differences such as contact conditions. VDTs for vibrations 

delivered at both high and low frequencies to the finger can be affected by 

contact conditions such as the stimulation probe size and the size of the gap 

between contactor and rigid surround (Morioka, Whitehouse & Griffin 2008). If 

we compare the present study vibration set up to Stuart et al. (2003), the 

stimulation probe size was bigger and the size of the gap between contactor 

and rigid surround was smaller. 

With respect to the first aim of this study that compared the effects of 

consecutive daily sessions of tDCS on VDT compared to sham tDCS, the 

results demonstrated no statistical between-group differences. This is in line 

with the literature where previous studies have failed to show an effect of a 

single session tDCS on VDT compared to sham tDCS in a healthy population 

(Bachmann et al. 2010, Grundmann et al. 2011). More stringent methodology 

for measuring vibro-tactile sensitivity such as using a software controlled 

mechanical vibrator instead of tuning forks and using a method of limits 

approach for sensory testing instead of only vibration disappearance 

thresholds could increase the validity of results. The findings are also in line 

with recent literature that failed to show an effect of a single session tDCS on 
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vibration discrimination thresholds compared to sham tDCS in a healthy 

population (Hanley, Tommerdahl & McGonigle 2015).  

The findings therefore ultimately suggest that increasing stimulation frequency 

(i.e. using repeated daily tDCS) appears not to influence the effectiveness of 

tDCS on VDT in a healthy population. This is therefore not in line with 

previous literature that suggested that repeated daily tDCS might have 

cumulative effects on neuroplasticity induction in a healthy population (Alonzo 

et al. 2012, Reis et al. 2009).  

Reasons why there was a lack of significant tDCS induced effects on vibro-

tactile sensitivity reported in our study may be due to key methodological and 

study design limitations. These include intervention related limitations, 

intervention timing, population type and outcome measure settings and timing. 

Discussion around these parameters is further detailed in Chapter 4. 

Exactly how tDCS may affect sensory function in a healthy population is not 

fully understood.  tDCS has previously been shown to alter the excitability of 

the sensory cortex in a polarity-dependent manner (Dieckhöfer et al. 2006). 

tDCS induced changes to sensory behavior may therefore be the result of 

alterations to task specific cortical networks, which may involve changes to 

synaptic efficiency and the level of cortical excitability within the stimulated 

body part representation in the somatosensory cortex (Nitsche et al. 2004, 

Tegenthoff et al. 2005). Further research appears to be required before firm 

conclusions can be made regarding the mechanisms of tDCS post stimulus 

effects on somato-sensory processing.  
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With respect to the secondary aim of this study, the results demonstrated that 

there was a significant effect of time for tDCS induced effects on ND30 and 

D200. However, in the case of D200, the effect of time was only significant 

depending on group.  These findings agree and disagree with previous 

literature that did or did not show an effect of time for single session tDCS on 

VDT (Bachmann et al. 2010, Grundmann et al. 2011). However, it can be 

seen that for both active and sham tDCS groups there was a steady reduction 

in 30Hz VDTs for both sides (i.e. ipsilateral and contralateral to tDCS) over 

time (refer to Figure 3). These findings possibly suggest that a training effect 

may have been present for 30Hz VDT. Hence, further research is required 

that more appropriately takes into account potential training effects before 

stronger conclusions surrounding the influence of time on tDCS induced 

effects on VDT can be made. 

Both upper limbs were assessed to measure both the contralateral (dominant 

side) and ipsilateral (non-dominant) side responses to brain stimulation of the 

dominant hand representation. It is important to note that outcome measure 

side (i.e. ipsilateral vs. contralateral to tDCS) has been shown to have 

influence on tDCS induced effects on VDT (Jürgens et al. 2012). In addition, it 

is known that 30 & 200Hz vibratory stimuli selectively activate different 

sensory receptors (Kandel, Schwartz & Jessell 2000). Vibrations of 30Hz 

preferentially activate Meissner corpuscles, whereas 200Hz vibrations have 

been reported to mainly activate Pacinian corpuscles (Kandel, Schwartz & 

Jessell 2000). Although the research did not primarily aim to establish which 

side (i.e. dominant or non-dominant) or frequency of vibration have influence 

on tDCS induced effects on VDT, the results suggest that side and frequency 
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of vibration may have influenced tDCS induced effects on VDT. For example, 

a statistically significant effect of time was found on one side only for each 

vibration frequency. Further research is required before conclusions relating 

to the influence of outcome measure side or receptor activation on tDCS 

induced effects on VDT can be drawn.    

With respect to percentage change from baseline, values following 1 or 5 

tDCS sessions in this study were generally minimal in the negative direction. 

However, percentage change from baseline values following anodal tDCS 

were slightly higher in magnitude than those following sham tDCS. These 

findings are similar to previously reported single session sensory cortex tDCS 

induced percentage change from baseline mechanical sensory threshold 

changes (see Chapter 2). Interestingly, percentage change from baseline 

values following anodal tDCS were slightly higher in magnitude at time point 6 

compared to time point 2.  

 

3.6 Limitations 

There are a number of methodological issues that need to be addressed. 

Firstly, the study was conducted on predominantly a young university student 

population. Hence, the results from this study may not necessarily translate to 

other age groups. Secondly, the outcome measures were also performed only 

at one anatomical location (i.e. finger). The results from this study may 

therefore also not necessarily translate to other body parts (e.g. lower limb). 

Thirdly, due to limitations in resources to finance equipment or additional 

personnel, the participants were blinded to treatment group but the researcher 
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was not blinded. Obviously, this increased possibility for bias. Finally, Sidak 

adjustment was used for repeated measures of separate test conditions, as it 

is not affected as much by loss of statistical power for which Bonferroni 

adjustments are affected by. It can be argued that the 4 test conditions can be 

considered as separate entities and therefore not requiring further restrictive 

multiplicity penalisation of the model (Dmitrienko, D'Agostino 2013). 

 

3.7 Conclusion 

In summary, this is the first study that has demonstrated that consecutive 

daily sessions of sensory cortex tDCS cannot consistently modify vibro-tactile 

sensitivity in a healthy human population compared to sham tDCS. The 

findings are in line with previous single session tDCS literature therefore 

ultimately suggesting that increasing tDCS dose (i.e. repeated daily) does not 

overtly influence end results.  
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3.9 Abstract  

Background: A number of trials have explored the effects of single session 

tDCS induced effects on pain related measures in a healthy population. 

Recent systematic reviews point out heterogenous treatment effects for such 

trials. Multiple tDCS dose strategies may help deliver more efficacious tDCS 

induced effects on such measures. 

Aims: The aims of the study were twofold. The primary aim was to investigate 

the potential effects of five consecutive daily sessions (1 session / treatment 

day) of motor cortex tDCS on both psychophysical thresholds (e.g. sensory 

detection and pain thresholds in response to electrical, pressure and thermal 

stimulation of the body) and subjective pain intensity scores (i.e. electrical, 

pressure and thermal body pain visual analogue scales (VAS)) in a healthy 

human population. The secondary aims of the study included firstly to 

investigate the effects of five consecutive daily sessions of tDCS on objective 

pain related hormones/neuropeptides (i.e. salivary cortisol, substance P) after 

experimental pain stimulation and then to explore the correlations between 

baseline psychophysical, subjective and objective measures.   

Methodology: Randomised controlled trial methodology was used to assess 

five consecutive daily sessions of either active (anodal) or sham dominant 

motor cortex tDCS on pain related psychophysical, subjective and objective 

outcome measures in 42 healthy volunteers (mean age +/- SD = 24.95 +/- 

7.22; males = 14, females = 28). Possible within-subjects (i.e. factor = time) 

and between-subjects (i.e. factor = treatment) statistical differences for 

psychophysical and subjective outcome measures were examined using the 
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mixed model ANOVA. Possible within- and between-group differences for the 

objective outcome measure were analysed using statistical t-tests. Cross-

sectional analysis of baseline data was also used to explore bivariate 

correlations between examined baseline outcome measures. 

Results: A statistically significant between-subjects difference was observed 

when comparing the mean psychophysical threshold at all time points for one 

psychophysical threshold variable (i.e. CPT) only. The group mean estimates 

indicated that the active group had higher transformed CPT compared to the 

sham group. ANOVA demonstrated no statistically significant within-subjects 

differences as well as no significant time x treatment interaction effect. 

Results showed no statistically significant between-group differences for the 

objective outcome measure. Statistically significant correlations between 

psychophysical and subjective baseline outcome measures were found. 

Conclusions: Increasing stimulation dose (e.g. repeated daily) does not 

consistently influence anodal motor cortex tDCS effects on experimental pain 

perception. As well, the results of the study may provide further evidence of 

the clinical utility of different types of pain assessments. 

 

3.10 Introduction 

Advancements in neuroscience methods have led to increasing use of non-

invasive brain stimulation techniques in neuroscience research. One of these 

techniques, namely transcranial direct current stimulation (tDCS), can achieve 

nervous system modulation by delivering a weak (<2mA) direct current via 

surface electrodes (see (Nitsche et al. 2008) for review).  
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Psychophysical measures can give an indication of sensory and pain 

threshold changes while self-report scales (i.e. numeric or visual analogue) 

can allow subjective rating of pain intensity (Bachmann et al. 2010, Boggio et 

al. 2008, Jürgens et al. 2012). Measuring tDCS induced effects on these 

measures, in a healthy population, provides a rationale for potential 

therapeutic use of tDCS in the treatment of pain.  

A systematic review identified that a number of studies have investigated the 

effects of motor cortex tDCS on pain related psychophysical and subjective 

measures in a healthy human population (see Chapter 2). The studies were of 

good methodological quality but the single session tDCS induced percentage 

change from baseline values were mostly minimal and inconsistent for 

psychophysical measures and mostly moderate (i.e. 20-30%) for subjective 

measures.  

Research has previously indicated cumulative effects on neuroplasticity 

induction (i.e. relating to changes to motor pathway excitability and behavior) 

following the use of repeated daily tDCS in a healthy population (Alonzo et al. 

2012, Reis et al. 2009). Larger and more consistent effects on pain related 

psychophysical and subjective measures in a healthy population may 

therefore require the use of repeated daily motor cortex tDCS. 

Consequently, the aims of this study were twofold: 

1_The primary aim was to investigate the potential effects of five 

consecutive daily sessions (1 session / treatment day) of tDCS on 

psychophysical (i.e. electrical, thermal and mechanical detection and 

pain thresholds) and subjective (i.e. electrical, thermal and mechanical 
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pain visual analogue scales) measures in a healthy human population. 

Nitsche and Paulus (2001) demonstrated that anodal tDCS can 

increase the level of human motor pathway excitability. It was therefore 

hypothesised that consecutive daily sessions of anodal tDCS would 

effectively result in a greater lowering of sensory detection thresholds 

and subjective pain ratings, as well as a greater increase of pain 

thresholds over time compared to sham. 

2_The secondary aims of the study included firstly to investigate the 

effects of five consecutive daily sessions of tDCS on objective pain 

related hormones/neuropeptides (i.e. salivary cortisol, substance P) 

after experimental pain stimulation and then to explore the correlations 

between baseline psychophysical, subjective and objective measures. 

Anodal tDCS has previously been shown to lower cortisol compared to 

sham tDCS (Binkofski et al. 2011). It was therefore also hypothesised 

that anodal tDCS would lower levels of cortisol and substance P after 

experimental pain stimulation compared to the effects of sham motor 

cortex tDCS in a healthy human population 

 

3.11 Material and methods 

3.11.1 Study design 

A prospective randomised single blinded controlled trial was instituted 

involving one experimental and one sham control group.  

With respect to randomisation, subjects were allocated to their respective 

groups through random concealed allocation. The randomisation procedure 
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they: had any metallic or magnetic pieces inside the brain/skull (except 

titanium); had any implanted metal devices; had epilepsy or have ever 

experienced a convulsion or seizure; consume heavy amounts of alcohol (e.g. 

+4 standard drinks/day) very regularly; had any recent or severe heart 

disease or were possibly pregnant (see Appendix 5). Participation was 

voluntary and all subjects provided written informed consent prior to inclusion 

into the study (see Appendix 6). The participants were recruited between 

September 2013 and June 2014. The study was approved by the Bond 

University Human Research Ethics Committee (RO1693) and carried out in 

accordance with the Declaration of Helsinki. 

 

 

Table 13 Participant flow information 

 

 

 

Participant 
flow variable 

Value Reasoning 

Advertisement        n = 142 1_Time commitment 
responders 2_Ineligible 
  
Non-completed n = 1                         Participant dropped out 
participants 

Completed n = 41              
participants 
 Completed n = 1                         pH indicator revealed a saliva  
participants                                              sample that was acidic  
not analysed 
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have all previously been shown to influence somatosensory processing in a 

human population (Fregni et al. 2006b).  

To quantify any placebo effect there was a control group, which received 

sham stimulation only. This involved activating the tDCS device at a current 

intensity of 2mA but turning the tDCS device off slowly, out of the subject's 

field of view, after ~30 seconds (Gandiga, Hummel & Cohen 2006). The sham 

procedure chosen was based on research that demonstrated that < two 

minutes of tDCS at a current intensity of .02857 mA/cm2 delivered to the 

motor cortex was insufficient to induce alterations post-stimulation to motor 

pathway excitability (Nitsche, Paulus 2000). Stimulation followed the current 

published guidelines for safe use (Nitsche et al. 2008). 

3.11.6 Outcome Measures 

The outcome measures used for this study are arranged into 3 study 

objectives in line with the primary and secondary aims mentioned previously.  

Thus the following sections are as follows:  

1) tDCS effects on psychophysical threshold and subjective VAS 

measures (refer to Table 15) 

2) tDCS effects on objective measures (refer to Table 15) and  

3) correlations between baseline psychophysical threshold, subjective 

and objective measures.  

The proceeding data analysis, result and discussion sections are similarly 

categorised. 
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Table 15 Psychophysical, subjective and objective outcome measures 

Parameters Outcome 
measures 

  

 Psychophysical Subjective Objective 

Electric EDT  Cortisol 

 EPT EPT_VAS Substance P 

Mechanical PPT PPT_VAS  

Thermal CPT CPT_VAS  

 CTT CTT_VAS  

3.11.6.1 tDCS effects on psychophysical threshold and subjective VAS 
measures 
This study specifically looked at sensory detection and pain thresholds to 

electrical, mechanical pressure and thermal stimuli. The International 

Association for the study of Pain definitions of pain and pain thresholds were 

used as a framework for our pain threshold measurements. Thresholds to 

electrical, mechanical pressure and thermal stimuli were assessed using a 

method of limits technique in order to minimize number of stimuli per pain 

measurement (Boggio et al. 2008, Rolke et al. 2006, Neziri et al. 2011b).  

3.11.6.1.1 Electric psychophysical thresholds  

A computer software program (AD Instruments, Lab Chart 7, Australia) was 

used to generate constant current electrical pulses (pulse duration = 200 

microseconds; maximum repetition rate = 100Hz). The electrical pulses were 

then passed to a built-in isolated stimulator (PowerLab, Ad Instruments, 

Model No. ML-856) for isolation from the mains power and delivered to the 

site of stimulation (i.e. skin surface of the dominant index finger) via a 
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3.11.7 Data Analysis 

3.11.7.1 tDCS effects on psychophysical threshold and subjective VAS 
measures  
Pooled baseline psychophysical and subjective pain VAS overall, gender 

based and treatment based means were produced in order to compare means 

with previous literature. 

An independent samples t-test was used to test possible between tDCS group 

differences in the mean participant blinding visual analogue scale score in 

order to establish whether the blinding strategy was effective.  

The primary analysis endpoint (i.e. primary outcome measure) was the pain 

visual analogue scales scores, as the visual analogue scale is the expert 

advisory panel of the World Health Organisation recommended measure for 

pain (Ehrlich, Khalteav 2003). The psychophysical thresholds were secondary 

analysis endpoints (i.e. secondary outcome measures). 

A mixed model analysis of variance (ANOVA) statistical test analysis was 

again chosen to test repeated psychophysical threshold/subjective VAS 

measures at three time points in response to one of two interventions (active 

or sham tDCS). Refer to section 3.3.6 for the mixed model ANOVA statistcal 

approach/procedure. 

Percentage change from baseline was again also assessed and a mean 

adverse effects occasion number for each intervention was calculated. 
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participant blinding awareness question following active or sham tDCS 

respectively. Hence, the blinding strategy was deemed effective.   

With respect to descriptive analyses, CPT and PPT had to be logarithmically 

transformed in order to meet normality assumptions for parametric testing 

(refer to Table 17). 

CTT and EDT were not analysed as transformations failed to meet normality 

assumptions for parametric testing. There are two main reasons for this. 

Firstly, there were a number of values on the natural limit for CTT. Secondly, 

there was more than one mode (roughly speaking) for EDT. 
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3.13 Discussion & Conclusions 

3.13.1 tDCS effects on psychophysical threshold and 
subjective VAS measures 
"

With respect to mean baseline psychophysical thresholds, direct comparisons 

of thresholds described here and those reported in previous research using 

psychophysical sensory thresholds are difficult due to methodological 

differences (e.g. stimulation site, frequency and application rate) (see Table 

16). The mean overall EDT (i.e. ~0.9mA) & EPT (i.e. ~1.8mA) values 

described here were distinctly smaller than body side based mean values 

reported by Laitinen and Eriksson (1985) (i.e. EDT = ~1.5-2mA; 

EPT=~3.5mA). The gender based mean CPT (i.e. females = ~10s, males = 

~16s) values measured in our research were smaller than those obtained by 

Tashani, Alabas and Johnson (2010) (i.e. females = ~16s, males = ~24s). The 

mean gender based CTT (i.e. females =~46s, males = 58s) values were also 

distinctively higher than those reported by Neziri et al. (2011b) (i.e. females 

=~35s, males =39s). The mean overall PPT values (i.e. ~180 kPa) reported 

from our study were also distinctly smaller than those obtained by Rolke et al. 

(2006) (i.e. 400 kPa).  

With respect to tDCS effects on psychophysical thresholds, no statistically 

significant within-subjects (i.e. factor = time) differences were found. In 

contrast, a statistically significant between-subjects (i.e. factor = treatment) 

difference was observed for CPT only. The results therefore do not support 

our hypothesis that the use of consecutively daily sessions of anodal motor 

cortex tDCS would result in significantly lower electrical detection thresholds, 
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and higher electrical, thermal and mechanical pain thresholds compared to 

the effects of sham in a healthy human population.  

The significant between-subjects finding for CPT is in agreement with former 

controlled tDCS studies in healthy volunteers (Grundmann et al. 2011, 

Hansen et al. 2011, Bachmann et al. 2010, Jürgens et al. 2012, DosSantos et 

al. 2014). The non-significant between-subjects finding for PPT is also in 

agreement with existing research on controlled tDCS studies in healthy 

volunteers (Grundmann et al. 2011, Bachmann et al. 2010, Jürgens et al. 

2012, Vaseghi, Zoghi & Jaberzadeh 2015a). In contrast to the present study 

interaction findings, Boggio et al. (2008) was able to demonstrate that 

stimulation type can influence tDCS induced effects on EPT over time.   

There are a number of possible methodological reasons why a statistical 

significant between-subjects difference was seen for CPT and not other 

psychophysical thresholds. Firstly, the stimulus intensity (i.e. related to 

temperature) was not purposefully altered during CPT. The CPT may 

therefore preferentially activate afferent C fibres. In contrast, EPT and PPT 

are none preferential meaning that all afferent fibres (i.e. a-beta, a-delta) are 

activated sequentially with increasing stimulation intensity. Secondly, CPT 

had a larger stimulation area (i.e. hand) compared to EPT and PPT (i.e. 

finger). Thirdly, CPT was always the final psychophysical threshold test (i.e. 

after either EPT or PPT) in each experimental pain testing block. Hence, we 

cannot rule out sequence effects. Ultimately, the research suggests the need 

for further research before task dependent effects can be elucidated. 
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Exactly how motor cortex based non-invasive brain stimulation may affect 

pain function in a healthy population is not fully understood. Several 

mechanisms are proposed. Motor cortex tDCS could alter sensory 

discriminative components of pain by influencing descending cortico-thalamic 

pathways. Polania, Paulus and Nitsche (2012) demonstrated that motor 

cortex anodal tDCS could alter functional coupling between the ipsilateral 

motor cortex and thalamus in a healthy population. As well, motor cortex 

tDCS could alter pain related outcome measures by influencing descending 

opioid-based anti-nociception. Motor cortex tDCS can affect descending 

opioid-based anti-nociception via activation of several opioid rich central 

nervous system sites such as the thalamus, peri-aqueductal grey, precuneus 

and prefrontal cortices (DosSantos et al. 2014). Hence, tDCS may alter pain 

function in a healthy population via influencing a range of pain related nervous 

system regions.  

With respect to percentage change, percentage change from baseline values 

in this study for psychophysical thresholds were mostly minimal (i.e. typically 

less than or equal to 10 percent), which is in line with the findings of our 

systematic review (refer to Chapter 2). 

With respect to mean baseline subjective thresholds, the mean baseline 

gender based CTT_V values (i.e. males and females = ~7cm) described here 

were similar to those obtained by Mitchell, MacDonald and Brodie (2004) 

(males =~7.5; females = ~8cm). The mean baseline treatment based CPT_V 

values (i.e. active and sham tDCS = ~3.5cm) described here were smaller 

than cold pressor test VAS values obtained by Hamner et al. (2014) (i.e. 

active and sham tDCS = ~6.5cm). However, Hamner et al. (2014) VAS values 
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represented the 30 second averaged pain VAS score.  The mean baseline 

treatment based EPT_V values (i.e. active and sham tDCS = ~3.5cm) were 

similar to the EPT pain intensity ratings obtained by Hansen et al. (2011). 

However, Hansen et al. (2011) used numeric rating scales instead of pain 

visual analogue scales to assess pain intensity. 

With respect to tDCS effects on subjective pain intensity measures, no 

statistically significant between-subjects or within-subjects differences were 

observed for any subjective measure. The results thus do not support our 

hypothesis that the use of anodal motor cortex tDCS would effectively lower 

subjective pain intensity ratings compared to the effects of sham in a healthy 

human population.  

Previous literature investigating the effects of tDCS on subjective pain 

intensity has demonstrated conflicting findings. The non-significant findings 

are in agreement and disagreement with former controlled tDCS studies in 

healthy volunteers (Jürgens et al. 2012, Hansen et al. 2011, Terney et al. 

2008).  

Methodological differences may help to explain the contrasting results. For 

example, Hamner et al. (2014) recently demonstrated significant tDCS 

induced reductions in average cold pressor ratings compared to sham when 

assessing average cold pressor ratings at a water temperature of 14 degrees 

and not 0 degrees. Hence, it could be suggested that future related studies 

that investigate the effects of consecutive daily tDCS on pain perception use 

different variable settings for each examined modality. This would enable 

stronger conclusions to be made about the effectiveness of consecutive daily 
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inconsistencies. Further research into adverse effect occurrences between 

active and sham tDCS is therefore also required. 

3.13.2 Limitations 

There are methodological issues that need to be addressed. The study was 

conducted on predominantly young aged university students. Hence, the 

results from this study may not necessarily translate to other population age 

groups. Secondly, the participants were blinded to treatment group but the 

researcher was not blinded due to limitations in resources to finance 

equipment or additional personnel. Obviously, there is increased possibility for 

bias in a single blinded trial compared to a double blinded trial. Thirdly, gender 

imbalances occurred within the study groups. Consequently, gender based 

variability may have influenced results. Hence, future related trials should be 

double blinded and better designed to include gender differences.  

3.13.3 Conclusion  

Consecutive daily sessions of anodal motor cortex tDCS do not appear to 

have a cumulative effect on experimental pain perception measures in a 

healthy population.  

3.13.4 tDCS effects on objective measures 

With respect to within- and between-groups statistical comparison of saliva 

concentrations, both anodal and sham motor cortex tDCS significantly 

reduced levels of salivary cortisol compared to baseline post experimental 

pain stimulation but there were no significant between-group differences. The 

results therefore do not agree with our hypothesis that consecutive daily 
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sessions of anodal motor cortex tDCS would alter salivary levels of cortisol 

compared to sham post experimental pain stimulation.  

The within-group cortisol results (i.e. significance compared to baseline) are in 

agreement with a prior controlled tDCS study in a healthy population 

(Raimundo, Uribe & Brasil-Neto 2012). However, the between-group cortisol 

result (i.e. no significance compared to sham) is in disagreement with prior 

controlled tDCS studies (Brunoni et al. 2013, Sarkar, Dowker & Kadosh 

2014).  

Possible explanations for the contrasting results may relate to the site of 

stimulation or context of the stress response. For example, research has 

previously demonstrated that a single session of anodal pre-frontal cortex 

tDCS modulated the effects of arithmetic decision on salivary cortisol 

compared to sham (Sarkar, Dowker & Kadosh 2014). Further research is 

therefore required to investigate the influence of stimulation site or context of 

stress response on tDCS induced effects on cortisol.  

Another reason for the contrasting results may relate to power. The results 

showed a trend toward significant between group differences (i.e. the active 

tDCS group displayed a considerable larger effect size and smaller level of 

significance compared to the sham tDCS group). It could therefore be argued 

that the study was underpowered to achieve between group significance. 

Perhaps a larger sample size would have yielded group significance.   

The lowering in cortisol compared to baseline may therefore reflect a stress 

response to new procedures; baseline cortisol was measured prior to tDCS 

and psycho-physical testing whereas follow up cortisol was measured post 



"

" &&-"

tDCS and psycho-physical testing (Raimundo, Uribe & Brasil-Neto 2012). 

Future studies should therefore have more appropriate timed cortisol 

measures. 

Alternatively, the lowering in cortisol compared to baseline may be due to 

circadian variation of cortisol levels (Dorn et al. 2007, Baeken et al. 2009). No 

statistically significant between-group differences in saliva sampling 24hr time 

for each time point and change from baseline in our study however suggests 

that circadian variation is not an issue in our study.  

With respect to percentage changes, the magnitude and direction of 

percentage change from baseline cortisol values following anodal and sham 

tDCS was similar to those previously reported using single session tDCS 

(Binkofski et al. 2011). 

It is also important to discuss how tDCS might have influenced cortisol. Motor 

cortex tDCS could influence stress related central nervous system circuitry. 

Cortisol is an end product of the hypothalamic-pituitary-adrenal (HPA) axis. 

Binkofski et al. (2011) demonstrated that a single session of anodal motor 

cortex tDCS could lower serum cortisol levels compared to sham tDCS in a 

healthy human population. The findings therefore suggest that motor cortex 

tDCS may be able to influence central stress related circuitry such as the 

hypothalamic-pituitary-adrenal (HPA) axis. Future related studies are 

therefore required to investigate the relationship between tDCS and cortisol 

using different mediums (e.g. serum).  

With respect to salivary substance P, the concentration results were hardly 

ever above the lower limit of detection. One possible reason for this may be 
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that peripheral substance P triggered in peripheral experimental pain testing 

protocols may not be long lasting enough to influence salivary concentration 

in many healthy humans.  

3.13.5 Limitations 

There are methodological issues that should be taken into consideration when 

interpreting the results. Participants were not asked to refrain from non-work-

related vigorous physical activity prior to research participation. Previous 

research has demonstrated that physical activity can increase objective pain 

related biomarker levels in the human body (Lind et al. 1996, Lusa Cadore et 

al. 2009). However, no recent vigorous physical activity before testing was 

reported by participants or physically evident when observing participants 

before testing. Furthermore, the study did not control for menstrual cycle 

phase or use of oral contraceptives, which may have influenced salivary 

measurements in females (Kirschbaum et al. 1999). 

3.13.6 Conclusion  

Five consecutive daily sessions of anodal motor cortex tDCS does not 

significantly alter salivary cortisol levels post experimental pain stimulation 

compared to sham. It is suggested that future related studies investigate the 

effects of repeated sessions of anodal pre-frontal tDCS on objective pain 

related outcome measures.  

"
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3.13.7 Correlations between baseline psychophysical 
threshold, subjective and objective measures 
"

With respect to correlations between psychophysical thresholds, statistically 

significant correlations between baseline psychophysical thresholds were 

observed. The results are therefore in line with previous literature that has 

demonstrated statistically significant correlations between psychophysical 

measures within the same test modality and between different test modalities 

in a healthy population (Bhalang et al. 2005, Neddermeyer, Flühr & Lötsch 

2008, Neziri et al. 2011a). Bhalang et al. (2005) and Neziri et al. (2011a) 

further reported higher correlations between psychophysical measures within 

the same test modality. The highest statistically significant correlation 

between baseline psychophysical thresholds in the present study was also 

observed within the same modality (i.e. EDT and EPT) (see Table 20). A 

higher correlation within the same modality should be expected due to similar 

characteristics of sensation evoked by psychophysical thresholds within the 

same modality (Bhalang et al. 2005). Moreover, the strength and direction of 

correlations between psychophysical measures with in the same test modality 

reported by Bhalang et al. (2005) are comparable with those described in the 

present study.  

The present study also provides evidence for significant correlations between 

baseline subjective VAS assessments within and between modalities, as well 

as between baseline subjective VAS assessments and psychophysical 

thresholds within and between modalities (see Table 20). These findings 

therefore agree and disagree with previous literature. Ruscheweyh et al. 

(2010) demonstrated significant correlations between subjective 
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assessments, as well as between subjective assessments and 

psychophysical thresholds within the same modality. Ruscheweyh et al. 

(2010), however, did not demonstrate significant correlations between 

subjective assessments and psychophysical thresholds between modalities. It 

may be difficult to directly compare results to those reported by Ruscheweyh 

et al. (2010) as the present study incorporated a pain visual analogue scale 

for subjective assessment compared to a numeric rating scale utilised by 

Ruscheweyh et al. (2010). 

The current study further found that SRGPSQ scores did not significantly 

correlate with any baseline psychophysical, subjective or objective 

assessment. The finding that SRGPSQ scores did not significantly correlate 

with baseline psychophysical threshold is in line with previous literature 

conducted in a healthy population (Ruscheweyh et al. 2009). Ruscheweyh et 

al. (2009), however, reported that SRGPSQ scores significantly correlated 

with subjective assessments. Again, it may be difficult to directly compare 

results to those reported by Ruscheweyh et al. (2009) as the present study 

incorporated a pain visual analogue scale for subjective assessment 

compared to a numeric rating scale utilised by Ruscheweyh et al. (2009).  

In summary, the present study provides evidence that baseline salivary 

cortisol levels did not significantly correlate with any psychophysical threshold 

or subjective assessment in a healthy population. These findings are in 

agreement with previous literature that demonstrated no significant 

correlations between thermal (i.e. heat) pain and hormone (i.e. cortisol/ 

dehydroepiandrosterone) plasma levels in healthy women (Yamamotová, 
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Chapter 4 

General Discussion & Conclusion  

4.1 Research objectives, key findings and potential 
explanations 

Numerous studies have investigated the effects of transcranial direct current 

stimulation (tDCS) on measures of somatosensory perception in a healthy 

population. However, the systematic review undertaken within this thesis and 

two previous systematic reviews (Vaseghi, Zoghi & Jaberzadeh 2014, 

Vaseghi, Zoghi & Jaberzadeh 2015b) indicated both methodological 

limitations and heterogenous tDCS induced effects for existing trials. These 

three reviews also reported that stimulation frequency (e.g. using repeated 

daily tDCS) was one area that researchers have failed so far to focus their 

attempts on.  

The overall primary purpose of Studies 1 and 2 was therefore to investigate 

the effects of consecutive daily sessions of anodal tDCS on psychophysical, 

subjective and objective outcome measures in a healthy human population. 

Following this, a secondary purpose of Study 2 was to explore correlations 

between baseline psychophysical, subjective and objective outcome 

measures in a healthy population.  

The overall primary finding from Studies 1 and 2 suggests that increasing 

stimulation frequency (e.g. using repeated daily tDCS) does not appear to 

have a cumulative effect on psychophysical (i.e. vibration, electrical, pressure 

and thermal detection and pain thresholds), subjective (electrical, pressure 
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and thermal pain visual analogue scales) and objective (cortisol) measures in 

a healthy human population.  

The results predominantly do not support our hypothesis that five consecutive 

daily sessions of anodal tDCS would significantly lower electrical, vibration 

detection thresholds, heighten electrical, thermal and mechanical pain 

thresholds and lower subjective pain scores (i.e. electrical, thermal and 

mechanical pain visual analogue scales) compared to the effects of sham 

tDCS in a healthy human population. 

There are a number of potential reasons for this that relate predominantly to 

methodology and experimental design. With respect to methods, there are 

certain intervention related limitations such as focality, inter-individual 

variability and strength. As mentioned in the introduction chapter, one tDCS 

limitation is stimulation focality with conventional tDCS potentially producing 

nerve polarization over a large area of brain. Combining tDCS with other 

techniques, which promote activity in related nervous system areas, may have 

therefore been required to achieve more consistent results by improving the 

specificity of tDCS induced neuroplasticity (Cano et al. 2013). In line with this 

hypothesis, Schabrun et al. (2014) demonstrated that combining motor cortex 

tDCS and peripheral electrical stimulation (i.e. applied to the body area of 

most pain) more effectively improved chronic low back pain symptoms in a 

chronic pain population compared to either technique alone or sham tDCS.  

Another key limitation of tDCS is high inter-individual variability in both 

neurophysiological and behavioural responses (Wiethoff, Hamada & Rothwell 

2014).  A number of factors that can modify plasticity induction have been 
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identified, such as age, sex and handedness (Ridding, Ziemann 2010). It is 

therefore plausible to suggest that significant treatment effects may have 

been obtained if we focused on only the one gender or a different aged 

population. Of importance to this thesis, previous research has demonstrated 

that baseline brain metabolite levels predicted the tDCS induced analgesic 

response in a healthy population (Reidler et al. 2012). Consequently, it could 

be hypothesised that investigating tDCS induced effects on experimental pain 

in populations with certain biochemical profiles may also help to achieve more 

consistent results. The abovementioned research highlights the need to better 

understand the individual factors that determine tDCS responsiveness.  

Thirdly, there are no standard protocols/markers to assess effectiveness of 

tDCS strength (or dose) (Priori, Hallett & Rothwell 2009). tDCS strength is 

therefore not individually adjusted. Consequently, it could be hypothesised 

that the use of more individualised tDCS strength parameters may help to 

achieve more consistent results.  

The outcome measures used in this study may have also been another 

methodological factor that influenced findings. Most outcome measures in this 

study were pain related. Pain can be viewed as a dynamic process that can 

be influenced by a number of individual factors. The evaluation of pain can 

therefore be considered as being more complex compared to other 

physiological measures such as evoked potentials, for which tDCS has been 

shown to consistently influence in a healthy population (Ihle et al. 2014, 

Nitsche et al. 2008). 
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As well, the research did not investigate tDCS induced effects on 

serum/plasma levels of cortisol or substance P. Previous research has 

demonstrated less variation in serum levels of cortisol compared to saliva 

(Reynolds et al. 1998). Additionally investigating potential effects on 

serum/plasma levels could have allowed for stronger conclusions to be made 

about the effectiveness of consecutive daily sessions of tDCS on pain related 

biomarkers. 

With respect to experimental design, there are a number of factors that may 

have shaped the findings such as intervention timing, population type and 

outcome measure settings and timing. 

Firstly, it may be that the stimulation timing (i.e. once daily) was sub-optimal to 

elicit cumulative longer lasting effects on the sensory domain in a healthy 

population.  Indeed, the results of a recent systematic review suggested a 

lack of effect for current multiple dose tDCS strategies (e.g. once daily) on 

pain related outcome measures in a chronic pain population (O'Connell et al. 

2014).  

One alternative approach may be to deliver successive tDCS using shorter 

intervals (i.e. in the order of minutes) (Goldsworthy, Pitcher & Ridding 2014). 

In support of this approach, Monte-Silva et al. (2013) demonstrated that 

continuous application of 1mA motor cortex tDCS for 26 minutes resulted in 

motor pathway excitability changes that were shorter in duration when 

compared to spaced stimulation of the same total duration (i.e. 2x13 min of 

tDCS with 3 or 20 min interval) in a healthy population. In contrast, spaced 

stimulation of the same total duration using inter-tDCS intervals of hours 
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abolished plasticity induction. Similarly, research has demonstrated that with-

in session repeated tDCS (i.e. two or three applications of 10 minute tDCS 

with an interval of 25 minutes) was preferable for modifying motor pathway 

excitability and motor behavior (e.g. Purdue pegboard test) in a healthy 

population compared to a single application of 10 minute tDCS (Bastani, 

Jaberzadeh 2014). Further research into the effect of tDCS timing on 

psychophysical, subjective and objective measures is therefore warranted.  

Secondly, using healthy, pain free individuals to study pain mechanisms 

allowed for enhanced experimental control (i.e. related to stimulus intensity, 

frequency, localisation and duration) compared to clinical pain studies (Staahl, 

Drewes 2004). However, the short lasting stimuli used in this study does not 

reproduce actual clinical pain (Staahl, Drewes 2004). Consequently, the 

negative findings from this study may therefore not translate to a persistent 

pain population.  

As well, there was an attempt made to examine the effects of tDCS on 

substance P. However, the concentration results were hardly ever above the 

lower limit of detection. As significantly higher levels of salivary substance P 

have been found in chronic pain patients compared to healthy controls, it 

could be suggested that future related studies should focus on clinical chronic 

pain populations to evaluate the potential effects of consecutive daily sessions 

of tDCS on objective pain related outcome measures (Jang et al. 2011). 

Thirdly, another reason for the findings may be due to outcome measure 

settings and timings. Firstly, different variable settings were generally not 

used for each examined modality. For example, psychophysical thresholds in 
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Study 2 were only assessed on the body side contralateral to tDCS. However, 

change in a psychophysical threshold (i.e. innocuous cold sensitivity) on the 

body side ipsilateral to tDCS has previously been reported (Bachmann et al. 

2010). Furthermore, CPT was only assessed at the one temperature. 

Interestingly, Hamner et al. (2014) recently demonstrated significant tDCS 

induced reductions in CPT subjective ratings compared to sham when 

assessing CPT at a water temperature of 14 degrees and not 0 degrees. 

Hence, it could be suggested that future related studies that investigate the 

effects of consecutive daily tDCS on pain perception use different variable 

settings for each examined modality. This could possibly enable stronger 

conclusions to be made about the effectiveness of consecutive daily tDCS on 

experimental pain.  

With respect to outcome measure timing, the participant performed several 

psychophysical measurements with the same standardised procedure. 

However, the repeated sessions design can be susceptible to test-retest bias 

(e.g. retest performances influenced by previous sessions). Test-retest bias 

with psychophysical measures has previously been reported (Teepker et al. 

2010). In Study 1, it can be seen that for both active and sham tDCS groups 

that there was a steady reduction in 30Hz VDT for both sides over time. 

These findings could indicate that a learning or training effect may have been 

present for 30Hz VDT. Factoring session-to-session effects into the analyses 

would have required repeated psychophysical tests before start of the trial. 

This would have required more resources (i.e. project finances, participant 

time) to do so. Nonetheless, future related studies should factor session-to-

session effects to minimise the possibility of test-retest bias. 
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consequently posed is can these techniques effectively harness the power of 

neuroplasticity for distinct and meaningful purposes, such as to further 

improve human body function or even treat certain disorders? 

This thesis attempts to make a contribution to addressing this research 

problem. It was hypothesised that the increasing stimulation frequency (i.e. 

using repeated daily tDCS) would enhance the consistency/efficacy of tDCS 

induced changes to somatosensory and pain perception in a healthy 

population. In contrast to this hypothesis, this was the first study to 

demonstrate that a once daily multiple dose strategy was sub-optimal to 

produce consistent and stronger anodal tDCS induced changes to 

somatosensory and pain perception in a healthy population. These findings 

may therefore help direct future research to develop more appropriate dose 

strategies that may eventually lead to therapeutic use of tDCS in the 

treatment of nervous system disorders such as in pain and stroke conditions.  

In addition, the research has provided further evidence that significant 

correlations exist between psychophysical thresholds, between subjective 

assessments and between psychophysical thresholds and subjective 

assessments in a healthy population. With further research, these findings 

may help lead to more appropriate evaluations of pain sensitivity in clinical 

populations.  
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Appendices 

Appendix 1 Study 1 explanatory statement  

 

Explanatory Statement 

Bond University Human Research Ethics Committee Protocol Number: 1439 

Study title: Modulation of somato-sensory cortex function with non-invasive brain stimulation. 

Investigators: 

Supervisor:   Associate Professor Peter Johnson 

PhD Student:  Brookes Folmli 

Research Aims 

Transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) 

are both non-invasive techniques capable of activating elements of the brain without causing 

pain. Recent research has provided evidence for the ability of both TMS and tDCS in inducing 

short term changes to certain regions within the human brain, which outlast the stimulation 

period. Effectively utilising non-invasive brain stimulation to temporally alter brain function 

could therefore improve our understanding of the human sensory system. 

Although research has further shown both TMS and tDCS to have effects on behavioural 

aspects of sensory function in healthy populations, more research is overtly required to 

advance our understanding of the potential effects on these measures with various repetitive 

TMS (rTMS) and tDCS based stimulating paradigms and protocols. In particular, no research 

has yet compared the effects of separate repeated session protocols of either TMS or tDCS 

on behavioural features of sensory processing.   

Vibration detection thresholds represent an objective method of measuring human sensory 

function in research procedures. It could therefore be hypothesized that the use of both 

protocol types would effectively modulate vibration detection thresholds. Consequently, the 
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List of risks with the use of TMS & tDCS  

Known adverse effects with TMS:  

 

1. Seizures: Single pulse TMS has resulted in seizures in patients, but not in normal subjects, 
whereas repetitive TMS has resulted in seizures in both patients and normal subjects. 16 
cases of TMS induced seizures have been reported. Considering the large number of 
experiments conducted using TMS, the risk of inducing seizures is very low.  

 

2. Heating of the brain: Heating of the brain is unlikely to cause injurious effects. The 
theoretical power exposed to during TMS is a few milliwatts at 1 Hz; while the brain's 
metabolic power (13 W). 

 

3. Heating sensation of the scalp: TMS can induce sensations of heat on the scalp due to coil 
heating; however, there is a monitor on the machine, which alerts when temperatures 
approach forty degrees Celsius. 

 

4. Syncope (fainting): Syncope can occur as an epiphenomenon (i.e. not related to direct 
brain effects). A syncope management plan has been implemented. 

 

5. Headaches and Local Pain: During TMS, induction of muscle tension headache or neck 
pain may arise possibly due to activation of scalp and neck muscles, which respond promptly 
to an aspirin, acetaminophen (Tylenol ®) or other common analgesics.  

 

6. Subjects may also experience nausea, and twitching of the face.  

 

Potential complications of TMS: 

 

1. Cognition: Repetitive TMS may result in memory problems and other cognitive deficits. 
These effects are very rare, mild, and very transient. Several safety studies with rTMS have 
revealed no adverse long-term effects or sustained changes in cognition. Most TMS studies 
have not seen any effects of rTMS on mental abilities, and some have actually improved 
cognitive function. 

       

2. Kindling: The process of repetitive sub-convulsive shocks leading to a subsequent epileptic 
event is highly unlikely. This is due to the fact kindling requires frequencies of at least 60Hz, 
and a pulse duration of 1ms longer than that seen in TMS. 
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Appendix 2 Study 1 pre-study 
questionnaire 

 

Pre-study questionnaire  

Please read the following items carefully and put a tick (�q ) on the answer that best 
corresponds to your current situation. Please be advised that the responses you provide for 
this questionnaire will be kept strictly confidential and will be used only for the purposes of 
this research. Therefore, please answer as honestly as you can. If you have questions please 
do not hesitate to ask the investigators: Brookes Folmli (012343!56789:;7%02;9%:98%<8) and 
Peter Johnson (=:>2?;62502;9%:98%<8). 

1. Subject Details 

Name, SID  

Mobile number  
Emergency contact (number, 
name + relationship to subject)  

Age  

Date form filled  

Gender Male                    Female  

Handedness Right                            Left        
How did you find out about this 
research?  
2. Eligibility 
If you tick yes to any of the following questions in Part A, you will be excluded from 
the study: 

PART A: 
Do you have any metallic or magnetic pieces inside your brain/skull 
(except titanium) (e.g. splinters, clips)? Yes       No  
Do you have any implanted metal devices that you are aware of (e.g. 
cochlear, pacemaker, medication pumps, and neuro-stimulators such 
as deep brain stimulators)? Yes       No  
Do you have epilepsy or have ever experienced a convulsion or 
seizure?  Yes       No  

Do you have any first degree relatives with epilepsy? Yes       No  

Do you have any hearing problems or tinnitus (ringing in the ears)? Yes       No  
Are you someone who consumes heavy amounts of alcohol (e.g. +4 
standard drinks/day very regularly)? Yes       No  

Have you had any recent or severe heart disease? Yes       No  

Are you pregnant or is there any chance you might be?  Yes       No  
If you tick yes to any of the following questions in Part B,  an individual evaluation of 
your eligibility will be determined: 

PART B: 
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The PhD student will also go through the full list of risks associated with tDCS and 

experimental pain with you during your initial consultation before you give your consent. 

 

Confidentiality 

Confidentiality of your records will be adhered to. Your results will be securely stored on 

computer files, for which only the above researchers will have access to. All data 

corresponding to your results will be number coded so you will not be identified in any future 

reports or publications. 

Volunteer Participation 

You are free to withdraw from the conducted experiment at any stage of the research. 

Debriefing 

If you would like to be informed of the aggregate research finding, please contact the student 

investigator. A summary of the findings and how this has contributed to scientific knowledge 

will be emailed to those wanting this information. 

Counselling Services 

In addition to research enquires, if you require counselling over any experiences throughout 

the experiment please call:  

Lifeline Australia: 131 114 

Bond University Counselling Office: 55 954 002 

Research Ethics  

If you have any concerns in regards to the conduct or nature of this research (RO1693), 

please do not hesitate to contact the Bond University Research Ethics Committee at the 

following address: 

 
Senior Research Ethics Officer  
Complaints  
Bond University Human Research Ethics Committee  
Bond University  
Gold Coast, 4229  
Telephone: (07) 5595 4194 Fax (07) 5595 1120 Email: buhrec@bond.edu.au  
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Please list any medication you are taking (or have recently withdrawn from) in the space 
below: 

   

   

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Have you ever been involved in a transcranial direct current 
stimulation (tDCS) study?  

Yes       No  
 
 
 

Do you currently have hair extensions and/ or very thick and 
course hair? Yes       No  

 
Do you have any skin condition (e.g. eczema), which is located on 
the scalp and/or forehead? 

Yes       No  
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Appendix 8 Study 2 brief sensation test protocol 
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Appendix 10 Study 2 scalp stimulation adverse 
effects questionnaire 
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Appendix 11 Study 2 self-report general pain 
sensitivity questionnaire 
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