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ABSTRACT 

 

Cognitive control requires the coordinated function of large-scale brain 

networks. The interactions between the Salience Network (SN) and 

Default Mode Network (DMN) are thought to be particularly important. 

Traumatic Brain Injury (TBI) commonly leads to cognitive dysfunction, 

and is also associated with abnormal SN and DMN function and 

connectivity. Transcranial direct current stimulation (TDCS) has been 

extensively studied as a tool for cognitive enhancement. However, there is 

high variability in the reported behavioural benefits of TDCS, and little 

understanding of how it affects the brain networks mediating cognitive 

control. 

 

The overarching aim of this thesis is to investigate the potential of TDCS 

for improving cognitive dysfunction after TBI. Chapter 3 investigates 

whether TDCS has the potential to modulate cognitive function in healthy 

controls, using bi-parietal TDCS in cognitive tasks with strong 

hemispheric lateralisation. In Chapters 4 and 5, I acquire functional MRI 

(fMRI) concurrently to applying TDCS to the SN, in order to assess the 

effects of TDCS on both brain networks and cognitive control (assessed 

using a response inhibition task, the Stop Signal Task). I also investigate 

whether structural connectivity of cognitive networks influences the 

response to TDCS.  

 

In Chapters 7-9, I apply this TDCS strategy to a cohort of chronic TBI 

patients. Chapter 7 assesses whether single-session SN TDCS improves 

response inhibition, whether white matter damage influences any 

response to stimulation and whether TDCS can improve abnormal 

network function. Chapter 8 presents a targeted analysis of the effects of 

multi-day anodal TDCS treatment on response inhibition and brain 

network function. Chapter 9 presents the effect of multi-day anodal TDCS 

treatment on a wider range of cognitive measures. 
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In summary, this thesis investigates the proof-of-principle that TDCS can 

be used for cognitive rehabilitation after TBI. Through a progressive set of 

experiments in healthy and TBI participants, I assess the effects on 

cognitive function as well as on key cognitive control networks, and 

explore factors which may explain variability in responses to TDCS. The 

work presented within this thesis supports a multimodal approach to 

conducting TDCS studies in the cognitive field, with an emphasis on 

concurrent behavioural and neurobiological assessment, as well as 

highlighting the importance of directly addressing patient heterogeneity 

in TBI interventional studies. 
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1 

 
 
 
 

INTRODUCTION    

 
 
 
 
 
 
 
In this regard, his mind was radically changed, so decidedly that his friends and 
acquaintances said he was “no longer Gage.” 
 

- description of Phineas Gage after his infamous accident, by Martin Harlow (physician), in the Bulletin 
of the Massachusettes Medical Society 1868 
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1.1 A network approach to treating cognitive deficits after 

Traumatic Brain Injury 

 

Traumatic brain injury (TBI) occurs as a result of external forces to the 

brain, commonly as a consequence of road traffic collisions and falls 

(Lawrence et al. 2016). It is common, with annual TBI hospital admission 

rates being comparable to that for heart attacks, and devastating 

(Townsend et al. 2015; Headway 2015). TBI survivors are commonly left 

with long-lasting physical, cognitive and psychological deficits, which have 

wide-reaching consequences, such as job loss and relationship breakdown 

(Townsend et al. 2015; Ponsford et al. 2000; Ponsford et al. 2008; Hoofien 

et al. 2001; Andelic et al. 2009). A wide range of persistent cognitive 

problems, such as attention deficits, poor executive control and working 

memory deficits, contribute substantially to these sequelae (Whitnall et al. 

2006).  

 

Despite the wide range of cognitive problems experienced by TBI patients, 

this population have common abnormalities of cognitive network function. 

Cognitive networks are distributed cortical brain regions showing high 

intrinsic connectivity. Abnormal network activity and connectivity is a 

signature of cognitive deficit after TBI, and structural damage to white 

matter tracts is related to this network dysfunction (Jilka et al. 2014; 

Sharp et al. 2014; Sharp et al. 2011; Bonnelle et al. 2012; Bonnelle et al. 

2011; Kinnunen et al. 2011). Furthermore, white matter tract damage 

correlates more to post-TBI cognitive dysfunction than other structural 

measures such as lesion location (Kinnunen et al. 2011). This suggests 

that modulating brain network activity may be a fruitful strategy for 

tackling cognitive deficits. 

 

Transcranial direct current stimulation (TDCS) may be a method by 

which abnormal cognitive brain network function, and thus cognitive 

impairments, can be ameliorated after TBI. Recent studies have found 
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that TDCS applied to single brain region can have remote effects on the 

function of physically remote but functionally connected regions (see 

Appendix 1B). TDCS also presents a clinically attractive option for 

treatment because of its good safety record and ease of application, 

compared to other stimulation methods, opening up the possibility of home 

treatment. In the field of stroke motor recovery, there is evidence that 

TDCS can enhance the functional benefits achieved by traditional 

rehabilitation methods alone (Allman et al. 2016). Therefore, TDCS might 

be used, in conjunction with cognitive training delivered remotely via 

internet or smartphone app platforms, in effective and cheap cognitive 

training programs. This might also reduce the costs associated with 

cognitive rehabilitation, which currently requires very high numbers of 

sessions to be effective (Salazar et al. 2000; Malec & Kean 2016). 

 

In my thesis, I explore the potential of transcranial direct current 

stimulation (TDCS) for cognitive modulation after TBI. I combine a 

randomised control trial (RCT) design to assess the behavioural impact of 

a course of TDCS, and a novel combined TDCS-MRI approach to assess 

the neurophysiological effect of TDCS.  

 

1.2 The link between post-TBI cognitive network dysfunction and 

cognitive deficits 

Abnormal activity of and connectivity between the Default Mode Network 

(DMN) and Frontoparietal Control Network (FPCN), which comprises the 

Salience Network (SN) and the Dorsal Attention Network (DAN), are 

common and characteristic findings in cognitively-impaired TBI patients 

(Jilka et al. 2014; Sharp et al. 2014; Sharp et al. 2011; Bonnelle et al. 

2012; Bonnelle et al. 2011). The DMN and FPCN are large-scale brain 

networks, anatomically defined by regions showing correlated activity 

during task-free states, and are functionally and structurally connected 

(Figure 1.2). The coordinated activity of these networks underlies good 

cognitive control, which can be defined as the processes subserving goal-
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directed behaviour (Mesulam 1990; Bressler & Menon 2010).  

 

 

Figure 1.2: The Default Mode Network and Frontoparietal Control 
Network 
Overlay of brain areas comprising (A) the Default Mode Network and (B) 
the Frontoparietal Control Network, which encompasses the Salience 
Network). Areas are superimposed on the MNI152 1mm brain template. 
From (Smith et al. 2009). 
 

The DMN consists of the ventromedial prefrontal cortex (vmPFC), 

posterior cingulate cortex (PCC), retrosplenial cortex, inferior parietal 

lobule and hippocampal formation (Buckner et al. 2008). Of these, the 

PCC has been the focus of detailed research in recent years as its 

heterogeneity of function has come to light (Leech et al. 2012; Leech et al. 

2011). The SN consists of the right inferior frontal gyrus (rIFG), the 

underlying anterior insula (rAI) and the dorsal anterior cingulate 

cortex/pre-supplementary area (dACC/preSMA) (Seeley et al. 2007; 

Dosenbach et al. 2007). The DAN consist of dorsal parietal and superior 

parietal cortices and the dorsal frontal cortex, at the area thought 
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considered the human equivalent of the frontal eye fields (Corbetta & 

Shulman 2002). 

 

During periods of internally directed attention, for example, recall of 

autobiographical events or simply resting, the DMN is highly active 

(Buckner et al. 2008; Shulman et al. 1997; Raichle et al. 2001) and the 

FPCN is more quiescent. On the other hand, when attention is externally 

directed, for example, during performance of tasks cued by external 

stimuli, activity in the DMN is suppressed whilst the FPCN shows 

increased activity. This characteristic pattern of antecorrelated activity 

between the DMN and FPCN is thought to be important for good cognitive 

control as it is associated with good performance states in tasks when 

attention is externally directed (Kelly et al. 2008). Within the SN, the 

right inferior frontal region is thought to play a specific role in mediating 

a switch between different cognitive states and the associated anti-

correlation of FPCN and DMN activity, producing the observed transition 

to increased FPCN activity and decreased DMN activity when a 

demanding cognitive task is performed (Sridharan et al. 2008; Hampshire 

& Sharp 2015; Mesulam 1990).  

 

Traumatic Brain Injury (TBI) patients have abnormal DMN behaviour, 

specifically impaired DMN deactivation during task performance, 

particularly of the PCC/precuneus node (V Bonnelle et al. 2011; Bonnelle 

et al. 2012). In both controls and TBI patients, a failure to decrease DMN 

activity is associated with worse performance in cognitive tasks with 

external stimuli (Bonnelle et al. 2011; Weissman et al. 2006). Within the 

DMN, both structural and functional connectivity during task 

performance is disrupted by TBI, and correlates with impairment of 

sustained attention (Bonnelle et al. 2011). Additionally, the intrinsic FC of 

the DMN, that is the FC during rest, is also related to cognitive 

performance, with lower intrinsic FC of the DMN associated with slower 

processing speeds in TBI patients (Sharp et al. 2011).  
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Abnormal function of the SN is also observed after TBI. Impaired 

functional connectivity at rest between nodes of the SN and increased 

activity within the wider FPCN is observed in TBI patients with poor self-

awareness (Ham et al. 2014). Abnormal FPCN and SN connectivity at rest 

is observed in cases of both severe and mild TBI (Stevens et al. 2012; 

Hillary et al. 2011). TBI patients also have reduced functional connectivity 

between the SN and DMN, compared with healthy controls (Jilka et al. 

2014). 

 

The pathological hallmark of TBI is Diffuse Axonal Injury (DAI), which 

results from the shearing forces experienced by neurones during the 

injury event, and damages the white matter tracts connecting 

anatomically distributed brain regions (Johnson et al. 2013). This 

structural damage is an important cause of the disrupted network 

function observed after TBI. White matter damage, as assessed with 

diffusion tensor imaging, is associated with cognitive deficits observed in 

TBI patients (Bonnelle et al. 2011; Bonnelle et al. 2012; Kinnunen et al. 

2011; Sharp et al. 2014; Jilka et al. 2014). Of particular note, damage 

within the white matter tract linking the rAI and the dACC/preSMA 

nodes of the SN correlates with poor functional connectivity between the 

SN and DMN, a lack of DMN deactivation during response inhibition and 

worse response inhibition (Bonnelle et al. 2012; Jilka et al. 2014). This is 

consistent with the idea that the SN mediates changes within other 

networks, including the DMN (Sridharan et al. 2008).  

 

Work in other fields, including stroke and depression, suggests that 

stimulation-related network changes are causally linked to behavioural 

improvements. Additionally, experimentally effective cortical TDCS 

targets are part of the same intrinsic connectivity networks as clinically 

effective Deep Brain Stimulation targets (Fox et al. 2014; Stagg et al. 

2012). Therefore, ameliorating abnormal post-TBI SN and DMN function 
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with stimulation may be an attractive treatment strategy for post-TBI 

cognitive impairments. 

 

1.3 The current use of Transcranial Direct Current Stimulation to 

modulate cognitive function 

 

Transcranial Direct Current Stimulation (TDCS) delivers weak electrical 

currents to the brain through scalp electrodes and transiently alters 

cortical excitability. Current flows from the anodal electrode to the 

cathodal electrode. Anodal TDCS indicates that the electrode overlying the 

target brain region is the anode, and cathodal TDCS indicates that the 

overlying electrode is the cathode. In vitro studies applying TDCS to brain 

slices shows that TDCS does not directly cause action potentials, rather 

that it alters the probability of an action potential occurring. Anodal 

TDCS (A-TDCS) increases the frequency of action potentials, whilst 

Cathodal TDCS (C-TDCS) decreases the frequency (Purpura & Mcmurtry 

1965). The main parameters of TDCS are: electrode montage, TDCS 

polarity (anodal or cathodal), duration of stimulation, current strength 

and frequency of application. TDCS is relatively cheap and easy to 

administer, and a recent meta-analysis found no serious side-effects across 

a range of stimulation parameters and participant populations (Brunoni et 

al. 2011). 

 

TDCS has been increasingly used as technique for studying and 

modulating many cognitive functions in both healthy control and patient 

groups (Brunoni et al. 2011; F Fregni et al. 2005; Hummel et al. 2005; 

Stagg et al. 2012; Coffman et al. 2014), including attention (Boggio et al. 

2007; Nelson et al. 2014; Coffman et al. 2012; Weiss & Lavidor 2012; 

Tseng et al. 2012; Kang et al. 2012), working memory (Jacobson, Goren, et 

al. 2012; Berryhill et al. 2010; Marshall et al. 2005; F. Fregni et al. 2005; 

Boggio et al. 2006) and executive function (Dockery et al. 2009; Boggio et 

al. 2010; Weiss & Lavidor 2012; Fecteau et al. 2007). A small number of 
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studies have applied TDCS for cognitive rehabilitation after TBI, with 

variable results (Table 1.3).  

 

Study Population TDCS Protocol Task/ 

Assessment  

Results/ 

Notes 

Kang 
2012 

N=9 TBI 20mins, 2mA – single 
session 
left dlPFC + right SOA 
(ref.) 
A, S 
Within subject 

Simple 
attentional task 

: Faster RTs 
after real vs. 
sham TDCS 
: Effects gone 
by 3 hours 

Lesniak 
2013 

N=23 TBI 10mins, 1mA – 15 days 
left dlPFC 
A, Sh 
Between subject 

CANTAB 
cognitive testing 
battery 
RAVLT, PASAT 

No significant 
differences 
between 
groups 

O’Neil-
Pirozzi 
2017 

N=4 TBI 
N=4 HC 

20mins, 2mA – single 
session 
left dlPFC + right SOA 
(ref.) 
A, C, Sh 
Within subject – 48hr 
washout 

WM (Hopkins 
Verbal Learning) 
EEG: 
- Auditory 
oddball P300 
- Eyes open & 
closed 

: Both HC and 
TBI improved 
WM after A-
TDCS 
: TBI increased 
P300 
amplitude 
after A-TDCS 

Sacco 
2016 

N=34 TBI 20mins, 2x daily, 5 days 
left dlPFC (A) + right 
dlPFC  (C) 
or 
left dlPFC (A) + right 
dlPFC (A) + shoulder 
(ref.) 
Between subject 

Divided attention 
task 
fMRI (in real 
TDCS group 
only) 

: Active TDCS 
produce 
improved 
performance 
vs. sham 
TDCS 
: Post TDCS 
fMRI showed 
decreased 
activation in 
areas normally 
activated by 
task 
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Ulam 
2015 

N=26 TBI 20mins, 1mA – 10 days 
left dlPFC + right SOA  
A, Sh 
Between subject 

Range of 19 
cognitive tests 
EEG: 
- α β γ δ power 
 

: No group 
difference in 
cognitive tests 
: Correlations 
between EEG 
power and 
some cognitive 
tests 

Table 1.3: summary of TDCS studies in TBI cohorts 
Abbreviations: SOA = supraorbital area, RAVLT = Rey’s Auditory Verbal 
Learning Test, PASAT = Paced Auditory Serial Addition Test, A = anodal, 
Sh = Sham, C = cathodal 
 

1.4 Challenges to clinical translation of TDCS for cognitive 

rehabilitation 

 

However, there is increasing recognition of the challenges to overcome if 

successful clinical translation is to be achieved. There is high variability in 

the reported behavioural outcomes following TDCS, even when using the 

same stimulation parameters, making the effect of TDCS cognition 

anything but predictable (Jacobson, Koslowsky, et al. 2012; López-Alonso 

et al. 2014). Indeed, a recent meta-analysis concluded that single-session 

TDCS produces no effect on a range of cognitive tasks (Horvath et al. 

2015).  

The observed effect of TDCS is dependent on the electrical dose 

administered and the biological response to that dose. Electrical dose is 

defined by “what is externally applied (and therefore fully controlled) 

rather than by any physiologic or behavioral response to stimulation” 

(Peterchev et al. 2013). TDCS has numerous parameters, but study 

parameters are often selected with little justification. This likely arises 

from the fact that there is a real lack of understanding of the biological 

response to TDCS, and little systematic investigation of the effect of 

changing parameters. 

 

Furthermore, just as clinical response to medications is affected by 
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interindividual variability in drug pharmacokinetics and 

pharmacodynamics, the response to a given administered electrical dose is 

likely also to be influenced by interindividual variability in numerous, 

which we do not yet fully understand.  

1.5 The influence of brain anatomy on the effects of TDCS 

Interindividual differences in cranial and brain anatomy can influence the 

impact of TDCS by creating variability in the actual current received by 

the brain, even when the same electrical dose is administered. The 

distribution and extent of current density is the most common measure for 

assessing this current received by the brain, and computer simulations 

based on anatomical data have provided useful insights into the factors 

which modulate current density. A comprehensive discussion of the 

development of such simulations can be found in reviews of the literature 

(Bikson et al. 2013; Bikson et al. 2012; Wagner et al. 2014). Simulation 

studies modelling factors derived from individual neuroimaging have 

demonstrated that gross anatomical features and microarchitectural 

features influence current distribution (Bikson et al. 2012; Datta et al. 

2012). These factors include: skull thickness, cerebrospinal fluid (CSF) 

distribution (Opitz et al. 2015), gyral pattern (Datta et al. 2012; Halko et 

al. 2012; Opitz et al. 2015) and orientation of neurons (Arlotti et al. 2012). 

Moreover, a recent study modelled the current density induced by an 

electrode over the left dorsolateral prefrontal cortex (dlPFC), and found 

that the improvement in a working memory task correlated with the 

simulated current density, suggesting that the work from simulations has 

real functional relevance (Kim et al. 2014). Cortical anatomy can show 

high variability in gyrus and sulcus patterns between individuals and may 

contribute to interindividual variability in TDCS response (Rademacher et 

al. 1993). This is because the orientation of neurons is a particularly 

important determinant of the polarizing effect of direct current. Radial 

current flow appears to be most effective at causing somatic polarization, 

whereas tangential current flow appears to be most effective at causing 
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terminal polarization (Bikson et al. 2004; Rahman et al. 2013).  

Individual differences in anatomical fibre connectivity between brain 

regions likely influence TDCS effects. In fact, current distribution of TDCS 

is influenced by integrity of white matter indexed by fractional anisotropy 

(FA) of diffusion-weighted MRI (Metwally et al. 2012; Shahid et al. 2012; 

Suh et al. 2012; Russell et al. 2013; Shahid et al. 2014). Individual 

variability in structural connectivity within stimulated networks has 

previously been shown to influence behavioural and physiological response 

to TDCS (Rosso et al. 2014; Bradnam et al. 2012; Lin et al. 2017). 

However, these studies have not explored the extent to which structural 

connectivity of cognitive networks mediates response to TDCS on more 

complex cognitive tasks. Furthermore, anatomical factors do not always 

have the expected influence. For example, although thickness of 

subcutaneous fat and white matter FA both alter the spread of TDCS 

current, their effects are small compared to other anatomical variables, 

and do not always necessitate a change in stimulation parameters (Truong 

et al. 2013; Shahid et al. 2014). Computer simulations may be of most use 

in helping to predict current distribution in individuals with large 

anatomical variations, such as patients with large lesions. 

1.6 The influence of underlying brain state  

An important influence on TDCS response, encompassing both inter- and 

intraindividiaul variability, is likely to be the underlying state of the brain 

at the time of TDCS delivery. However this has rarely been explicitly 

investigated.  

One source of difference in underlying brain state is a participant’s initial 

level of function. Participants with poor baseline motor coordination show 

clear improvement after cathodal TDCS, whereas those with superior 

motor coordination prior to TDCS do not improve as much (McCambridge 

et al. 2011; Uehara et al. 2015). Non-musicians had improved fine motor 

control of the hands after bilateral primary motor TDCS whereas expert 
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musicians experienced paradoxical deterioration of performance (Furuya 

et al. 2014). The effect of baseline function on TDCS response has also 

been observed in cognitive studies. Performance on a visual short- term 

memory task (VSTM) was improved by anodal TDCS to the right posterior 

parietal cortex (PPC) only in participants who had initially poor 

performance, but did not alter performance in those participants with 

initially high performance (Tseng et al. 2012). Furthermore, the 

improvement in VSTM performance after TDCS was accompanied by 

increased amplitude of event-related potentials (ERPs) from concurrent 

EEG recordings. However, those who did not have behavioural 

improvement had large amplitude ERPs even before TDCS. Though by no 

means comprehensive, these studies imply the existence of ceiling effects 

on some aspects of neuronal modulation with TDCS, which, in turn, may 

contribute to variability in behavioural response to TDCS. 

Another source of variability in underlying brain state is task difficulty. 

TDCS targeted to the right posterior parietal cortex during a visual 

working memory task improved task performance, but only on difficult 

tasks, and only in people with initially high task performance (Jones & 

Berryhill 2012). Additionally, in this group of people, both anodal and 

cathodal TDCS produced improvements. However, TDCS had no 

significant effect on the performance in those with initially low task 

performance. The authors explain these findings as an interaction of 

baseline function with task difficulty, possibly because of different task 

strategies and recruitment of brain regions depending on baseline ability. 

Other studies have also found a similar interaction of TDCS function with 

task difficulty (Sandrini et al. 2012; Wu et al. 2014). 

1.7 Specific considerations for using TDCS on the injured brain 

Using TDCS to improve outcomes, particularly motor and speech deficits 

after stroke, has been a popular area of exploration (Holland & Crinion 

2012; Stagg & Johansen-berg 2013). However, there has been great 
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variability in reported benefit (Hummel et al. 2005; Tanaka & Sandrini 

2011; Grefkes & Fink 2012; Fusco et al. 2014; Lüdemann-podubecká et al. 

2014; O’Shea et al. 2014; Aguiar et al. 2014), with interindividual 

heterogeneity also a challenge for using TDCS after injury. Indeed, 

appropriate understanding of participant characteristics is likely to be of 

even greater importance than in healthy populations studies, because of 

additional variability in injury type, injury extent and initial recovery. 

Several stroke studies have attempted to elucidate the factors predicting 

behavioural improvement after TDCS. Patients with larger deficits and 

less surviving brain, assessed by lesion size (Bolognini et al. 2014), white 

matter tract integrity (Bradnam et al. 2012; Lindenberg et al. 2013; Rosso 

et al. 2014), or level of impairment (Bradnam et al. 2012; Marquez et al. 

2013; O’Shea et al. 2014), appear to experience less benefit with TDCS. In 

some cases, it has been reported that TDCS can even worsen the function 

of those with high levels of impairment (Bradnam et al. 2012). Other 

factors, such as a longer time post-injury (Marquez et al. 2013; O’Shea et 

al. 2014), greater preservation of key white matter tracts and increased 

baseline functional connectivity (Rosso et al. 2014; Bradnam et al. 2012), 

appear to confer better response to TDCS. These studies suggest that 

having enough surviving brain, which is the neural substrate for TDCS-

related improvement, is a crucial factor for achieving a good response to 

TDCS. Electrode location is an especially important consideration with 

lesions. If large lesion size predicts poor response to TDCS, then this 

would imply that TDCS should have greatest benefit when targeting 

surviving brain.  

A unique consideration for injury studies is the interaction of TDCS and 

rehabilitative training. In healthy control studies, TDCS has been 

variously reported to boost or inhibit learning and performance of motor 

and cognitive tasks (Reis et al. 2009; Meinzer et al. 2015; Orban de Xivry 

& Shadmehr 2014; Bortoletto et al. 2015). There has been similar 

variability in the reports of combined rehabilitative training and TDCS in 

the injured population. Several studies have reported greater behavioral 
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improvement with combined TDCS and training, compared with training 

alone, in motor function (Middleton et al. 2015; Kasashima-shindo et al. 

2015), motor function associated electrophysiology measures (Kim & Ko 

2013), aphasia (Wu et al. 2015), neglect (Brem et al. 2014; O’Shea et al. 

2017), and attention (S. H. Park et al. 2013). However, some of the positive 

studies were conducted on extremely small numbers (n<10). Multiple 

studies have also not found a benefit of TDCS over training alone in motor 

or cognitive function, after stroke and TBI (Geroin et al. 2011; Fusco et al. 

2014; Viana et al. 2014; Lesniak et al. 2013). Furthermore, because TDCS 

is thought to act on the networks and brain regions active during 

stimulation, the type of rehabilitation activity is also likely to be 

important in determining final effect. Grossly similar tasks can differ in 

subtle but meaningful ways that lead to apparent variability in response 

to TDCS (McCambridge et al. 2011; Bardi et al. 2013; Miyaguchi et al. 

2013; Horvath et al. 2014). Other important considerations when 

combining TDCS with rehabilitative training include the timing of TDCS 

in relation to training, and how soon after injury to start training and 

TDCS.  

1.8 Approach to investigating TDCS for use in post-injury 

cognitive rehabilitation 

Understanding the biological response to TDCS, and the sources of 

response variability is crucial for developing TDCS for clinical use. One 

approach is to use functional (f)MRI to investigate the effects of TDCS on 

activity within cognitive brain networks. Studies combining TDCS and 

fMRI have shown that TDCS applied to a single region can produce 

changes in activation and functional connectivity that extend beyond the 

local stimulation region (Bernhard Sehm et al. 2013; Amadi et al. 2014; 

Polanía et al. 2012; Polania et al. 2012; Sehm et al. 2012; Antal et al. 

2011; Peña-Gómez et al. 2012; Sankarasubramanian et al. 2017; C. Park 

et al. 2013). However, most of these studies recorded fMRI at a different 

time to stimulation (C. Park et al. 2013; Amadi et al. 2014; Peña-Gómez et 
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al. 2012; Polanía et al. 2012; Sehm et al. 2012; B Sehm et al. 2013; Polania 

et al. 2012), investigated the effect of TDCS on resting state fMRI rather 

than during cognitive task performance (Polanía et al. 2012; Peña-Gómez 

et al. 2012; Amadi et al. 2014; C. Park et al. 2013; Sehm et al. 2012; 

Sankarasubramanian et al. 2017), or stimulated primary sensorimotor 

cortices (Antal et al. 2011; B Sehm et al. 2013). Therefore, it is not possible 

to extrapolate the results of these studies to understand the effects of 

TDCS on brain networks subserving cognitive control.  

In the stroke motor rehabilitation world, careful studies specifically 

assessing the neurophysiological effects of TDCS concurrently with its 

behavioural effect have provided some important insights into how TDCS 

affects cortical activity, cortical neurotransmitter levels and how stroke 

characteristics influences the clinical response to TDCS (Stagg & 

Johansen-berg 2013; Stagg et al. 2011; O’Shea et al. 2014). Following early 

promising results (Allman et al. 2016), a large clinical trial is currently 

under way to investigate TDCS for motor rehabilitation. A similar 

approach, combining neurophysiological assessment concurrent to 

stimulation and in addition to behavioural assessment, could provide the 

necessary insights to increase the translational potential of TDCS for 

cognitive rehabilitation. 

 

1.9 Aims and Outline of Thesis 

In this thesis, I present a body of work which explores the 

neurophysiological and behavioural effects of TDCS, as directly applicable 

for cognitive modulation. My aims are: 

- To assess whether TDCS can modulate cognitive performance, 

particularly in tasks previously shown to be impaired in TBI 

survivors, such as attention and response inhibition. 

- To assess whether TDCS can modulate the activity and connectivity 

of the Salience and Default Mode Networks (SN and DMN). These 
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two large-scale intrinsic connectivity networks are important for 

cognitive control, and also exhibit abnormal activity and 

connectivity after TBI, which is related to impaired cognition. If 

these are shown to be amenable to modulation by TDCS, then it 

would support the further development of TDCS as a potential 

therapy for post-TBI cognitive deficits. 

- To explore the influence of polarity. Previous studies suggest that 

whilst anodal and cathodal TDCS may have excitatory and 

inhibitory effects, respectively, on local field potentials assessed in 

vitro, it is less clear how these effects scale up to local network 

activity, cortical network activity and connectivity and behavior. I 

aim to assess the effect of polarity at the network and behavioural 

level, with the prediction that the polarity-dependent effects of 

TDCS at these levels cannot be easily extrapolated from the in vitro 

evidence. 

- To explore the influence of cognitive brain state. There is a growing 

body of evidence that brain state during TDCS application 

influences its effect on both neurophysiology and behaviour, and I 

will explicity assess the effect of manipulating brain state on the 

network effects of TDCS. 

- To explore the influence of structural connectivity. Since impaired 

structural connectivity is a hallmark of TBI, and is also related to 

abnormal cognitive network function and impaired cognitive 

function after TBI, this factor may also be an influence on the 

effects of TDCS. 

In Chapter 3, I present a study in healthy human controls in which I 

investigated the behavioural effect of biparietal oppositional TDCS on 

hemispheric cognitive functions. 

In Chapters 4 and 5, I present two combined TDCS-fMRI studies in 

healthy controls. FMRI acquisition simultaneous to tDCS application 

allowed me to directly investigate the neurophysiological effect of 
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stimulation. I applied TDCS to the Salience Network (SN) because of its 

central role in coordinating activity in other cognitive networks. In 

Chapter 4, I use a novel paradigm that allows me to directly explore the 

effects of TDCS polarity and brain state on cognitive network function. In 

Chapter 5, I apply TDCS during Stop Signal Task (SST) performance, and 

investigate the effect on both task performance and cognitive networks. 

In Chapters 7-9, I investigate whether TDCS to the SN can also improve 

cognitive performance in chronic TBI patients. In Chapter 7, I investigate 

the neurophysiological and behavioural effects of a single session of anodal 

and cathodal TDCS on SST performance, in a combined TDCS-fMRI 

paradigm. In Chapters 8-9, I extend my investigation into assessing the 

behavioural and network effects of multi-day anodal stimulation of the 

Salience Network.  
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APPENDIX 1A: SUMMARY OF STUDIES REPORTING ON THE IMPACT OF 

INTERINDIVIDUAL FEATURES ON TDCS EFFECT 
 

Factor Study Protocol Results 
Brain state: 
Activity of local 
circuits 

Wiethoff et al. 
2014* 

N=53 
Left M1 
a-tDCS & c-tDCS 
SO reference 
0.057mA/cm2, 
10mins 
MEP 

a-tDCS facilitatory for 50%; both 
facilitatory for 50% participants. 
MEP latency between different 
TMS coil orientations predicts 
response to a-tDCS. 

Brain state: 
Baseline level of 
function 

McCambridge 
et al. 2011 

N=13 
Left M1 
c-tDCS 
SO reference 
0.028mA/cm2, 
20mins 
MEPs during 
isometric 
contraction, 
motor 
performance 

Participants with poor selective 
muscle activation improved 
more after c-tDCS 

 Uehara et al. 
2015 

N=17 
Left M1 
c-tDCS 
SO reference 
0.04mA/cm2, 
15mins 
MEPs during 
isometric 
contraction in 
three different 
movement 
frequencies 
(slow, middle and 
fast tempo) 

c-tDCS improved selective 
muscle activation of the 
ipsilateral proximal muscle in a 
movement frequency manner. 
Participants with poor selective 
muscle activation improved 
more after c-tDCS 
 

 Furuya et al. 
2014* 

N=26 
Bilateral M1, 
oppositional 
montage 
2mA, 15mins 
Timed-sequence 
finger 
movements 

c/l a-tDCS with i/l t-DCS 
improves performance in non-
musicians but decreases 
performance in musicians 

 Tseng et al. 
2012 

N=30 
Right PPC (P4) 
a-tDCS 
Left cheek 
reference 
0.094mA/cm2, 

tDCS only improved 
performance in those 
participants with initially low 
performance 
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15mins 
Visual working 
memory task 

Brain state: 
Interaction with 
task 

Antal et al. 
2007* 

N=12 
Left M1 
a-tDCS & c-tDCS 
SO reference 
0.028mA/cm2, 
10mins 
MEP 

Performing a cognitive task 
during stimulation increases M1 
excitability after c-tDCS and 
decreases it after a-tDCS. 
Performing a motor task during 
stimulation decreases M1 
excitability after both tDCS 
types. 

 Jones et al. 
2012* 

N=20 
Right PPC (P4) 
a-tDCS & c-tDCS 
Left cheek 
reference 
0.042mA/cm2, 
10mins 
Working memory 
task 

Both a-tDCS & c-tDCS improved 
performance in high-performing 
participants.  
Both a-tDCS & c-tDCS impaired 
performance in low-performaing 
participants. 
The effects were observed only 
when the task was difficult. 

 Berryhill et 
al. 2012 

N=25 
Left (F3) & right 
(F4) PFC 
a-tDCS 
0.042mA/cm2, 
10mins 
Working memory 
task 

Both F3 & F4 tDCS improved 
task performance, in 
participants of higher education 
only. 

 Kashara et al. 
2013 

N=16 
Bilateral 
parietal, 
oppositional 
montage 
0.057mA/cm2, 
10mins 
Arithmetic task 

Left a-tDCS with right c-tDCS 
improved task performance only 
in participants with left parietal 
lateralization of task on fMRI 

 Wu et al. 2014 N=20 
Right PFC (P4) 
a-tDCS 
Left cheek 
0.06mA/cm2, 
15mins 
Working memory 

Right PFC stimulation improves 
spatial working memory span 
when cognitive demand was 
high 

 Sandrini et al. 
2012* 

N=27 
Bilateral 
parietal, 
oppositional 
montage 
0.043mA/cm2, 
13mins 

Right c-tDCS with left a-tDCS 
impaired working memory 
performance when task was 
easy but right a-tDCS with left 
c-tDCS impaired performance 
when task was difficult 
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Working memory 
Injury factors: 
level of 
impairment 

Bradnam et 
al. 2012* 

N=12, stroke 
(motor) 
Contralesional 
M1 
c-tDCS 
SO reference 
0.028mA/cm2, 
20mins 
MEP 

tDCS facilitates MEP if patient: 
is mildly impaired. 
tDCS worsens MEP if patient: is 
spastic or moderately-severely 
impaired . 

 Marquez et al. 
2013 

Stroke (motor) 
n/a (meta-
analysis) 

Statistically significant 
improvements after tDCS only 
in: mild-moderate impairment. 

Injury factors: 
functional 
connectivity 

Rosso et al. 
2014 

N=25, stroke 
(aphasia) 
Contralateral 
Broca’s area 
c-tDCS 
SO reference 
0.028mA/cm2, 
15mins 
Picture-naming 
task 

Patients only improved if: 
decreased levels of functional 
balance between two 
hemispheres 

Injury factors: 
white matter 
integrity 

Bradnam et 
al. 2012 

(as above) tDCS facilitates MEP if patient 
has good ipsilesional 
corticospinal tract integrity. 

 Lindenberg et 
al. 2013 

N=12, stroke 
(motor) 
Bilateral M1 
a-tDCS 
ipsilesional M1 
with c-tDCS 
contralesiona M1 
1.5mA, 30mins, 5 
days 
Wolfson motor 
function test 

Greater improvement in motor 
function in patients with higher 
FA values in transcallosal and 
ipsilesional corticospinal white 
matter tracts. 

Injury factors: 
functional 
connectivity 

Rosso et al. 
2014 

(as above) Patients only improved if: intact 
arcuate fasciculus 

Injury factors: 
time since injury 

O’Shea et al. 
2014 

N=13, stroke 
(motor) 
Contralesional 
M1 
a-tDCS, c-tDCS 
& oppositional 
SO reference (for 
a/c-tDCS) 
0.028mA/cm2, 
20mins 

Patients with longer time post 
injury showed greater MEP 
facilitation and task 
improvement after a-tDCS. 
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MEP, simple 
reaction time 
task 

 Marquez et al. 
2013 

(as above) Statistically significant 
improvements after tDCS only 
in: chronic stroke  

Injury factors: 
ipsilesional 
GABA 

O’Shea et al. 
2014 

(as above) Patients with higher baseline 
ipsilesional M1 GABA levels had 
greater task improvement after 
a-tDCS 

Injury factors: 
lesion location 

Rosso et al. 
2014 

(as above) Patients only improved if: 
aphasia was associated with a 
Broca’s area lesion 

 Baker et al. 
2010 

N=10, stroke 
(aphasia) 
Left frontal 
(individualized) 
a-tDCS 
Right shoulder 
reference 
0.04mA/cm2, 
20mins, 5 days 
Naming task 

Patient peristimulation lesion 
sites showed greatest 
improvement 

Injury factor: 
lesion size 

Bolognini et 
al. 2015 

N=6, stroke 
(apraxia, left 
brain damage) 
Left PPC & right 
M1 
a-tDCS 
SO reference 
0.08mA/cm2, 
10mins 
Ideomotor 
apraxia & Jebson 
hand function 
tasks 

Left PPC tDCS improved 
function more in those with 
smaller lesions 

Injury factors: 
with 
rehabilitation 

Fusco et al. 
2014 

N=11, stroke (motor, acute <30 
days) 
contralesional M1 
c-tDCS 
Right shoulder reference 
0.043mA/cm2, 10mins, 10 sessions 
Rehabilitation: motor, on same 
day as tDCS  
Functional motor assessments 

No added 
benefit of 

stimulation 
over 

rehabilitation 
alone.  Viana et al. 

2014 
N=20, stroke (motor, subacute <6 
months) 
Ipsilesional M1 
a-tDCS 
SO reference 
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0.08mA/cm2, 13mins, 15 sessions 
Rehabilitation: virtual reality 
training, with tDCS 
Functional motor assessments 

 Geroin et al. 
2011 

N=30, stroke (motor, chronic) 
Ipsilesional M1 
a-tDCS 
SO reference 
0.071mA/cm2, 7mins, 10 sessions 
Rehabilitation: robot-assisted gait 
training, with tDCS 
Walking assessment 

 Lesniak et al. 
2014 

N=23, TBI (subacute-chronic) 
Left PFC 
a-tDCS 
SO reference 
0.028mA/cm2, 10mins, 15 sessions 
Rehabiliation: computerized 
cognitive training, with tDCS 
Cognitive assessment battery 

 Kasashima-
shindo et al. 
2015 

N=18, stroke (motor, chronic) 
a-tDCS 
0.028mA/cm2, 10mins, 10 sessions 
SO reference 
Rehabilitation: brain-computer 
interface training, after tDCS 
Fugl-Meyer assessment, event 
related desynchronization 

Additional 
benefit of 
stimulation 
over 
rehabilitation 
alone. 

 Middleton et 
al. 2014 

N=5, stroke/TBI (motor, chronic) 
Bilateral M1, a-tDCS ipsilesional 
with c-tDCS contralesional 
0.06mA/cm2, 15mins, 24 sessions 
Rehabiliation: physical therapy, 
with tDCS 
Functional motor assessments 

 Wu et al. 2015 N=12, stroke (aphasia, subacute 
3-6 months) 
Left Wernicke’s area 
a-tDCS 
Contralesional shoulder reference 
0.048mA/cm2, 20mins, 20 sessions 
Rehabilitation: speech-language 
therapy, with tDCS 
Picture naming, auditory word-
picture naming 

 Brem et al. 
2014 

N=1, stroke (neglect, acute <30 
days) 
Bilateral PPC, a-tDCS right PPC 
with c-tDCS left PPC  
0.028mA/cm2, 20mins, 5 sessions 
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Rehabilitation: cognitive neglect 
therapy, with tDCS 
Attentional assessments 

 Park et al. 
2013b 

N=11, stroke (cognitive, acute) 
Bilateral PFC 
a-tDCS 
Non-dominant arm reference 
0.08mA/cm2, 30mins, mean 18 
days 
Rehabilitation: computerized 
cognitive training 
Cognitive battery 

 
 
KEY: FA = frational anisotropy; c-tDCS = cathodal tDCS; a-tDCS = anodal tDCS; SMA = 
supplementary motor area; M1 = primary motor cortex; SO = supraorbital (contralateral 
to ‘active’ electrode); MEP=motor evoked potential (by TMS); PPC (posterior parietal 
cortex); c/l = contralateral; i/l=ipsilateral; PFC=prefrontal cortex; MRS = magnetic 
resonance spectroscopy imaging; TBI = traumatic brain injury 
*indicates studies where results suggest that interindividual variability can alter the 
direction of response (e.g. cathodal becomes facilitatory), rather than simply the extent to 
which a participant response. 
 

  



 

	 48	

APPENDIX	1B:	SUMMARY	OF	PREVIOUS	TDCS-FMRI	STUDIES	
	

Study Methods Findings/Notes 
#Antal et al 2011 N=13 

rsfMRI 
M1, anodal/cathodal 
ROI analysis 

Polarity dept changes in fMRI 
BOLD signal in the SMA. 
NB: employed short block 
stimulation alternating with sham 

Park et al 2013 n=39 
rsfMRI 
M1, L dlPFC 
Whole-brain analysis 

Anodal increased connectivity to R 
& reduced to L motor areas 

Amadi et al 2014 N=11 
rsfMRI 
M1, anodal/cathodal 
ROI analysis 

Cathodal increased DMN and 
motor network strength 

Kashara et al 2013 N=16 
Arithmetic task 
Oppositional, parietal 
Analysis: n/a 

Participants with unilateral, but 
not bilateral, parietal activation 
during task improved with tDCS  
 

Polonia et al 2011 N=13 
rsfMRI 
M1, anodal 
Analysis: graph 

Anodal modulated connectivity 
between M1 and non-M1 motor 
network regions 
 

Pena-Gomez et al 2012 N=10 
rsfMRI 
dlPFC, anodal 
ROI analysis 

Anodal decreased synchrony in 
DMN & increased synchrony in 
anti-correlated network 

#Sehm et al 2012 N=12 
rsfMRI 
R SMA, anodal 
(unilateral/ oppositional) 
 

Unilateral increased connectivity to 
prefrontal, parietal, cerebellar 
regions (used eigenvector centrality 
modelling) 

#Sehm et al 2013 N=12 
rsfMRI 
R M1, anodal (unilateral/ 
oppositional) 
ROI analysis 

Bilateral decreased 
interhemispheric connectivity 

Clemens et al 2013 N=10 
Arithmetic task 
Angular gyrus (CP4), 
anodal 
Whole-brain analysis 

Modulation of task-related activity 
seen, in absence of behavioural 
effect 

*Stagg et al 2012 N=11 
RT/CRT task 
M1, anodal 
Whole-brain analysis 

Anodal increased-task task related 
activation in ipsilateral hemisphere 

Keeser et al 2011 N=13 
rsfMRI 
L dlPFC, anodal 
Whole-brain analysis 

Anodal modulates connectivity 
between DMN-FPCN 

Sankarasubramanian 
et al 2017 

N=10 
rsfMRI 
dlPFC & M1, anodal 
ROI analysis 

M1 tDCS modulates connectivity in 
sensorimotor areas, and dlPFC 
tDCS additionally modulates 
affective networks 

 
KEY: rsfMRI = resting state fMRI; RT = reaction time; CRT = choice reaction time; ROI = 
region of interest; SMA = supplementary motor area; M1 = primary motor cortex; dlPFC 
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= dorsolateral prefrontal cortex; DMN = default mode network; FPCN = frontoparietal 
control network 
*This was a study in stroke participants; other studies are in healthy controls. 
#Denotes a study where fMRI was acquired concurrently to tDCS application; other 
studies acquired fMRI pre/post tDCS application.  
NB: unless specifically stated, all studies employed a sham condition in a separate 
session 
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MATERIALS & METHODS   

 
 
 
 
 
 
 
 
 
 
 
 
The real purpose of the scientific method is to make sure nature hasn’t misled you into 
thinking you know something you actually don’t. 
 

- Robert M. Pirsig 
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2.1 Transcranial Direct Current Stimulation (TDCS) 

Transcranial Direct Current Stimulation (TDCS) is a form of non-invasive 

brain stimulation. Scalp electrodes are used to deliver weak electrical 

currents. Although voltage is lost through scalp resistance, and current 

can be shunted away by cerebrospinal fluid, current can penetrate and 

reach the underlying cortex, where it flows from anode to cathode 

(Moreno-Duarte et al. 2014) (Figure 2.1A). Modelling studies have 

suggested that the maximum electric field strength achievable with 

application of 2mA through typical clinical electrode montage and size is 

up to 0.4V/m, penetrating no more than 1-2cm below the cortical surface, 

depending on montage (Huang et al. 2017). Spatial resolution of 

stimulation with traditional two-electrode montages low, with a spread of 

current distribution over several gyri. However, increased spatial 

resolution can be achieved with adjustments such as a smaller ‘active’ 

electrode, and with newer techniques such as HD-TDCS montages (Bikson 

et al. 2013). Combined computer modelling and in vitro rat brain studies 

show that changes in local field potential and firing rate occur from as low 

as 0.2V/m DC current (Reato et al. 2010). The neuronal effects of relatively 

weak electrical field are thought to be amplified by network effects, with 

significant changes in network activity arising from sub-millivolt 

membrane potential changes combined with functional connectivity 

between neurones (Reato et al. 2010; Frolich & McCormick 2011). 

Additionally, neuron morphology influences the extent to which TDCS 

polarises the membrane, with bigger neurones being more sensitive to 

modulation (Radman et al. 2009). Therefore, highly connected cortical 

areas with big neurones may be particularly susceptible to TDCS 

modulation. 
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Figure 2.1: TDCS modelled and in vitro effects 
(A) Modelled current flow direction and distribution from anode to cathode 
(Adapted from Miranda et al. 2006) (B) Changes in action potential 
frequency after anodal and cathodal TDCS application on brain slices in 
vitro (from Purpura & Mcmurtry 1965). 
 
Although polarity is deployed as a key parameter in TDCS cognitive 

studies, very little is understood about how polarisation changes in the 

underlying neurones results in behavioural changes. Early animal studies 

demonstrated that anodal stimulation increases neuronal excitability 

whilst cathodal stimulation decreases neuronal excitability (Purpura & 

Mcmurtry 1965) (Figure 2.1B), with a similar effect seen in early studies 

of TDCS on the human primary motor cortex (M1) (Nitsche & Paulus 

2000; Stagg & Nitsche 2011). In these studies of the motor cortex (M1) 

conducted in the early 2000s, TDCS was applied to M1 and the effect on 

M1 excitability is assessed with Transcranial Magnetic Stimulation (TMS) 

measures. The parameters used were typically single sessions of between 

5 to 15 minutes, with current strengths of 1mA. These early studies found 

that: 

• Anodal TDCS (A-TDCS) of the M1 can increase excitability both during 

and immediately after stimulation (Nitsche & Paulus 2000; Nitsche et 

al. 2005) 

• The duration of after-effects of A-TDCS was dependent on the length of 

stimulation, with a minimum of 3mins of TDCS required, and could 

reach up to 90mins (Nitsche & Paulus 2001)  

• Cathodal TDCS (C-TDCS) of the M1 reduced excitability both during 
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and immediately after stimulation (Nitsche & Paulus 2000; Nitsche et 

al. 2005)  

 

These effects may reflect modulation of the local excitatory and inhibitory 

circuits (Sasaki et al. 2016; Tazoe et al. 2014). At the synaptic level, there 

is evidence that anodal and cathodal TDCS have distinct effects on 

neurotransmitter levels. For example, the effects of anodal, but not 

cathodal TDCS, are abolished by NMDA receptor, voltage gated Ca2+ and 

Na+ receptor blockade (Stagg & Nitsche 2013). Additionally, a small 

number of studies have found that anodal TDCS decreases local GABA 

concentration and increases local Glutamine concentration, whereas 

cathodal TDCS decreases local Glutamine concentration (Stagg et al. 

2009; Kim et al. 2014; Hunter et al. 2015). However, it has not proven 

possible to explain all differential effects of cathodal and anodal TDCS by 

simply considering the effects on neurotransmitter levels. 

 

Although the application of TDCS is usually aimed at targeting a single 

cortical region, there is strong evidence that stimulation results in cortical 

effects remote from the site of stimulation. Most evidence has come from 

studies of M1 stimulation. Studies acquiring functional MRI (fMRI) either 

pre-post or during TDCS application have found that TDCS can modulate 

brain activity, as measured by BOLD changes, remote from the site of 

stimulation (Sehm et al. 2013; Polania et al. 2012; Antal et al. 2011; 

Amadi et al. 2014). These remote changes have also been noted for a 

handful of TDCS studies that have used fMRI to assess brain activity after 

TDCS to non-primary motor areas (Peña-Gómez et al. 2012; Park et al. 

2013).  

 

There is, however, still a dearth of cognitive TDCS employing 

physiological assessments. Currently, TDCS parameters have typically 

been selected, even for cognitive studies, based on the findings from the 

early motor cortex studies. As such, cathodal TDCS has been used to 
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‘inhibit’ behaviour and anodal TDCS to ‘enhance’ behaviour. This is 

despite the flaws inherent in extrapolating the effects of M1 excitability on 

motor output into effects of TDCS for higher cognitive function, which 

typically relies on coordinated activity of large-scale networks (Mesulam 

1990; Bressler & Menon 2010). It is perhaps unsurprising that the 

probability of achieving the classical “anodal-facilitatory/cathodal-

inhibitory” effect on cognitive outcomes is only 0.16 (Jacobson et al. 2012). 

It is becoming increasingly clear that this classical view of a dichotomous 

TDCS effect is far too simplistic, and greater understanding of the 

biological effect of TDCS parameters, as relevant to cognitive modulation, 

is desperately required. 

Large scale brain networks are important for mediating cognitive 

function, yet there is very little work specifically exploring the effects of 

TDCS on cognitive brain networks. In particular, there has been next to 

no work exploring how the different parameters of TDCS, such as 

duration, repetition and polarity, influence cognitive brain networks. The 

variability of behavioural results, combined with a dearth of knowledge of 

the effects of TDCS on mechanisms relevant to cognitive function, has 

meant that it is very difficult to optimise parameters for cognitive 

modulation. Therefore, the investigation of how TDCS affects cognitive 

brain networks, particularly the differential effects of polarity, is an 

important step towards evaluating its potential as a tool for cognitive 

rehabilitation.  

 

2.2 Functional MRI and its role for investigating the effects of 

TDCS 

 

Functional magnetic resonance imaging (fMRI) measures changes in the 

Blood Oxygenation Level Dependent (BOLD) signal, serving as a non-

invasive proxy measurement of changes in brain metabolism as a result of 

changing neural activity (Heeger & Ress 2002). 
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The basis of MRI is to detect the ‘relaxation’ of H+ which make up water 

molecules in the brain. Inside the strong magnetic field of the MRI 

machine, H+ ions align in parallel along the magnetic field. Energy 

imparted by the radiofrequency (RF) pulse applied during an MRI scan 

causes the H+ to ‘flip’ and align anti-parallel to the magnetic field. This is 

known as ‘excitation’. When the RF pulse is switched off, the H+ ions 

‘relax’ back to their parallel state and emit RF energy as they do so. This 

emitted RF energy is detected by the MRI scanner. The rates of 

‘relaxation’ are determined by the surrounding tissue, and these 

differences in rates are what underlies the different signal intensities seen 

on the MR image. Specific sequences are optimised to detected contrasts 

between specific tissues. The change in BOLD signal relies on the change 

in magnetic field around red blood cells as Hb changes oxygenation status. 

Fully oxygenated Hb is diamagnetic as it has no unpaired electrons, and 

resembles brain tissue within a magnetic field, whereas fully 

deoxygenated Hb is paramagnetic and has four unpaired electrons 

(Thulborn et al. 1982; Glover 2012).  

 

Increased local neural activity, for example, in the primary motor area 

during sustained finger-tapping, will result in increased energy 

requirement. This results in consumption of local brain O2 and 

accumulation of metabolic products that result in vasodilation of local 

blood capillaries, which increases flow of oxygenated blood locally. This is 

known as the haemodynamic response (HDR), whereby neural activity 

results in a local increase in the deoxygenated Hb level, followed by an 

increase in the oxygenated Hb level that peaks at approximately 6s after 

onset of increased neural activity (Amaro & Barker 2006). This coupling of 

neural activity to blood flow is the basis of BOLD signal interpretation 

(Logothetis et al. 2001). 

 

An important aspect about the BOLD signal is that it is a relative 

measurement. This means the signal must be reported in contrast to a 
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baseline. A typical fMRI scan involves presentation of a stimulus for 

specific periods of time throughout an acquisition, and it is the difference 

in BOLD signal during which the stimulus is ‘on’ versus when it is ‘off’ 

that is reported. At the most basic level, this stimulus may be a simple 

sensory stimulus e.g. presentation of bright colours for blocks of 20s, 

interspersed with blocks of black screen. Brain areas which show 

significant BOLD signal change during the contrast [colour >black screen] 

could be interpreted as being involved in passive visual attention and 

colour processing. However, a stimulus may be more complicated, for 

example, a complex symbol that requires a participant to make an 

appropriate response based on a previously learned rule. Brain areas 

showing significant BOLD signal change during the contrast [response to 

visual cue>black screen] may include areas involved in visual processing, 

decision making and motor generation. To further differentiate which 

specific areas are related to which aspect of the task, further contrasts are 

required, for example [response to visual cue>no response to visual cue] 

might be expected to produce significant BOLD signal change in motor 

areas, amongst others. 

 

The interpretability of fMRI is thus very dependent on task design. BOLD 

signal changes are typically in the range of a few %, whilst there are many 

sources of noise since MRI signal intensities can vary due to instrument 

instability over time within and between scans, variability in participant 

physiology or other unrelated factors (Chen & Glover 2015). A blocked 

task design, where short periods of the same task is repeatedly presented, 

results in high SNR and produces robust results because it produces 

relatively large changes in BOLD signal (Amaro & Barker 2006). 

However, this design only allows for analyses related to the presence or 

absence of a particular sustained activity. Modern MRI scanners afford 

enough temporal resolution to conduct event-related designs, which allow 

for analyses of BOLD signal changes related to individual events, such as 

errors, or correlates of behavioural responses (Amaro & Barker 2006; 
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Friston et al. 1999). The ideal fMRI task would thus include enough 

measures of all contrasts of interest within a single scan sequence, whilst 

being short enough to tolerate and to minimise instrument-related signal 

fluctuations. 

 

2.3 Specific considerations for TDCS-fMRI  

 

Functional MRI is commonly used to study the activity and connectivity of 

whole brain networks, which makes simultaneous TDCS-fMRI an ideally 

suited approach to study the effects of TDCS on cognitive brain networks.  

However, there are some specific considerations.  

 

There are relatively few simultaneous TDCS-fMRI studies, and these have 

typically applied TDCS throughout the duration of a scan sequence, with 

one scan per type of TDCS (Sehm et al. 2012; Sehm et al. 2013; Hone-

Blanchet et al. 2015; Martin et al. 2017). Within these designs, the direct 

contrast of [active TDCS>no/sham TDCS] is not possible, which reduces 

the statistical power of these comparisons. Antal et al conducted a blocked 

TDCS-fMRI study contrasting 30s blocks of TDCS+finger-tapping with 

‘rest’ periods of no activity or TDCS (Antal et al. 2011). However, the same 

type of TDCS (anodal, cathodal or sham) was used in the blocks within a 

single scan, so the comparison of different TDCS types was still between 

scans, which introduces a confound of session. It is possible to partially 

overcome this, and directly compare two types of stimulation, in a blocked 

study (i.e. anodal-sham alternating blocks). However, TDCS types have 

not been mixed within a run, possibly because of a concern about 

stimulation aftereffects. Whilst it is very probable that aftereffects in the 

BOLD signal exist, they are difficult to quantify, because there has been 

no systematic study of the type or duration of aftereffects on the BOLD 

signal as a result of TDCS.  

 

Whilst the spatial resolution afforded by MRI is ideal for assessing the 
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network effects of TDCS, the relatively low temporal resolution may limit 

the type of effect that can be detected. For example, in vitro studies show 

that changes in AP frequency in brain slices occur within 100s of 

milliseconds after the onset of direct current application (Purpura & 

Mcmurtry 1965). Clearly, with the peak of any HDR being in the range of 

seconds, these rapid onset changes in excitability are likely to be missed 

by MRI. EEG would be a suitable medium for interrogation of these effects 

but the poor spatial localisation capabilities of EEG make this tool 

unsuitable for my investigations. 

 

One final thing to bear in mind is that BOLD signal changes may reflect a 

wide variety of electrophysiological changes. Different polarities of TDCS 

are thought to have differential effects on inhibitory and excitatory 

circuits, but these may manifest as similar changes in BOLD signal. For 

example, increased BOLD signal can be due to increased activity of both 

excitatory and inhibitory circuits or increased activity of excitatory circuits 

with concomitant decreased activity of inhibitory circuits (Logothetis et al. 

2001). Without direct electrophysiological recordings, it is not possible to 

determine the exact effects of fMRI at the level of neural circuits. 

 

2.4 The simultaneous TDCS-fMRI set up 

 

In order to assess the neurophysiological effects of TDCS on cognitive 

brain networks, I acquired fMRI imaging at the same time as delivering 

TDCS with the Neuroconn MR-compatible battery-driven TDCS 

stimulator system (NeuroConn GmbH, Ilmenau, Germany). The 

stimulator stayed outside of the MR shielded room, and the current was 

carried into the scanner room with Ethernet cables, going through an RF 

filter system to remove (Figure 2.4).  

 

A stimulus presentation computer outside of the shielded MRI room was 

used to control delivery of TDCS and present task stimuli. Tasks and 
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stimulation scripts were coded in Matlab. The output from stimulation 

scripts was delivered to the stimulator via a National Instruments DAQ 

device (National Instruments, Newbury, UK). Task stimuli were displayed 

on a screen synced to the stimulus presentation computer, placed at the 

foot of the MRI scanner, which participants viewed via a mirror system 

mounted on the head coil. Participants responded to task stimuli using a 

fiberoptic response system, with separate response buttons in each hand, 

which  (NordicNeuroLab, Norway), which carried input into the stimulus 

presentation computer. A cable carried a signal representing the onset of 

each TR during the fMRI scan from the MRI scanner into the stimulus 

presentation, in order to allow precise synchronisation of task, TDCS and 

scan. 

 

Heart rate was monitored concurrently in participants using the pulse 

oximetry of the integrated Siemens Physiological Monitoring Unit. There 

was no effect of stimulation on mean heart rate or its standard deviation. 

 

 
Figure 2.4: Set up for TDCS-fMRI studies 
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2.5 MRI acquisition and parameters 

 

All MRI sequences were acquired on a 3T Siemens Verio (Siemens, 

Erlangen, Germany), using a 32-channel head coil. The sequences were 

acquired in the order denoted in Figure 2.5. 

 

 
Figure 2.5: Timeline and durations of imaging sequences 
 

T1 MRI parameters: 

An MPRAGE sequence was used to acquire a standard T1-weighted 

structural image, and used to aid registration of functional images. The 

parameters used were: 1 mm3 isotropic voxel, TR 2.3 s, TE 2.98 ms, 

inversion time 900 ms, FA 9°, field of view 256 × 256 mm, 256 × 256 

matrix, 160 slices, GRAPPA acceleration factor = 2, duration 5.03mins. 

 

Functional MRI parameters: 

Functional MRI images were acquired using a T2*-weighted gradient-

echo, echoplanar imaging (EPI) sequence, with the following parameters: 

FMRI images were obtained, 3 mm3 isotropic voxel, repetition time (TR) 2 

s, echo time (TE) 30 ms, flip angle (FA) 80°, field of view 192 × 192 x 105 

mm, 35 slices, 64*64 matrix, GRAPPA acceleration factor = 2.  

 

DTI parameters: 

Diffusion Tensor Imaging was acquired on both patient and healthy 

control participants in order to assess white matter tract integrity. 
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Diffusion-weighted volumes were acquired using a 64-direction protocol 

(64 slices, in-plane resolution = 2 x 2mm, slice thickness = 2mm, field of 

view = 25.6 x 25.6 cm, matrix size = 128 x 128, TR = 9500ms, TE = 103ms, 

b-value = 1000mm2.s-1). Four non-diffusion weighted images were also 

acquired (b-value = 0mm2.s-1).  

 

2.6 Functional MRI preprocessing 

 

The fMRI data was pre-processed using the FMRI Expert Analysis Tool 

(FEAT) Version 6.00, from FMRIB’s Software Library (FSL (Smith, 2004; 

Jenkinson et al., 2012)). We performed motion correction using MCFLIRT 

(Jenkinson et al., 2002), removal of low-frequency drifts (high-pass filter of 

0.01 Hz), spatial smoothing (Gaussian kernel filter with a full width at 

half maximum of 6 mm), brain extraction to remove non-brain tissue (BET 

(Smith, 2002)), and co-registration using FMRIB's Nonlinear Image 

Registration tool (FNIRT) to register the participant's fMRI volumes to 

Montreal Neurological Institute (MNI) 152 standard space using the T1-

weighted scan as an intermediate.  

 

Single-session ICA was performed for each run using Multivariate 

Exploratory Linear Optimized Decomposition (MELODIC (Beckmann et 

al., 2005)). The resulting components were automatically classified into 

signal and noise using FMRIB's ICA-based Xnoiseifier (FIX (Griffanti et 

al., 2014; Salimi-Khorshidi et al., 2014)). FIX was previously trained by 

other members of the lab in an independent cohort of twenty healthy 

individuals acquired in the same scanner with the same imaging 

parameters. Classifications were manually inspected and adjusted when 

required. Independent components classified as noise were subsequently 

regressed out from each voxel’s time series. 

 

2.7 Diffusion Tensor Imaging preprocessing 
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Diffusion data were preprocessed within FSL and DTITK to build 

individual Fractional Anisotropy (FA) maps (Zhang et al. 2006; Zhang et 

al. 2010; Smith 2002). DTI data were corrected for head motion and eddy 

current distortions, using linear transformations to register these images 

to the b=0 image. I fit a tensor model to the data with FMRIB’s Diffusion 

Toolbox (FDT) in FSL, within the constraints of the brain mask. This 

tensor model was then applied to make voxelwise individual participant 

fractional anisotropy (FA) maps, and transformed these maps into 1mm-

resolution standard space using DTI-TK (Zhang et al. 2006). An initial 

group-based template was generated through bootstrapping of the tensor-

based maps together with the predefined IXI aging standard template 

(Zhang et al. 2010). The individual tensor-based images were registered to 

the group template using diffeomorphic transformations within the DTI-

TK package. 

 

2.8  Diffusion Tensor Imaging Interpretation  

 

Diffusion Tensor Imaging (DTI) MRI is based on assessing the diffusion of 

water molecules within the brain. Water molecules can have directionally 

restricted movement, for example within white matter tracts (anisotropic 

movement) or be freely moving in any direction, for example within 

cerebrospinal fluid and gray matter (isotropic movement). Within intact 

white matter tracts, the direction of water molecule movement is 

primarily along the longitudinal axis of the axons within the tract. If 

barriers to perpendicular movement are broken down, for example within 

damaged white matter tracts, movement of water molecules becomes less 

anisotropic. 

 

Diffusion MRI, acquired with DTI, models the diffusion of water molecules 

in 3 directions, with an eigenvalue associated with the extent of diffusion 

along each axis (Alexander et al. 2011). The extent to which water 

molecule movement is anisotropic is expressed as the Fractional 
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Anisotropy (FA). FA assesses diffusion in directions relative to other 

directions, and the value represents the extent of diffusion in the 

longitudinal direction (Figure 2.8). Other diffusion measures include 

Radial Diffusivity (the mean of λ2 and λ3), Mean Diffusivity (the mean of 

all 3 eigenvalues) and Axial Diffusivity (λ1). 

 

Figure 2.8: The tensor model 
(A) The 3 eigenvalues along each axis of the modelled diffusion tensor, 
with λ1 parallel to the longitudinal axis of the axon. (B) The equation for 
FA. 
 

The FA value is thought to represent microstructural integrity within 

white matter tracts, but can also reflect axonal count, myelin content and 

fibre orientation (Winston 2012). After injury, a lower FA value is 

typically interpreted as damage to white matter tracts, allowing 

movement of water molecules to become more isotropic. An increase in 

Within healthy populations of all ages, there have been reported 

correlations between white matter structural integrity, as assessed by FA, 

and general intelligence (Deary et al. 2010) and cognitive performance on 

a range of tasks (Madden et al. 2009). There can be confounds to 

interpretations of what DTI measures actually represent. For example, in 

areas of highly crossing or angled fibres, FA may be calculated as 

relatively low, so FA may be influenced by orientation or relative number 

of unidirectional fibres. These issues arise because of the limitations of the 

tensor model’s assumption of a Gaussian distribution of diffusivity within 

a voxel, meaning that the DTI only resolves a single fibre orientation per 

voxel (Alexander et al. 2007). Nevertheless, DTI is still a useful start to 

assess white matter properties which may influence response to TDCS.   
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3 
 
 
 
 
BIPARIETAL TDCS IN 
LATERALISED BRAIN 

FUNCTIONS: 
EXPLORING THE BEHAVIOURAL POTENTIAL 

OF TDCS 
   
 
 
 
 
 
I had a headache on the left side of my brain, so I took half an aspirin. I cut the pill in 
half and took the left half, just to be sure it went to the right side of my brain. 
 

- Jarod Kintz 
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3.1 Introduction 

 

Cognitive functions demonstrate varying degrees of hemispheric 

lateralisation (Desmond et al. 1995; Gazzaniga 2000; Milner 1971; Wada 

& Rasmussen 1960; Penfield & Jasper 1954; Wang et al. 2014). 

Lateralised pathology within the parietal lobes produces distinct cognitive 

problems depending on the side affected. Impairments of numerical 

processing and dyscalculia are often produced by parietal lesions in the 

dominant hemisphere (Sandrini et al. 2004; Göbel et al. 2001; Gruber et 

al. 2001; Cantlon et al. 2006; Grabner et al. 2007; Price & Ansari 2011; 

Rivera et al. 2005; Zukic et al. 2012). In contrast, impairments of spatial 

attention and spatial neglect are most commonly observed following right 

parietal lesions (Corbetta & Shulman 2011; Malhotra et al. 2009; Mort et 

al. 2003). These impairments have primarily been explained in terms of 

disruption of a specific cognitive process (Zukic et al. 2012; Sandrini et al. 

2004; Corbetta & Shulman 2011; Bird et al. 2006). However, attention also 

non-specifically affects performance on a broad range of tasks, since an 

adequate ‘intensity’ of attention is often required for efficient goal-directed 

behaviour (Parasuraman 1998).  

 

Some cognitive problems may result from a combination of a specific 

impairment and a change in attentional processing. For example, spatial 

neglect after right parietal stroke appears to result from a combination of 

specific impairments in spatial processing in addition to impaired 

sustained attention (Malhotra et al. 2009; Langner & Eickhoff 2013; 

Husain et al. 1997; Husain & Rorden 2003; Corbetta & Shulman 2011). In 

addition, attentional measures correlate with arithmetic performance in 

healthy children, and attentional deficits have been demonstrated in 

patients with developmental dyscalculia, previously considered a 

syndrome of pure dyscalculia (Askenazi & Henik 2010; Barnes & 

Raghubar 2014; Anobile et al. 2013). Sustained attention can be measured 

by assessing vigilance level i.e. the ‘intensity’ of attention at a particular 
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time (Alexander et al. 2005; Sarter et al. 2001; Bonnelle et al. 2011; 

Robertson et al. 1997). This can fluctuate from moment to moment, for 

example, if one’s mind wanders away from the task. Sustained attention 

can also be measured by testing for a vigilance decrement, which is a 

progressive drop in the ‘intensity’ of attention (Bonnelle et al. 2011; 

Steinborn et al. 2009; Malhotra et al. 2009). This often occurs if one 

becomes tired or bored with a monotonous task. This has been previously 

studied using the choice reaction time task (CRT), a simple speeded 

response task. Participants often perform the task with low error rates 

and reaction times initially, but may show reduced vigilance level and 

therefore a vigilance decrement by the end of the task, particularly 

following brain injury (Bonnelle et al. 2011). 

 

Transcranial direct current stimulation (TDCS) uses scalp electrodes to 

apply weak electrical currents to the brain. Anodal stimulation is thought 

to increases cortical excitability under the electrode, while cathodal 

stimulation decreases cortical excitability (Stagg & Johansen-berg 2013; 

Nitsche & Paulus 2000; Jang et al. 2009). An oppositional brain 

stimulation montage delivers anodal stimulation over one region and 

cathodal stimulation over the homologous region of the other hemisphere. 

The expected effect of this montage is to shift the balance of hemispheric 

activity. Anodal stimulation facilitates one hemisphere whilst cathodal 

stimulation suppresses the other (Jacobson et al. 2012). This can alter the 

interaction between hemispheres. Following motor stroke, the 

contralesional motor cortex is thought to impair recovery by inhibiting the 

ipsilesional motor cortex. Studies manipulating hemispheric interactions 

by targeting cathodal stimulation to the contralesional hemisphere have 

shown functional improvements (Ward et al. 2003; Fregni et al. 2005; 

Boggio et al. 2007; Stagg et al. 2012; Sparing et al. 2009). There are 

limitations to using oppositional montages, as it is difficult to distinguish 

the effects of facilitation and inhibition. However, the approach has proved 

useful where the aim is to change the balance of hemispheric activity 
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(Bardi et al. 2013), and oppositional stimulation provides its own internal 

control as behavioural effects that interact with the polarity of stimulation 

are potentially more easy to separate from non-specific effects of 

stimulation (Hecht et al. 2010; Cohen Kadosh et al. 2010). 

 

I performed a single-blinded, cross-over, sham-controlled study of 

oppositional parietal TDCS on two cognitive tasks with distinct cortical 

lateralisation: a left lateralised number comparison task (Sandrini et al. 

2004; Göbel et al. 2001; Gruber et al. 2001; Cantlon et al. 2006; Grabner et 

al. 2007; Price & Ansari 2011; Rivera et al. 2005) and a right lateralised 

modified Posner task used to assess spatial attention (Corbetta & 

Shulman 2002; Bird et al. 2006; Malhotra et al. 2009). Cognitive tasks 

with a strong hemispheric bias, rather than being mediated by a widely 

distributed cortical network, may be particularly amenable to modulation 

by local stimulation. I predicted that the effect of TDCS on the task would 

reflect its lateralisation i.e. that RA/LC (right-anodal/left-cathodal) 

stimulation should shift the balance of hemispheric activity to the right 

and improve spatial processing (Posner task) and disrupt numerical 

processing (number comparison task) whilst RC/LA (right-cathodal/left-

anodal) stimulation should shift the balance to the left hemisphere and 

have the opposite behavioural effects. I also investigated the effect of 

stimulation on vigilance level and decrement using the Choice Reaction 

Task (CRT) and the Rapid Visual Processing task (RVP from the Cantab® 

battery) (Jones et al. 1992; Posner et al. 1978; Posner et al. 1980; Fan et 

al. 2002; Gau & Huang 2014). This allowed me to test whether any 

observed effects of stimulation on spatial or numerical processing might be 

mediated through a non-specific effect on sustained attention. 

 

3.1 Methods and Materials 

 

Participants 
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Eighteen healthy controls (9 male, 9 female) were recruited (mean age 

26.7 years s.d. 6.8 years). All but one of the participants were naïve to 

TDCS. All participants were right-handed according to the Edinburgh 

Handedness Inventory scale (Oldfield 1971), educated to degree level or 

above, with no history of neurological or psychiatric illness. Participants 

gave written informed consent. The study conforms to the Declaration of 

Helsinki (World Medical Association 2004). Ethical approval for the study 

was granted through the local ethics board (NRES Committee London – 

West London & GTAC). 

 

Transcranial direct current stimulation and testing protocol 

Each participant attended 4 testing sessions. In the first session, 

participants practised each task to minimise learning effects during 

subsequent sessions. During the next 3 sessions participants received 

30mins of TDCS or sham stimulation, separated by a minimum of a 48-

hour gap (Figure 3.1A). Each participant had sessions at a similar time of 

day (i.e. morning or afternoon). The order of sessions was 

pseudorandomised and counterbalanced across participants. A minimum 

of 3 minutes of TDCS is required to produce excitability changes in the 

motor cortex (Nitsche & Paulus 2000). No cognitive studies have 

specifically addressed the minimum duration of stimulation required but 

most stimulate for at least 5-10mins prior to onset of tasks. Therefore, the 

tasks started after 10 minutes of stimulation, during which participants 

listened to an audio podcast. The podcast was different at each session but 

the same 3 podcasts were used in the same order for all participants. 
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Figure 3.1: Experimental methods 
(A) Schema of each testing session. (B) Electrodes were placed at positions 
P3 and P4 (highlighted) of the international EEG system. (C) Number 
comparison task. (D) Modified Posner task. (E) Choice reaction task. (F) 
Rapid Visual Processing from the Cantab® battery. 
 
TDCS was delivered using the Magstim HDCKit (Magstim, UK). Silicon 

electrodes (5x5cm) in water-soaked cellulose sponges were applied to the 

scalp with electrode gel, at P3 (left hemisphere) and P4 (right hemisphere) 

of the 10-20 international EEG system (Figure 3.1B) (Kim et al. 2007). 

Three montages were used: anode on P4 with cathode on P3 (RA/LC), 

cathode on P3 with cathode on P4 (RC/LA), or sham stimulation with the 

RA/LC montage. During real stimulation, the current was ramped on over 

30 seconds, to 2mA. During sham stimulation, current initially flowed as 

normal but switched off after 30 seconds. 
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Tasks 

Participants performed 4 cognitive tasks during each session in the same 

order: (1) a number comparison task; (2) a modified Posner task: (3) a CRT 

task; and (4) the RVP task. The RVP was performed on the Cantab® 

system (button-press response pad). All other tasks were programmed in 

MatLab® using Psychtoolbox, and performed on a Macintosh MacBook 

laptop (13in screen), with a separate button-press response pad with left 

and right response buttons. Participants were instructed to respond as 

quickly and as accurately as possible, and response accuracy and reaction 

times were recorded. All statistical analyses were carried out in SPSS 

(v21, IBM Armonk, NY). Repeated-measures ANOVA was used to 

investigate the effect of TDCS condition on task performance and to 

investigate interactions between TDCS condition and task features. 

 

Number Comparison task 

A number comparison task assessed numerical processing (Sandrini et al. 

2004) (Figure 3.1C). Five practice trials were followed by 3 blocks of 36 

trials. Each trial started with a central fixation cross lasting 1.5s, followed 

by presentation of a pair of single-digit numbers. Each number subtended 

a visual angle of 0.6° width and 1.7° height, at a visual angle of 1.7° from 

centre. Participants were required to decide which was the numerically 

bigger number (left or right). Participants had a maximum of 2s in which 

to respond, after which another trial started. All possible single-digit 

numbers except ‘5’ and ‘0’ were used, in all possible pairings. Each pairing 

was presented randomly and twice during each block, with the side of the 

numerically bigger number counterbalanced. Pairs were deemed ‘close’ if 

their numerical difference was <3 and ‘far’ if their numerical difference 

was >4. A previous study found that reaction times to ‘close’ pairs was 

longer than to ‘far’ pairs (Sandrini et al. 2004). Therefore, I analysed 

accuracy and reaction times for ‘close’ and ‘far’ pairs separately, and tested 

the interaction between pair type and TDCS stimulation. 
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Modified Posner task 

The modified Posner cueing task probed spatial attention (Figure 3.1D). 

Five practice trials were followed by 5 blocks of 32 trials (Posner et al. 

1978). Each trial consisted of a central fixation cross, presented for an 

interval of 500ms to 3s, after which one of four conditions was possible. In 

the first condition, a square target appeared on the right or left of the 

screen without any other stimulus (‘No Cue’ condition). Participants 

responded left or right depending on the spatial location of the target. In 

the other 3 conditions, an arrow pointing left, right or in both directions 

was presented centrally for 200ms prior to the target. A double-headed 

arrow encoded no information about the location of the subsequent target, 

but alerted the participant to imminent target appearance (‘Alerting Cue’ 

condition) (Fan et al. 2002). In contrast, the directional arrows accurately 

cued the spatial location of the subsequent cue 80% of the time (‘Valid 

Cue’ condition). In 20% of trials, the target would appear on the opposite 

side (‘Invalid Cue’ condition). The arrows subtended a visual angle of 2.9°. 

The square targets subtended a visual angle of 1.15° and were located at a 

visual angle of 5.7° to the right or left of centre. Participants had 1.5s in 

which to respond, after which a new trial began. Accuracy and reaction 

time were analysed for the four cue conditions, and interactions between 

TDCS and cue condition were tested. 

 

Choice reaction time task (CRT) 

The CRT is a speeded response task measuring information processing 

speed and sustained attention (Figure 3.1E). Five practice trials were 

followed by 3 blocks of 48 trials. Each trial consisted of a left or right 

pointing arrow presented for a maximum of 1.4s. Participants responded 

with a left or right finger press depending on the direction of the arrow. 

The arrows were centrally located and subtended a visual angle of 2.9°. 

The arrow disappeared as soon as participants responded. During the 

interstimulus interval (ISI), which was variable, there was a blank screen. 

There were 3 possible ISI durations: short (1s +10% jitter), medium (2s 
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+10% jitter), and long (4s +10% jitter). Each block included equal numbers 

of right and left trials, and equal numbers of ISI duration. The 3 blocks 

immediately followed each other so that the participant experienced a 

single block of 144 trials lasting approximately 9 minutes. Reaction time 

and accuracy were calculated for each ISI duration type. Previous work 

from this lab has demonstrated that performance decreases over time, 

reflecting a drop in vigilance (vigilance decrement). To	 explicitly	 test	 the	

effect	 of	 time	 on	 vigilance,	 take	 into	 account	 the	 effect	 of	 block,	 I	 assessed	

vigilance	 decrement,	 which	 was	 calculated by comparing the performance 

between first and last task blocks, as in previous studies (Bonnelle et al. 

2011; Malhotra et al. 2009; Alexander et al. 2005). As in previous studies, 

to test vigilance level, which may fluctuate, we analysed performance in 

the first and last block of the task separately to test for fluctuations in 

vigilance level.  

 

Rapid Visual Processing task (RVP) 

The RVP from the Cantab battery (Cambridge Cognition, UK) probes 

sustained attention (Jones et al. 1992) (Figure 3.1F). Single digits (range 

2-9) were sequentially presented in the centre of the screen, at a rate of 

100 digits/minute. Participants were required to press a button in 

response to the presentation of a pre-defined sequence of numbers (3-5-7, 

2-4-8, 4-6-8). Each number stimulus subtended a visual angle of 1.3°. The 

task lasted for 7 minutes, and was preceded by a 5-minute practice block.  

 

The following standard outcome measures were calculated (Gau & Huang 

2014; Leśniak et al. 2014; Jones et al. 1992): 

1) Total misses – the number of stimuli requiring a response which are 

missed by participant 

2) Probability of hits (h) – total hits (correct responses) divided by sum of 

total hits and total misses 

3) Total correct rejections – number of stimuli not requiring a response 

which are correctly ignored by participant 
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4) Probability of false alarms (f) – total false alarms (responses to 

inappropriate stimuli) divided by sum of total false alarms and total 

correct rejections 

5) A’ (a signal detection measure of sensitivity to the target, irrespective 

of participant’s own tendency to respond) – 

0.5+((h−f)+(h−f)2)/(4*h*(1−f)) 

6) B’’ (a signal detection measure of strength of trace required to elicit a 

response, i.e. a measure of a participant’s tendency to respond to 

stimuli) – ((h−h2)−(f−f2)/((h−h2)+(f−f2)) 

7) Latency – the reaction time to a correct stimulus (Stanislaw & 

Todorov 1999; Sahgal 1987; Gau & Huang 2014). 

 

Outcome measures were calculated for each stimulation condition. One 

participant missed 15 stimuli in one condition, which was >2 s.d. away 

from the group mean for that condition. These results were excluded from 

further analyses.  

 

3.2 Results 

 

Stimulation modulates performance on the Number Comparison task 

‘Close’ number pairs were more difficult to process than ‘far’ number pairs. 

This manifested as significantly slower reaction times (F(1,17)=158.2, 

p<0.001) and higher error rates (F(1,17)=48.5, p<0.001) when participants 

responded to ‘close’ number pairs, compared to ‘far’ pairs (Figure 3.2A). 

This processing cost was observed in all stimulation conditions. 
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Figure 3.2: Results from Number Comparison Task 
(A) Reaction times and error rates for each stimulation condition, grouped 
according to trial type. (B) Reaction time and error costs for responding to 
a “close” number pair compared to a “far” number pair, for each 
stimulation condition. *denotes p<0.05. Graphs show mean values, error 
bars SEMs. 
 

Stimulation specifically impaired the numerical processing of more 

difficult stimuli, i.e. ‘close’ number pairs (Figure 3.2B). An ANOVA 

investigating the interaction of stimulation type (3 levels) and number 

pair type (2 levels) on RT showed a significant interaction (F(2,16)=3.684, 

p=0.048). This effect was driven by an increased RT when responding to 

‘close’ pairs versus responding to ‘far’ number pairs, which was 

significantly greater under RA/LC stimulation compared to sham 

stimulation (t=2.607, df=17, p=0.018, Cohen’s effect size = 0.61, mean of 

difference = 9.43ms (95%CI 1.78-17.06)) (Figure 3.2B). That is, RA/LC 

stimulation exaggerated the numerical processing cost of responding to 

‘close’ number pairs. There was no effect of stimulation type on error rate 
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(F(2,16)=0.747, p=0.490; partial eta squared=0.085; mean error rate for 

RA/LC stimulation=3.09% (95%CI 2.18-3.99), mean error rate for RC/LA 

stimulation=5.92% (95%CI 0.91-10.9), mean error rate for sham 

stimulation=3.19% (95%CI 2.21-4.17)). 

 

Stimulation had no effect on spatial attention as assessed by the modified 

Posner task 

The modified Posner task produced the expected pattern of performance. 

There was a main effect of cue type on RT (F(3,15)=160.35, p<0.001, 

partial eta squared=0.970 (Figure 3.3). The fastest RT were in the valid 

cue condition. The RT to ‘Valid cue’ trials were significantly faster than 

RT to ‘Invalid cue’ trials (i.e. the Posner effect) (F(1,17)=194.9, p<0.001), 

‘Alerting cue’ trials (F(1,17)=104.7, p<0.001) and ‘No cue’ trials 

(F(1,17)=408.1, p<0.001). The next fastest RT were in ‘Alerting cue’ 

conditions. The RT to ‘Alerting cue’ trials were significantly faster than 

RT to ‘Invalid cue; trials (F(1,17)=37.3, p<0.001) and to ‘No cue’ trials, 

which is the Alerting effect (F(1,17)=37.3, p<0.001). The RT to ‘Invalid cue’ 

trials was significantly faster than to ‘No cue’ trials, which produced the 

slowest RT (F(1,17)=108.1, p<0.001).  

 

There was no effect of stimulation type on RT (F(2,16)=0.266, p=0.770; 

partial eta squared=0.032; mean RT with RA/LC stimulation=293ms 

(95%CI 271-314), mean RT with RC/LA stimulation=291ms (95%CI 263-

320), mean RT with sham stimulation=296ms (95%CI 272-319)), error rate 

(F(2,16)=1.205, p=0.326; partial eta squared=0.131; mean error rate with 

RA/LA stimulation=2.4% (95%CI 1.0-3.8), mean error rate with RC/LC 

stimulation=2.9% (95%CI 0.4-5.4), mean error rate with sham 

stimulation=1.8% (95%CI 0.9-2.8)) or the Posner effect (F(2,16)=1.292, 

p=0.302; partial eta squared=0.139; mean Posner effect with RA/LC 

stimulation=71ms (95%CI 55-87), mean Posner effect with RC/LA 

stimulation=68ms (95%CI 57-79), mean Posner effect with sham 

stimulation=80ms (95%CI 63-97)) and Alerting effects (F(2,16)=0.503, 
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p=0.614; partial eta squared=0.059; mean alerting effect for RA/LC 

stimulation=81ms (95%CI 69-93), mean alerting effect with RC/LA 

stimulation=80ms (95%CI 65-94), mean alerting effect with sham 

stimulation=95ms (95%CI 74-116)). 

 

 
Figure 3.3: Results from the Modified Posner Task 
Reaction times and error rates are grouped according to type of cue. § 
indicates the Posner effect i.e. a faster RT to “Valid cue” trials as 
compared to “Invalid cue” trials. # indicates the alerting effect i.e. a faster 
RT to “Alerting cue” trials as compared to “No cue” trials. Graphs show 
mean values, error bars are SEMs. 
 
Previous studies have found that oppositional parietal stimulation can 

promote hemispheric perceptual bias (as assessed by line bisection), 

although taking this into consideration in my analysis did not reveal an 
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effect of stimulation. I performed a 3-way repeated measure ANOVA, 

which included the hemi-field in which the stimulus was presented as a 

factor (stimulation 3 levels; cue 4 levels; hemi-field 2 levels). There was an 

interaction between hemi-field and cue (F(3,15)=4.126, p=0.026, partial 

eta square=0.452). In the alerting, valid or invalid cue conditions, 

responses were faster to left hemi-field targets than right hemi-field 

targets. However, in the no cue condition, responses were faster to right 

hemi-field targets than to left hemi-field targets. There was no interaction 

between hemi-field and stimulation type (F(2,16)=0.625, p=0.548; partial 

eta squared=0.072) or between hemi-field, stimulation and cue 

(F(6,12)=0.287, p=0.932; partial eta squared=0.126). 

 

Stimulation modulates vigilance level on the choice reaction task (CRT) 

Stimulation had a significant effect on vigilance level, measured by 

reaction time, in the final block of the task (Figure 3.4). An ANOVA 

investigating the interaction of stimulation type (three levels) and ISI 

interval type (three levels) on RT showed a significant interaction in the 

last block of the task (F(4,14)=4.3, p=0.018; partial eta squared=0.551). 

This result was driven by the slower RT on short ISI trials, with RA/LC 

stimulation, as compared with RC/LA stimulation (t=3.509, df=17, 

p=0.003; Cohen’s effect size=0.83; mean of difference=29.7ms (95%CI 11.9-

47.6)) (Figure 3.4A). This effect was not seen in the first block of the task, 

where there was no interaction (F(4,14)=1.626, p=0.223; partial eta 

squared=0.317) and no main effects of stimulation type (F(2,16)=2.905, 

p=0.084; mean RT with RA/LC stimulation=369ms (95%CI 349-388), mean 

RT with RC/LA stimulation=364ms (95%CI 345-389), mean RT with sham 

stimulation=376ms (95%CI 351-401)) or ISI type (F(2,16)=3.119, p=0.072) 

on RT. There was no effect of stimulation on accuracy in either the first 

block (F(2,16)=1.049, p=0.373; mean error rate with RA/LC 

stimulation=2.4% (95%CI 1.2-3.7), mean error rate with RC/LA 

stimulation=2.3% (95%CI 1.5-3.2), mean error rate with sham 

stimulation=2.1% (95%CI 1.5-2.7)) or the last block of the CRT 
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(F(2,16)=0.082, p=0.922; mean error rate with RA/LC stimulation=0.5% 

(95%CI -0.2-1.1), mean error rate with RC/LA=0.6% (95%CI 0.0-1.2), mean 

error rate with sham stimulation=0.7% (95%CI -0.1-1.6)). 

 

 
Figure 3.4: Results from the Choice Reaction Task (vigilance level) 
Reaction times and error rates for the (A) last block and (B) first block of 
the CRT task. *denotes p<0.05. Graphs show mean values, error bars are 
SEMs. 
 
Vigilance decrement was calculated as an increased RT between the first 

and last blocks of the CRT (Bonnelle et al. 2011). ANOVA was used to 

investigate stimulation type and ISI interval on this measure. This 

showed an interaction of borderline significance (F(4,14)=2.66, p=0.077; 

partial eta squared=0.432), driven by a borderline effect of stimulation on 

RT increase in short ISI trials (F(2,16)=3.249, p=0.065; partial eta 

squared=0.289). Specifically, the RT increase with RA/LC stimulation was 

significantly greater than the RT increase with RC/LA stimulation 

(t=2.28, df=17, p=0.036; Cohen’s effect size=0.54; mean of 

difference=23.5ms (95%CI 17.5-45.1)) (Figure 3.5A). This is consistent 

with either decreased vigilance level in the final block of the task or an 
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improvement in sustained attention with RC/LA stimulation. Although 

the vigilance decrement appears smaller in the short ISI trials with 

RC/LA stimulation, there was no significant effect of trial type in the 

RC/LA condition (F(2,16)=2.498, p=0.114; partial eta squared=0.238). For 

errors, there was no interaction (F(2,16)=0.497, p=0.618; partial eta 

squared=0.058), main effect of stimulation type (F(2,16)=0.618, p=0.551; 

partial eta squared=0.072; mean change in error rate with RA/LC 

stimulation=0.2% (95%CI -1.3-1.6), mean change in error rate with RC/LA 

stimulation=-0.2% (95%CI -1.0-0.6), mean change in error rate with sham 

stimulation=-0.4% (95%CI -1.1-0.4)) or effect of ISI duration 

(F(1,17)=0.452, p=0.510; partial eta squared=0.026).  

 

 
Figure 3.5: Results from the Choice Reaction Task (vigilance decrement) 
(A) reaction time change and (B) error rate change. *p<0.05. Graphs show 
mean values, error bars are SEMs. 
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There was no correlation between the effect of stimulation on vigilance 

level and the effect of stimulation on the numerical processing cost of 

responding to close versus far number pairs (Spearman’s correlation: 

rs=0.282, p=0.257). 

 

Rapid Visual Processing Task 

There was no significant effect of stimulation on any of the outcome 

measures: number of misses (F(2,16)=0.235, p=0.793; partial eta 

squared=0.029; mean with RA/LC stimulation=3.0 (95%CI 0.9-5.0), mean 

with RC/LA stimulation=2.9 (95%CI 1.4-4.4), mean with sham 

stimulation=2.5 (95%CI 1.3-3.7)), probability of correct response (P(hits)) 

(F(2,15)=0.169, p=0.846, partial eta squared=0.022; mean with RA/LC 

stimulation=0.88 (95%CI 0.80-0.96), mean with RC/LA stimulation=0.90 

(95%CI 0.84-0.96), mean with sham stimulation=0.90 (95%CI 0.86-0.95)), 

number of correct rejections (F(2,16)=0.60, p=0.561; partial eta 

squared=0.07; mean with RA/LC stimulation=218.8 (95%CI 218.1-219.3), 

mean with RC/LA stimulation=218.5 (95%CI 218.1-218.9), mean with 

sham stimulation=218.6 (95%CI 218.3-219.0), probability of false alarms 

(P(false alarms)) (F(2,16)=0.087, p=0.917; partial eta squared=0.011; mean 

with RA/LC stimulation=0.3 (95%CI 0.0-0.6), mean with RC/LA 

stimulation=0.3 (95%CI 0.1-0.6), mean with sham stimulation=0.3 (95%CI 

0.1-0.5)), sensitivity to stimuli (A’) (F(2,16)=1.405, p=0.274; partial eta 

squared=0.149; mean with RA/LC stimulation=1.000 (95%CI 1.000-1.001), 

mean with RC/LA stimulation=1.001 (95%CI 1.000-1.001), mean with 

sham stimulation=1.001 (95%CI 1.000-1.001)) and reaction time 

(F(2,15)=0.769, p=0.481; partial eta squared=0.093; mean with RA/LC 

stimulation=343.5ms (95%CI 326.5-360.5), mean with RC/LA 

stimulation=349.6ms (95%CI 327.1-372.1), mean with sham 

stimulation=342.7ms (95%CI 319.6-365.8)) (Figure 3.6). It was not 

possible to calculate group values for strength of trace (B’) because, for 

some participants, the denominator was 0.  
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Figure 3.6: Results from the Rapid Visual Processing Task 
Rapid Visual Processing task outcome measures, detailed in the main 
text, as a function of stimulation type. Graphs show mean values, error 
vars are SEMs. 
 

3.3 Discussion 

 

These results show that oppositional TDCS applied across the parietal 

lobes can affect numerial processing and sustained attention in a polarity-

specific way. Right anodal/left cathodal (RA/LC) stimulation exaggerated 

the distance effect in performance of a number comparison task, compared 

to sham stimulation. In addition, parietal stimulation had a polarity 

dependent effect on vigilance level. Furthermore, the effects of TDCS were 

only observed when cognitive load was high i.e. during more demanding 

numerical processing and when attentional demands were increased 

because of prolonged task performance. 

 

The P3/P4 electrode positions I used overlie the inferior parietal cortex 

(Kim et al. 2007). Therefore, the most straightforward explanation of why 

RA/LC TDCS impaired performance on the number comparison task is 
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that cathodal stimulation inhibited the left inferior parietal lobule 

(IPL)/angular gyrus (AG), which subserve numerical processing (Sandrini 

et al. 2004; Göbel et al. 2001). Lesions within the left hemisphere often 

produce impairments of numerical processing (Zukic et al. 2012) and 

transcranial magnetic stimulation (TMS) studies have shown that 

inhibitory TMS applied to the left parietal lobe (P3) can disrupt 

performance on number comparison tasks (Sandrini et al. 2004; 

Cappelletti et al. 2008; Göbel et al. 2001; Andres et al. 2005). Additionally, 

left anodal parietal stimulation has been shown to improve accuracy on a 

number comparison task (Hauser et al. 2013). 

 

However, this interpretation may be too simplistic because numerical 

comparison tasks involving numbers, number words and even non-

symbolic representations of numbers, such as collections of dots, 

consistently activate bilateral posterior parietal cortices (Pinel et al. 2001; 

Notebaert et al. 2010; Ansari et al. 2006). Furthermore, a behavioural and 

physiological distance effect is also observed in such numerical comparison 

tasks, with smaller numerical distances between stimuli resulting in 

stronger biparietal activation (Pinel et al. 2001; Notebaert et al. 2010; 

Ansari et al. 2006), as well as slower and less accurate responses 

(Dehaene et al. 1990; Moyer & Landauer 1967). The task-related 

activation also reflects the ratio of numerical distance and absolute 

magnitude of the numbers (Piazza et al. 2004). This suggests that 

bilateral regions subserve processing of numerical distance. This led 

Hauser and colleagues to apply bi-parietal anodal TDCS during a number 

comparison task. However, although left anodal TDCS improved overall 

accuracy, neither montage modulated the distance effect (Hauser et al. 

2013). In contrast, the oppositional RC/LA montage (P3/P4) in this 

experiment did exaggerate the distance effect. These findings support a 

distinct role for the left and right PPC, as suggested by others (Mussolin 

et al. 2013; Dehaene et al. 1996; Chochon et al. 1999). It has been 

postulated that the left inferior parietal sulcus has greater precision in 
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numerical coding (Piazza et al. 2004; Andres et al. 2005), possibly because 

of its interactions with left-sided language networks underlying verbal 

coding of numbers (Dehaene 2001). Furthermore, there may be an element 

of interhemispheric inhibition between parietal hemispheres, as a study of 

inhibitory rTMS of the intraparietal sulcus found impaired number 

comparison performance with left rTMS but improved performance after 

right-sided rTMS (Cappelletti et al. 2008). An asymmetrical and 

adversarial component to numerical processing by the parietal lobes might 

explain why the montage used here (oppositional RA/LC) produced effects 

on the distance effect on the number comparison task. 

 

Disruption of non-specific attentional processes may also have contributed 

to impaired number comparison performance with RA/LC stimulation. 

The effects of parietal TDCS on vigilance level were polarity dependent, 

with vigilance level in the last part of the task different following RA/LC 

and RC/LA. The two montages produced distinct effects on vigilance level 

during the last part of the choice reaction task (CRT), a simple task 

involving a response to an arrow that does not require numerical 

processing. Hence, I show that the same stimulation montage can affect 

both numerical and attentional processing. The observed impairment of 

numerical processing could thus be partially explained by a reduction in 

sustained attention or the changes observed might result from a 

combination of specific effects on numerical processing and non-specific 

attentional effects. In keeping with a common effect, Husain and 

colleagues have previously argued that spatial neglect following right 

parietal stroke results from a combination of a specific impairment of 

spatial processing and a non-specific effect on sustained attention (Husain 

& Rorden 2003; Husain et al. 1997). This possibility is also supported by a 

recent TDCS study that showed improved working memory performance 

by using a parietal oppositional montage that aimed to simultaneously 

boost selective attention (anodal TDCS of the left intraparietal 

sulcus/superior parietal lobule) and diminish spatial attention (using 
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cathodal TDCS of the right inferior parietal cortex) (Jacobson et al. 2012). 

This study found that working memory performance could be modulated 

by manipulating the interaction between different hemispheres 

subserving different aspects of attention (Jacobson et al. 2012). In our 

study, the extent to which RA/LC stimulation disrupted performance on 

the number comparison and CRT tasks did not correlate, suggesting that 

disruption of attention is only one of a number of other possible 

contributing factors.  

 

The effect of TDCS was only detectable when task demands were high, 

either because of the need for sustained task performance (CRT) or 

because decisions were made on numbers that were ‘close’ rather than 

‘far’. This suggests an interaction between the effects of TDCS and 

cognitive load. In addition, TDCS only impaired vigilance level when the 

event rate was high i.e when the gap between stimuli was short. This 

could also reflect an interaction between task demands and stimulation, 

as some studies have suggested that fast event rates demand more 

vigilance than slower event rates (Parasuraman 1979; Sarter et al. 2001). 

This interaction between task demand and stimulation may also help to 

explain why RA/LC stimulation could have impaired vigilance level, a 

finding which seems to contradict the accepted understanding of sustained 

attention being subserved by right parietal regions (review: (Singh-Curry 

& Husain 2009)). A previous TMS study found that inhibition of either the 

left or right inferior parietal lobe caused vigilance decrement in a spatial 

sustained attention task, suggesting that the left hemisphere is also 

involved in maintaining attention (Lee et al. 2013). Additional evidence for 

this possibility is provided by Helton and colleagues who used near-

infrared spectroscopy to study cerebral blood flow during an easy and a 

more difficult sustained attention task. They found that whilst right 

parietal hemisphere blood flow was predominant in the easy task, when 

participants performed the harder task, blood flow increased in both the 

left and right parietal hemispheres (Helton et al. 2010).  
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This type of interaction between brain stimulation and cognitive load has 

previously been reported in the context of working memory (Wu et al. 

2014; Jones & Berryhill 2012; Sandrini et al. 2012). For example, using an 

oppositional montage, Sandrini and colleagues showed that RA/LC 

stimulation abolished the effect of familiarity on working memory 

performance when the task was difficult (Sandrini et al. 2012). In 

contrast, the reverse effect (i.e. disruption of familiarity effect when the 

task was easy) was produced with opposite polarity stimulation (RC/LA). 

One possible interpretation of these findings is that hemispheric 

interactions, modulated by oppositional stimulation, may become 

particularly important under high task demands where the effects of 

activity in the other hemisphere may be more disruptive. 

 

An influence of cognitive load might partly explain why results of brain 

stimulation on cognitive tasks are so variable. A recent meta-analysis 

found that the probability of finding the anodal-facilitatory/ cathodal-

inhibitory effect on behaviour in cognitive studies was low. In particular, 

cathodal-inhibitory effects were difficult to produce (Jacobson et al. 2012). 

One reason for this is that inhibition of a single region by cathodal TDCS 

might usually be insufficient to impair functions that are supported by 

distributed cortical networks. However, by applying cathodal TDCS 

during a cognitively demanding task, the effects on the whole network 

might be enough to impair behaviour due to a baseline reduction of 

available cognitive resources. My findings suggest that future studies 

should consider in more detail the relationship between the underlying 

brain state, as manipulated by task features, and stimulation. 

Oppositional montages may be well-suited to investigate these effects, 

especially if hemispheric interactions are thought to be important (Cohen 

Kadosh et al. 2010; Bardi et al. 2013; Hecht et al. 2010; Sandrini et al. 

2012). An extension of this study would be to investigate how baseline 

performance influences the response to stimulation, which has been seen 
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in spatial attention amongst other motor and cognitive functions (Benwell 

et al. 2015; Li et al. 2015), as one’s baseline performance may be related to 

how one handles cognitive load. 

 

I did not find any effect on spatial attention measured using the Posner 

task. Within the parietal lobe, spatial attention is thought to involve 

interactions between the right superior parietal lobule and bilateral 

intraparietal sulci (Corbetta & Shulman 2002; Corbetta & Shulman 2011). 

The involvement of the right superior parietal lobule is why lesions of the 

right parietal lobe after stroke result in neglect. Interhemispheric 

competition between the bilateral IPS is also thought to underlie efficient 

coding of stimulus location, with each parietal hemisphere favouring 

processing of stimuli in the contralateral hemi-field (Sylvester et al. 2007; 

Kinsbourne 1987). The experiment showed clear Posner and Alerting 

effects indicating that participants were performing the task appropriately 

(Fan et al. 2002; Posner et al. 1980). Therefore, the finding that 

oppositional parietal TDCS had no effect on spatial attention was 

unexpected, particularly as previous studies have demonstrated that 

RC/LA parietal (P3/P4) stimulation produces a rightward bias in a 

centroid defining task (Wright & Krekelberg 2014) and non-manual line 

bisection tasks (Giglia et al. 2011; Benwell et al. 2015). This lack of effect 

of stimulation may be due to a lack of power. However, it may also be due 

to key differences in the attentional systems required when performing 

the Posner task compared to the line bisection or centroid finding tasks. A 

previous study which investigated clinical measures of neglect, including 

manual line bisection, did not find that performance in this correlated to 

performance in the Posner task (Siéroff et al. 2007). A key component in 

the Posner task is the re-orientation of attention, which may require 

bilateral parietal involvement (Doricchi et al. 2010; Vossel et al. 2009). It 

is therefore possible that an oppositional montage in this task produced 

competing cortical effects within bilateral parietal areas, which reduced 
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any overall effect, although future experiments would be needed to clarify 

this. 

 

3.5 Limitations 

This experiment has a number of limitations. I have already discussed the 

challenges of interpreting the physiological basis of the effects of 

oppositional montages, and future studies could dissect these by including 

control conditions that include stimulation directed to only one 

hemisphere. In addition, although this study was adequately powered to 

detect the effect of stimulation on some cognitive tasks, it may have been 

underpowered to detect the effect on all tasks because of different levels of 

test-retest variability across the tasks used. The order of tasks was the 

same throughout the study so a potential confound is the timing of tasks 

relative to stimulation onset. The potential for task timing to confound 

results presents an important question for future studies to address. To 

our knowledge this has not been investigated extensively in the literature, 

even in the motor system (Stagg et al. 2011), and so it is unclear how 

problematic this factor is. Another potential confound is task duration. It 

could be that a task did not show behavioural effect because it was not 

performed for sufficient duration for TDCS to modulate relevant networks. 

There was an effect of stimulation on the shortest task (number 

comparison task) however it could be that the duration required for TDCS 

to be effective is task dependent, which is a question that merits further 

investiation. Finally, although I was able to impair cognitive performance, 

I did not improve performance with TDCS of the opposite polarity. For 

some of the tasks this may have been due to a ceiling effect of performance 

and future studies may be able to detect improvements by either using 

more difficult tasks or studying patient populations who show baseline 

cognitive impairments (Kang et al. 2012; Nelson et al. 2014; Mcintire et al. 

2014; Bonnelle et al. 2011). 

 

3.6 Conclusions 
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In summary, I demonstrate that oppositional parietal stimulation 

modulates numerical processing and vigilance level in a polarity-

dependent manner. The effect was only observed in situations of relatively 

high cognitive load, suggesting that the impact of oppositional TDCS on 

hemispheric interactions depends on task difficulty as well as specific 

processing demands and attentional effects.  

 

In the next chapter, I present an experiment specifically investigating the 

effect of brain state on neurophysiological response to TDCS. I acquire 

fMRI concurrently to applying TDCS to the right inferior frontal gyrus/ 

right anterior insula node of the Salience Network, and manipulate both 

brain state and TDCS polarity. 
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APPENDIX 3A: STIMULATION COGNITIVE STUDIES (HEALTHY CONTROLS) 

OF THE PARIETAL LOBES 
 
Study Stimulation Outcome Results/ Notes 

(Tseng et al. 
2012) 

N=30 
R PPC (P4) 
15mins 
Anodal 1.5mA 

Visual working memory 
(change detection)  
EEG 

Different levels of baseline 
performance affects tDCS 
effect 

(Berryhill et al. 
2010) 

N=11 
R IPS (P4) 
20mins 
Anodal/Cathodal, 
1.5mA 

Visual working memory 
(picture recognition vs. 
recall) 

Cathodal worsens recognition, 
(vs. sham). No effect of 
anodal. cf sham. 
 

(Sparing et al. 
2009) 

N=20 
R & L PPC (P4/P3) 
10mins 
Oppositional, 1mA 
10mins 

Visual detection task Anodal improved accuracy 
and cathodal decreased 
accuracy for contralateral 
stimuli (vs. sham). 
Cathodal improves accuracy 
for ipsilateral stimuli (vs. 
anodal) 

(Weiss & Lavidor 
2012) 

N=30 
R IPS (P4) 
15mins 
Anodal/Cathodal, 
1.5mA 

Visual search task (high 
vs low load, + flankers) 
 

Cathodal exacerbates flanker 
effect in high-load tasks 
 

(Loftus & Nicholls 
2012) 

N=30 
L/R IPS (P3/P4) 
20mins 
Anodal/ Cathodal, 
1mA 

Grayscales task (for 
pseudoneglect) 

Left anodal reduces 
pseudoneglect 
 

(Bardi et al. 2013) N=9 
R/L IPS (P3/P4) 
20mins 
Oppositional, 
1.5mA 

Local/global features 
letter recognition task 
(with added level of 
high/low salience stimuli) 

RA/LC improved performance 
for local features & with high 
salient stimuli (vs. RC/LC) 

(Sandrini et al. 
2004) 

N=9 
R/L IPL* 
During stimuli 
presentation 
rTMS (inhibitory) 

Number comparison task Inhibitory rTMS to L IPL 
worsened task performance 
 
*Location of IPL determined 
by estimated neuronavigation 
and were on average 1cm 
lateral of CP3/CP4 (which is 
roughly 1cm anterolateral to 
P3/P4 

(Andres et al. 
2005) 

N=15 
R/L PPC (P3/P4) 
During stimuli 
presentation 
rTMS (inhibitory) 

Number comparison task Inhibitory rTMS to L IPL 
worsened task performance 
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(Hauser et al. 
2013) 

N=21 
R/L PPC (P3/P4) 
25mins 
Bilateral 
anodal/cathodal & 
separately, 1mA  

Double digit comparison 
& subtraction 

Left anodal enhanced number 
comparison 

(Cappelletti et al. 
2008) 

N=36 
R/L IPS* 
10mins 
rTMS (inhibitory) 
 
 

Number comparison task 
Non-number numerosity 
comparison task 

L rTMS impairs & R rTMS 
enhances numerosity 
comparison 
 
*Location identified 
anatomically from individual 
MRI scans (defined as middle 
part of the sulcus in the 
dorsal partietal lobe which 
intersects with postcentral 
sulcus) 

 
Key: PPC = posterior parietal cortex, IPS = inferior parietal sulcus, IPL = inferior 
parietal lobule, rTMS (repetitive transcranial magnetic stimulation) 
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INVESTIGATING THE EFFECT OF 

SALIENCE NETWORK TDCS ON 

LARGE SCALE COGNITIVE 

NETWORKS 
 
(a healthy controls TDCS-fMRI study) 
 

 
 
 
 
 
 
The poetic image is a sudden salience on the surface of the psyche 
 

- Gaston Bachelard 
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4.1 Introduction 

  

In the previous Chapter, I show that an oppositional parietal montage can 

modulate cognitive behaviour in a polarity dependent manner, and that 

underlying brain state may influence the effects of TDCS. In this Chapter, 

I investigate the underlying mechanisms of cognitive TDCS, specifically 

assessing the effect TDCS on large-scale intrinsic connectivity networks 

relevant to cognitive function. I also investigate the extent to which these 

effects are influenced by polarity and brain state. 

 

Transcranial direct current stimulation (tDCS) has been extensively used 

in an attempt to modulate cognitive function in both healthy and disease 

populations (Coffman et al., 2014). However, the behavioural results are 

variable and a recent meta-analysis concluded that single-session tDCS 

produces no effect on a range of cognitive tasks (Horvath et al., 2015). This 

has fuelled scepticism about whether tDCS has any potential to modulate 

brain activity and cognitive function.  

 

Understanding the behavioural effects of tDCS has been limited by a lack 

of mechanistic understanding of how it affects the brain, particularly at 

the level of the large scale brain networks whose coordinated action 

mediate cognitive function (Mesulam, 1990; Bressler and Menon, 2010). 

For example, it is unclear whether stimulation interacts with underlying 

brain activity, what the effects of the stimulation polarity are on cognitive 

brain networks and whether short duration stimulation is sufficient to 

influence brain activity. The effects of tDCS can be influenced by the 

stimulation polarity and duration, and the relative effects on cognitive 

brain networks are largely unknown. Other factors, such as brain state, 

may also influence the effects of stimulation (Li, Uehara and Hanakawa, 

2015; Lefebvre and Liew, 2017). It is therefore important to directly 

investigate the effects of tDCS on large-scale brain network activity to 

clarify the mechanism by which tDCS may influence behaviour. 
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Concurrent tDCS /functional MRI (fMRI) is an ideal method for studying 

the physiological effects of stimulation but, to date, such studies are few in 

number. Previous tDCS /fMRI studies have focused on the motor system. 

These have shown that that tDCS can modulate brain activity, as 

measured by haemodynamic changes, with effects seen remote from the 

site of stimulation measured by Blood Oxygenation Level Dependant 

(BOLD) functional MRI (Antal et al., 2011; Polania et al., 2012; Sehm et 

al., 2013; Stagg and Johansen-berg, 2013; Amadi et al., 2014). Studies of 

the primary motor cortex (M1) suggest that anodal and cathodal tDCS 

have opposite effects on neuronal excitability (Nitsche et al., 2005). 

However, previous cognitive studies have not examined the effect of 

polarity on network activation and motor effects of stimulation cannot 

necessarily be extrapolated to cognitive brain networks. Moreover, the 

influence of polarity on cognitive network function and behaviour is poorly 

characterised, and there have been no studies which have investigated 

how polarity interacts with underlying cognitive brain state. 

 

Performance of a range of cognitives tasks is associated with activation of 

the Salience Network (SN) and concurrent deactivation of the Default 

Mode Network (DMN) (Raichle et al., 2001; Seeley et al., 2007; Buckner, 

Andrews-Hanna and Schacter, 2008; Hampshire and Sharp, 2015). Here, I 

investigate the physiological effects of tDCS on these large-scale cognitive 

networks using simultaneous tDCS/fMRI. I used a factorial design to 

manipulate both cognitive state (choice reaction task (CRT) or ‘rest’) and 

stimulation polarity (anodal or cathodal) (Figure 4.1).  A novel protocol 

based on short stimulation durations (seconds) enabled a direct 

comparison between the effects of different polarities during different 

cognitive brain states, and interactions between brain state and polarity. 

The CRT produces robust and stable SN and DMN anti-correlation (Sharp 

et al., 2011) and its cognitive simplicity minimises learning effects. 

Healthy controls often show a ceiling effect on performance, which means 
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that stimulation is unlikely to modulate behavioural performance. 

Therefore, when interpreting the neurophysiological effects of TDCS on 

the SN and DMN, there is a low risk of possible confounds arising from 

BOLD signal changes related to variability in performance. 

 

 

Figure 4.1: Methods 
(A) Stimuli in the Choice Reaction Task. (B) The TDCS/fMRI paradigm: 
each run comprised 4 blocks each of CRT+anodal, CRT+cathodal, 
CRT+sham, ‘rest’+anodal, ‘rest’+cathodal and ‘rest’+sham TDCS. Each 
block was followed by a brief period of black screen and no stimulation. 
Each participant had 3 runs  (performing 36 task blocks and 36 rest blocks 
in total). (C) Modelling showing peak current density over the rIFG. 
 

I investigated the effects of stimulating the right inferior frontal gyrus 

(rIFG) (Figure 4.1C). This region and the underlying anterior insula form 

part of the SN, which additionally comprises dorsal anterior cingulate 

cortex and pre-supplementary motor area (dACC/pre-SMA). Activity of the 

rIFG is seen in a range of cognitive contexts and the region is thought to 

influence activity in other cognitive regions, acting as a switch between 

different cognitive states (Mesulam, 1990; Sridharan et al., 2008; 

Hampshire and Sharp, 2015), and influencing activity within the more 

extensive fronto-parietal control network (FPCN) as well as anti-

correlated activity within the DMN (Fox et al., 2005). I tested the 

hypotheses that: 1) tDCS to the rIFG can modulate the activity and 

connectivity of intrinsic large-scale brain networks relevant to cognitive 

function; 2) the effects of tDCS will interact with cognitive brain state, and 

that 3) anodal and cathodal tDCS will have distinctive effects on cognitive 

network activity. 

 
4.2 Methods 
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Participants 

I recruited healthy volunteers from the Imperial College Clinical Research 

Facility healthy volunteers list, with no history of neurological or 

psychiatric illness (n=26, 13F:13M) (mean age 38 years, s.d. 15.5 years). 

All volunteers gave written informed consent. The study conforms to the 

Declaration of Helsinki and ethical approval was granted through the 

local ethics board (NRES Committee London – West London & GTAC). All 

participants were naïve to TDCS. 

 

TDCS-fMRI task and paradigm 

Functional MRI was acquired whilst participants performed a blocked 

Choice Reaction Task (Figure 4.1A). This is a forced choice task where 

participants press a button with the right or left index finger, to the 

presentation of a left or right pointing arrow. The task was programmed 

in Matlab (Mathworks, Natick, MA) using Psychtoolbox (Brainard, 1997) 

and responses were recorded through a fiberoptic response box 

(NordicNeuroLab, Norway), interfaced with the stimulus presentation PC. 

A trial consisted of a central fixation cross presented for 200 ms, followed 

by an arrow presented centrally for 1300 ms during which the participant 

was required to respond. Each run had 12 task blocks (each block lasted 

36s, and comprised 24 trials) and 12 rest blocks (fixation cross, 20 s), 

interspersed with brief periods of black screen (4.87 or 3.11 s) during 

which participants had been instructed to look straight ahead. The black 

screen durations were different to introduce jitter into the paradigm. 

During each block, participants received anodal, cathodal or sham TDCS, 

resulting in a factorial design, consisting of 4 blocks of 6 possible 

conditions: ‘rest’+sham; ‘rest’+anodal; ‘rest’+cathodal; CRT+sham; 

CRT+anodal; CRT+cathodal. The order of the blocks was 

pseudorandomised but the same across all participants. Each participant 

performed 3 runs sequentially, with a brief 2-3 minutes rest between 
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acquisitions to prevent fatigue. Across the three runs, participants 

received a total of 18 minutes of full intensity TDCS. 

 

Participants also performed a separate shorter blocked CRT, with no 

TDCS, prior to the TDCS-fMRI paradigm in order to determine the basic 

patterns of BOLD activity during task performance. The CRT was selected 

because I was specifically investigating the effect of stimulation on 

cognitive brain networks, and it has been previously demonstrated that 

the CRT produces activation of the Salience and deactivation of the 

Default Mode Networks, which are robust and stable across time (Sharp et 

al., 2011). 

 

Delivery of transcranial direct current stimulation 

Stimulation was delivered during fMRI acquisition with the set-up 

described Chapter 2: Methods (section 2.4). The ‘active’ electrode (4.5 cm 

diameter circular rubber electrode) was placed over F8 (based on the 10-20 

EEG International system), which corresponds to the pars triangularis of 

the rIFG, and the ‘return’ electrode (7x5 cm rectangular rubber electrode) 

was placed on the right shoulder with the longitudinal axis parallel to the 

coronal plane (centre of electrode placed over midpoint between tip of the 

acromion and base of neck). An extracephalic position for the return 

electrode was selected in order to avoid delivering current of opposite 

polarity to another cortical regions, as this may have caused additional 

network effects that would have been difficult to separate from 

stimulation to the rIFG.	Anodal and cathodal TDCS was delivered with a 

ramp of 4.5 s up to 1.8 mA, full intensity stimulation and a ramp down 

over 0.5 s. Sham TDCS consisted of the ramp up stage only. Electrodes 

had a layer of conductive paste (Ten20, D.O. Weaver, Aurora, CO, USA), 

which held them in place and reduced impedances. Pre-stimulation 

impedances were below 3 kΩ and maximum impedance during stimulation 

was 29 kΩ. The stimulator was controlled by a National Instruments DAQ 
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device (National Instruments, Newbury, UK), receiving output from 

Matlab scripts. 

 

A computation model confirmed that the peak electric field strength was 

over the rIFG (Figure 4.1C). A finite element method (FEM) head model 

was created using Simnibs (Windhoff et al., 2013; Thielscher et al., 2015). 

This standard five compartment head model (WM, GM, CSF, skull and 

skin) was further extended to include neck and shoulder parts. 

Conductivity values for various tissues were used as in (Opitz et al., 2015). 

The electrode montage was modelled as described in the experimental 

section. Simulations of the TDCS electric field were performed using 

Simnibs v2.0.1. These simulations were carried out by Dr Alexander 

Opitz. 

 

Functional MRI Analysis: Activation 

The tDCS-fMRI CRT was analysed with FSL’s FMRI Expert Analysis Tool 

(FEAT). Subject-level general linear models were constructed with the 

following regressors of interest: [all task blocks], [all anodal blocks], [all 

cathodal blocks], an interactive regressor for [task+anodal] and an 

interactive regressor for [task+cathodal]. The implicit baseline was the 

[‘rest’+sham] blocks, which was not modelled in the GLM. Using this 

GLM, the [all anodal blocks] and [all cathodal blocks] regressors 

demonstrate the main effects of anodal or cathodal stimulation in the 

absence of task. Using FSL’s FEAT tool to create the interactive 

regressors of [task+anodal] and [task+cathodal] allowed us to demonstrate 

the interactive effects of anodal and cathodal tDCS and task. Regressors 

were created by convolving a boxcar kernel with a canonical double-

gamma hemodynamic response function. The GLM design matrices 

consisted of the regressors of interest and their first temporal derivatives, 

in order to more accurately model transitions in the haemodynamic 

response function at the onset and offset of each block. Six movement 

regressors to account for movement-related noise, and a regressor of no 
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interest for the periods of black screen, were also included. The interactive 

effects of anodal and cathodal tDCS and ‘rest’ were investigated using a	

second	 GLM	 constructed	 in	 the	 same	 way, but substituting the [all task 

blocks] regressor with a regressor for [all ‘rest’ blocks’. In this GLM, the 

interactive regressors of [‘rest’+anodal] and [‘rest’+cathodal’] demonstrate 

the interactive effects of anodal and cathodal tDCS during ‘rest’.  

 

A higher-level mixed effects (FLAME 1+2) analysis of group effects was 

performed to combine all runs and all participants on both GLMs for the 

parameter estimates: [task+anodal], [task+cathodal], [‘rest’+anodal] and 

[‘rest’+cathodal]. The inverse estimates were also run. A third-level mixed 

effects (FLAME 1+2) analysis was performed to investigate: 

[‘rest’+anodal]> [‘rest’+cathodal] (and its inverse contrast) and 

[task+anodal]>[task+cathodal] (and its inverse contrast). The final Z 

statistical images were thresholded using a Gaussian random field-based 

cluster inference with a height determined by a threshold of Z>3.1 and a 

corrected cluster significance threshold of p=0.05. 

 

A region of interest (ROI) approach was taken to compare the effects of 

anodal and cathodal TDCS during different brain states (‘rest’ or task 

performance). Two ROIs were investigated: the ‘task activated’ network 

and the ‘task deactivated’ network. The ‘task activated’ network was a 

binarised mask encompassing those regions showing increased BOLD 

activity in the contrast [task>’rest’] in the separate shorter CRT 

containing no stimulation blocks, and the ‘task deactivated’ network was a 

binarised mask encompassing those regions showing decreased BOLD 

activity from the same contrast. 

 

FMRI: Functional Connectivity Analysis 

Whole brain psychophysiological interaction (PPI) analyses (O’Reilly et al., 

2012) were performed to assess the effect of TDCS and brain state on 

functional connectivity. I used the following regions of interest: rIFG and 
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dACC/pre-SMA (forming the SN) and the PCC (posterior cingulate cortex) 

and vmPFC (ventromedial prefrontal cortex) (forming the DMN).  

 

Regions of interest were defined as follows: 

- rIFG: this was generated using MANGO (Multi-image Analysis 

GUI) software (http://ric.uthscsa.edu/mango/mango.html) by 

defining a 22.5 mm radius sphere centered on the centre 

coordinates F8. This was obtained from the projection of the 

electrode position onto the cortical surface (Koessler et al., 2009) 

and converted to MNI space using the Nonlinear Yale MNI to 

Talairach Conversion Algorithm (Lacadie et al., 2009) (Lacadie et 

al., 2008) (F8: x=55, y=30, z= –1). The ROI was predominantly over 

the pars triangularis of the rIFG. Areas outside the cortex were 

removed by masking with an MNI brain mask from the FSL library.  

- Dorsal ACC/pre-SMA (dACC): generated by inflating a 10 mm 

sphere around the peak voxel in the anterior part of the increased 

BOLD activity from the contrast [task > ‘rest’] for the separate 

short, non-TDCS CRT. 

- PCC: generated by inflating a 10 mm sphere around the peak voxel 

in the posterior part of the decreased BOLD activity from the 

contrast [task > ‘rest’] for the separate short, non- TDCS CRT. 

- vmPFC: generated by inflating a 10 mm sphere around the peak 

voxel in the anterior part of the decreased BOLD activity from the 

contrast [task > ‘rest’] for the separate short, non-TDCS CRT. 

 

Time-courses for each region were extracted for each participant (the 

physiological term). Two subject-level GLMs were run, with regressors as 

described above for the initial fMRI analysis. For each model, the 

physiological term and the psychological term were used to create the PPI 

interaction term, the remaining regressors were also included in the 

model. Whole brain PPI was carried out to determine the functional 
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connectivity between the ROI and the whole brain. A generalised PPI 

model was used (McLaren et al., 2012).  

 

Statistical analysis of behavioural results 

Statistical analyses of task performance were conducted using Matlab 

(Mathworks, Natick, MA) and R (www.r-project.org). I calculated accuracy 

(defined as the percentage of correct responses, and modelled individual 

overall reaction times (RT) and first RTs (the RT of the first trial within 

each block) with an exGaussian distribution (Lacouture and Cousineau, 

2008).  

 

4.3 Results 

 

Behaviour 

There were no significant effects of stimulation on behavioural 

performance. A three level ANOVA with stimulation type as factors 

(sham/anodal/cathodal) did not show a main effect of stimulation on either 

CRT accuracy or any parameter of the exGaussian distribution for overall 

reaction times (all F<1, all p>0.05). The mean reaction times were: 

anodal=506.9ms, cathodal=509.3ms and sham=511.7ms. The absence of a 

significant main effect of stimulation on behaviour suggests that the 

interpretation of the subsequent neuroimaging results is not confounded 

by condition differences in CRT performance. 

 

The effects of transcranial direct current stimulation (TDCS) on brain 

activity are dependent on cognitive state  

Both anodal and cathodal tDCS produced widespread BOLD changes in 

brain areas anatomically remote from the cortical area being stimulated. 

TDCS accentuated the patterns of activation and deactivation normally 

observed in each cognitive state. CRT performance compared to rest was 

characterized by increased BOLD response within the FPCN, including 

the SN, as well as primary sensory/motor cortices, bilateral thalami and 
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basal ganglia, and decreased BOLD signal within the DMN (Figure 4.2A). 

The interactive effects of both anodal and cathodal stimulation applied 

during CRT performance were increased activity within the dorsal 

anterior cingulate cortex/pre-supplementary motor area (dACC/pre-SMA) 

and lateral prefrontal regions. Cathodal tDCS was associated with 

additional increased BOLD response within the SN, including the rIFG, as 

well as additional increases in bilateral frontal eye fields, bilateral 

occipital and superior parietal regions (Figure 4.2B). There were no areas 

of decreased BOLD response, compared with CRT performance alone. 

 

Figure 4.2: Brain activity with TDCS during ‘rest’ and CRT performance. 
(A) Overlay of brain activation and deactivation associated with CRT 
performance (with no TDCS). (B) Brain areas showing greater activation 
when tDCS is applied during CRT performance. Results shown 
demonstrate the interactive effects of tDCS and CRT performance. (C) 
Brain areas showing greater activation and deactivation as a result of the 
main effect of tDCS in the absence of CRT performance. Warm colours 
represent brain regions showing more activation and cool colours 
represent brain regions showing more deactivation. Results are 
superimposed on the MNI152 1mm brain template. Cluster corrected 
z=3.1, p<0.05.  
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In contrast, the main effect of tDCS in the absence of task was to 

accentuate deactivation of the dACC/pre-SMA (Figure 4.2C). Cathodal 

tDCS was associated with more extensive deactivation, in the rIFG and 

underlying anterior insula, bilateral superior frontal gyri, bilateral frontal 

eye fields and bilateral superior parietal regions. Anodal tDCS was 

additionally associated with accentuated activation within the DMN, with 

increased activity of the posterior cingulate cortex (PCC), the precuneus 

and the ventromedial prefrontal cortex (vmPFC) (Figure 4.2C).  

 

Polarity dependent effects of transcranial direct current stimulation 

interact with underlying brain state 

A direct comparison between the main effects of anodal and cathodal 

stimulation showed that the effects of tDCS were dependent on the 

polarity of stimulation. The main effect of anodal tDCS was increased 

BOLD activity in the right vmFPC (a node of the DMN) and the superior 

frontal gyrus, whereas cathodal tDCS decreased BOLD activity in the 

same regions (Figure 4.3A). Post-hoc analyses suggested that the basis for 

the contrasting effect of polarity was the difference between the 

interactive effects of anodal versus cathodal tDCS applied during ‘rest’ 

(Figure 4.3B). Anodal tDCS during ‘rest’ produced increased activation 

within the DMN, including the vmPFC, as well as medial occipital regions. 

Conversely, cathodal tDCS produced less widespread activation of the 

DMN, along with and deactivation of SN and FPCN areas. 

 

There were no significant wholebrain voxelwise results when directly 

comparing the effects of anodal and cathodal tDCS applied during task. 

However, a targeted analysis specifically comparing the effects of anodal 

and cathodal stimulation within the regions relevant to task performance 

showed that whilst both anodal and cathodal tDCS can modulate the 

BOLD activity in the same direction, they do so to different degrees 

depending on the brain state. As shown in Figure 2A, task performance 

activated the FPCN and SN, whereas it deactivated the DMN. The main 
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effect of anodal tDCS, in the absence of task, was to increase activation 

within the DMN, whereas cathodal tDCS did not (Figure 4.3Ci). 

Conversely, when applied during CRT performance, anodal tDCS 

produced deactivation in the DMN compared with cathodal tDCS (Figure 

4.3Cii). In contrast, the main effects of both anodal and cathodal tDCS, in 

the absence of task, was deactivation of the SN and FPCN (Figure 4.3Ci) 

but during task performance, cathodal tDCS produced greater activation 

of the FPCN and SN compared to anodal tDCS (Figure 4.3Cii). 
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Figure 4.3: Interaction between polarity and brain state on network 
activation.  
(A) Overlay of brain areas showing greater activation with anodal tDCS, 
compared with cathodal tDCS, in the absence of task. Accompanying bar 
chart shows mean activation in the overlaid regions under anodal and 
cathodal tDCS, and is provided to demonstrate the increase in BOLD 
activity under anodal tDCS and decrease in BOLD activity under cathodal 
tDCS. (B) Overlay of brain areas showing activation and deactivation 
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when tDCS is applied during ‘rest’. Results shown demonstrate the 
interactive effects of tDCS and ‘rest’. (C) Graphs showing changes in 
BOLD activity in task related networks under anodal and cathodal tDCS 
during (i) ‘rest’, and (ii) CRT performance. The ‘SN, FPCN’ refers to the 
areas showing increased activation, and the ‘DMN’ refers to areas showing 
decreased activation, during CRT performance, as shown in Figure 2A. 
Results are superimposed on the MNI152 1mm brain template. Cluster 
corrected z=3.1, p<0.05. Bar charts denote mean values, error bars are 
SEMs, * denotes p<0.05. 
 

Transcranial direct current stimulation modulates Salience and Default 

Mode Network connectivity 

I next investigated whether tDCS modulated the functional connectivity 

(FC) of the Salience Network (SN) and Default Mode Network (DMN), 

using wholebrain psychophysiological interaction (PPI) analysis (Friston 

et al., 1997; O’Reilly et al., 2012). I interrogated the connectivity between 

key nodes of the SN (the rIFG and dACC/pre-SMA) and DMN (the vmPFC 

and PCC) and the rest of the brain.  

 

Changes in Functional Connectivity of Salience Network nodes 

CRT performance reduced FC between the rIFG, the site of stimulation, 

and areas comprising the DMN. Anodal tDCS further decreased the FC 

between the rIFG and middle frontal gyrus, as well as within the rIFG. 

Cathodal tDCS further decreased the FC between the rIFG and vmPFC 

and anterior paracingulate gyrus. A direct comparison of the effects of 

anodal and cathodal tDCS showed that cathodal tDCS produced a greater 

decrease in FC between the rIFG and the vmPFC (Figure 4.4Ai). CRT 

performance also reduced FC between the dACC/pre-SMA and the 

superior frontal gyrus. Anodal tDCS further decreased FC between the 

dACC/pre-SMA and the superior frontal gyrus and bilateral primary 

motor cortices, and cathodal tDCS further decreased FC between the 

dACC/pre-SMA and the superior frontal gyrus and vmPFC (Figure 4.4Aii).  

Changes in Functional Connectivity of Default Mode Network nodes 

Stimulation produced marked effects on the FC of the DMN. CRT 

performance increased FC between the two key nodes of the DMN, the 
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vmPFC and PCC. Concurrently, CRT performance decreased FC between 

the vmPFC and dACC/pre-SMA and bilateral inferior frontal regions. 

Anodal tDCS further decreased FC between the vmPFC and bilateral 

superior parietal regions. Cathodal tDCS further decreased FC between 

the vmPFC and the dACC and  bilateral inferior frontal regions, as well as 

accentuating the increase in within-DMN connectivity seen during task 

alone. A direct comparison of the effects of anodal and cathodal tDCS 

showed that cathodal tDCS increased the FC between the vmPFC and the 

PCC, whereas anodal tDCS did not (Figure 4Aiii). Stimulation effecst 

were also seen on PCC connectivity. CRT performance increased FC 

between the PCC and vmPFC, and decreased FC between the PCC and 

the FPCN as well as bilateral caudates. Anodal tDCS further decreased 

FC between the PCC and the frontal poles and bilateral occipital and 

superior parietal regions. Cathodal tDCS further increased FC between 

the PCC and vmPFC and decreased FC between the PCC and dACC/pre-

SMA, bilateral occipital and superior parietal regions. (Figure 4.4Aiv).  

 

The main effect of anodal tDCS in the absence of task was decreased FC 

between the rIFG and the vmPFC. There were no other significant main 

effects of tDCS on FC. There were no correlations between tDCS -related 

changes in connectivity and BOLD activity. 
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Figure 4.4: Functional Connectivity during different stimulation polarities 
and brain states.  
(A) Results show increased (warm colours) and decreased (cool colours) 
functional connectivity between the overlaid areas and the (i) right 
inferior frontal gyrus (rIFG), (ii) dorsal anterior cingulate cortex (dACC), 
(iii) ventromedial prefrontal cortex (vmPFC), and (iv) the posterior 
cingulate cortex (PCC) when stimulation is applied during CRT 
performance. Results for anodal and cathodal TDCS denote the change in 
functional connectivity over and above that produced by CRT performance 
in the sham condition. Accompanying insets show the seed region of 
interest used for the PPI analysis. Where there is a significant wholebrain 
result for the direct comparison of anodal and cathodal stimulation, for the 
rIFG and vmPFC seeds, this is also shown, in (i) and (iii). Accompanying 
bar chart shows the mean PPI value in the overlaid areas under anodal 
and cathodal TDCS, and are provided to show the direction of change. (B) 
Results show decreased (cool colours) functional connectivity between the 
overlaid areas and the rIFG for the main effect of anodal TDCS. Results 
are superimposed on the MNI152 1mm brain template. Cluster corrected 
z=3.1, p<0.05. Bar charts denote mean values, error bars are SEMs. 
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CRT performance reduced FC between the rIFG, the site of stimulation, 

and areas comprising the DMN. Anodal TDCS further decreased the FC 

between the rIFG and middle frontal gyrus, as well as within the rIFG. 

Cathodal TDCS further decreased the FC between the rIFG and vmPFC 

and anterior paracingulate gyrus. A direct comparison of the effects of 

anodal and cathodal TDCS showed that cathodal TDCS produced a 

greater decrease in FC between the rIFG and the vmPFC (Figure 4.4Ai). 

CRT performance reduced FC between the dACC/pre-SMA and the 

superior frontal gyrus. Anodal TDCS further decreased FC between the 

dACC/pre-SMA and the superior frontal gyrus and bilateral primary 

motor cortices, and cathodal TDCS further decreased FC between the 

dACC/pre-SMA and the superior frontal gyrus and vmPFC (Figure 4.4Aii). 

CRT performance increased FC between the vmPFC and PCC, and 

decreased FC between the vmPFC and dACC/pre-SMA and bilateral 

inferior frontal regions. Cathodal TDCS accentuated these patterns of FC 

changes, and anodal TDCS additionally decreased connectivity between 

the vmPFC and bilateral superior parietal regions. A direct comparison of 

the effects of anodal and cathodal TDCS showed that cathodal TDCS 

produced a greater FC increase between the vmPFC and the PCC (Figure 

4.4Aiii). CRT performance increased FC between the PCC and vmPFC, 

and decreased FC between the PCC and the FPCN as well as bilateral 

caudates. Cathodal TDCS accentuated the increased FC between the PCC 

and vmPFC and the decreased FC between the PCC and dACC/pre-SMA, 

bilateral occipital and superior parietal regions. Anodal TDCS further 

decreased FC between the PCC and the frontal poles and bilateral 

occipital and superior parietal regions (Figure 4.4Aiv). When applied 

during rest, anodal TDCS decreased FC between the rIFG and the 

vmPFC. There were no correlations between TDCS-related changes in 

connectivity and BOLD activity. 
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Subjective experience 

Prior to having combined TDCS and MRI, participants received 2 blocks of 

anodal and cathodal TDCS (15s each) in a randomised, blind order. 

Participants were asked to rate their sensation of ‘itching’, ‘pain’, ‘metallic 

taste’, ‘burning’, ‘anxiety’ and ‘tingling’ on a scale of 1-5 (1=nil, 2=mild, 

3=moderate, 4=strong, 5=unbearable). There were no differences observed 

between average ratings given to anodal versus cathodal TDCS on any 

category. 

 

4.4 Discussion 

 

I show that widespread modulation of the activity and connectivity of 

networks involved in cognitive control is achievable with TDCS, of even 

brief durations, applied to the right inferior frontal gyrus. The network 

modulation produced by TDCS is applied during task performance or at 

‘rest’, but the nature of network modulation is dependent on both the 

underlying state of the brain network and the polarity of stimulation. I 

demonstrate an interaction between TDCS polarity and brain state on 

network activity, such that the same polarity TDCS caused distinct effects 

on the brain depending on whether subjects were engaged in a cognitive 

task or not. These findings are important both for interpreting previous 

studies, potentially explaining the variability of TDCS effects, and also for 

shaping the design of future stimulation studies.  

 

Previous TDCS studies have mainly focused on the effects of stimulation 

on motor cortex, concluding that anodal TDCS increased neuronal 

excitability and cathodal TDCS reduced it (Purpura and Mcmurtry, 1965) 

(Nitsche and Paulus, 2000; Stagg and Nitsche, 2011). However, it is 

unclear whether these results can be extrapolated to other parts of the 

cortex. Many cognitive studies have investigate the effects of TDCS on 

behaviour. However, relatively few (~20%) have shown the expected 

distinction between anodal and cathodal stimulation (Jacobson et al., 
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2012). Only a small number of studies have used concurrent TDCS/fMRI 

to directly investigate physiological effects, and these have shown that 

anodal and cathodal TDCS are both capable of producing increases and 

decreases in cortical activity and connectivity (Antal et al., 2011; Polanía 

et al., 2012; Amadi et al., 2014). My study extends this work by showing 

that both anodal and cathodal TDCS can produce increases and decreases 

in the activity and connectivity of cognitive networks, but that the effects 

of TDCS polarity are modulated by the state of the network when it is 

stimulated. This further demonstrates that the effect of polarity is more 

nuanced than a simple dichotomy where anodal stimulation produces 

excitation of cortical activity and cathodal stimulation is inhibitory . 

 

Stimulation of the right inferior frontal gyrus modulates activity and 

connectivity in large-scale cognitive networks 

Brief stimulation of a single brain region, the rIFG, modulated activity in 

remote parts of two large-scale brain networks involved in cognitive 

control, the DMN and SN, as well as modulating functional connectivity 

between them. The rIFG acts as a hub connecting many other cortical 

regions and is activated by a wide range of cognitive functions (Sporns, 

2013). It is thought to coordinate changes in activity across other cognitive 

control networks when switching between different task states (Duncan 

and Owen, 2000; Sridharan, Levitin and Menon, 2008; Fedorenko, Duncan 

and Kanwisher, 2013; Hampshire and Sharp, 2015). Hence, my results 

may reflect widespread network changes in brain regions remote to but 

connected to the rIFG, potentially accentuating the control mechanism 

exerted by the rIFG.  

 

I am unaware of any previous TDCS -fMRI study investigating the effects 

of rIFG stimulation. A small number of TDCS-fMRI studies applying 

TDCS to the primary motor cortex (M1) or dorsolateral prefrontal cortices 

(dlPFC) have shown effects distant from the site of stimulation (Antal et 

al., 2011; Peña-Gómez et al., 2012; Polania, Paulus and Nitsche, 2012; 
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Park et al., 2013; Sehm et al., 2013; Stagg and Johansen-berg, 2013). 

Additionally, a study comparing M1 and left dorsolateral prefrontal cortex 

TDCS, found that M1 TDCS modulated connectivity of sensorimotor 

networks, whilst TDCS to the DLPFC additionally modulated affective 

networks (Sankarasubramanian et al., 2017). A previous study 

stimulating the left IFG found that anodal and cathodal left IFG 

stimulation differentially modulates brain activation during a verbal 

frequency task, though this was assessed with functional near infra-red 

spectroscopy so did not assess changes in a distributed network (Ehlis et 

al., 2016). Another study of left IFG TDCS found that anodal TDCS had 

remote effects in both resting-state fMRI and during a word retrieval task 

(Meinzer et al., 2015). My study substantially extends the literature by 

investigating the remote effects of TDCS and its interaction with task for 

networks specifically involved in cognitive control. 

 

Short durations of stimulation produced large physiological effects 

Large changes in BOLD activity were seen after seconds, rather than 

minutes, of stimulation. This fits with in vitro animal studies that show 

applying cortical surface currents cause immediate changes in evoked 

potentials and spontaneous spike activity changes (Purpura and 

Mcmurtry, 1965), and human studies showing that 4s of TDCS can 

produce changes in M1 excitability (Nitsche & Paulus 2000). My study 

extend these findings by showing that rapid changes in activity of 

cognitive brain networks is possible with short durations of TDCS. TDCS 

has been shown to induce Ca2+ waves in astrocytes within seconds of 

application, suggesting that non-neuronal mechanisms might contribute 

to early neurobiological effects (Monai et al., 2016). However, purely non-

neuronal mechanisms, such as direct effects of TDCS on brain 

haemodynamics, would be unlikely to have an interaction with task, 

which suggests that the effects of TDCS observed in this study reflect, at 

least in part, neuronal effects.  
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The effects of stimulation on cognitive network activity depends on brain 

state  

My results also demonstrate that the physiological effects of TDCS are 

contingent on the current activity in that network. Distinct effects of the 

same polarity of TDCS were seen in a given network, depending on the 

cognitive state. Showing that the effects of TDCS are dependent on 

underlying brain state, converges with animal work demonstrating that 

TDCS does not directly cause action potentials, but instead alters the 

probability of their occurrence (Purpura and Mcmurtry, 1965)(Stagg and 

Nitsche, 2011). Therefore, one would expect the effects of stimulation to 

vary depending on the populations of neurons active at that time. 

 

A relationship between cognitive brain state and stimulation effects is also 

suggested by the small number of behavioural studies which demonstrate 

that manipulations of task difficulty can influence the behavioural 

modulations seen with TDCS (Jones and Berryhill, 2012; Sandrini et al., 

2012; Wu et al., 2014; Gill, Shah-Basak and Hamilton, 2015; Li et al., 

2015). Transcranial alternating current stimulation also shows effects on 

cortical network activity and connectivity that are dependent on the 

cognitive brain state (Neuling et al., 2013; Vosskuhl, Huster and 

Herrmann, 2015; Violante et al., 2017). The link between the effects of 

stimulation and brain state has particularly important implications for 

clinical studies, since TDCS may produce distinct effects depending on 

whether it is applied during an active task or rest. Hence, attempts to use 

TDCS to enhance cognitive rehabilitation will need to carefully control the 

behaviour of a patient at the time of stimulation. 

 

The effects of stimulation polarity on cognitive network activity interact 

with underlying brain state 

My study demonstrates an interaction of underlying brain state and the 

polarity of stimulation on network activity. A similar interaction between 

task state and motor cortex excitability has been seen before, as assessed 
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by motor evoked potential (MEP) size. MEP size was increased when 

anodal TDCS was given at rest, but was decreased if applied during task 

(Antal et al., 2007) However, to my knowledge, this interaction between 

brain state and TDCS polarity has not been seen before in cognitive 

networks. 

 

Current theories of how TDCS acts at the cellular level do not provide a 

simple explanation for this result. At the synaptic level, there is evidence 

that anodal and cathodal TDCS can have distinct effects on 

neurotransmitter levels. For example, the effects of anodal, but not 

cathodal TDCS, are abolished by NMDAR, voltage gated Ca2+ and Na+ 

receptor blockade (Stagg and Nitsche, 2011). Additionally, a small number 

of studies have found that anodal TDCS decreases local GABA 

concentration and increases local Glutamine concentration, whereas 

cathodal TDCS decreases local Glutamine concentration (Stagg et al., 

2009; Kim et al., 2014; Hunter et al., 2015). These changes could underlie 

the observed, and differential, effects of TDCS on local excitatory and 

inhibitory circuits (Stagg and Nitsche, 2011; Tazoe et al., 2014; Wiethoff et 

al., 2014; Sasaki et al., 2016). As local changes in the excitatory/inhibitory 

balance are thought to produce changes in large-scale brain networks 

(Deco et al., 2014), this might provide a mechanism for the remote effects 

on network activity I observed. However, I show that both cathodal and 

anodal TDCS caused a change of BOLD response in the same direction 

relative to baseline, which cannot be explained by opposing effects on 

excitatory and inhibitory neurotransmitter levels. 

 

My results might be explained by a complex interaction between 

stimulation and cellular structure and orientation. In vitro and modelling 

studies demonstrate that the effect of TDCS on soma and dendrite 

polarisation is influenced by neuronal shape, cortical layer and the 

orientation of neuronal processes in the electrical field (Radman et al., 

2009; Arlotti et al., 2012; Rahman et al., 2013; Lafon et al., 2017). A 
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cortical region that is activated by a task will include subpopulations of 

neurons, some excitatory and some inhibitory, with different 

morphologies, orientations and occupying different cortical layers. As a 

result, different polarities of TDCS, which can really be considered as 

different directions of current flow, may activate different subpopulations 

of neurons within the same region. In addition, there is a complex 

relationship between  alterations in excitatory/inhibitory balance and 

BOLD activity mediated by alterations in blood oxygenation and flow 

(Logothetis et al., 2001). For example, increased BOLD signal can increase 

secondary to activity of both excitatory and inhibitory circuits or increased 

activity of excitatory circuits with decreased activity of inhibitory circuits. 

Hence, an interaction of brain state and polarity may arise due to different 

subpopulations being activated under different combinations of task and 

polarity.   

 

The differential effects of TDCS on neurons of different orientations also 

limits how much the effect of TDCS on cognitive networks can be 

predicted through extrapolating from results of motor cortex studies. Such 

studies use montages very different to ours, resulting in different patterns 

of current flow, and different electrical fields along the somatodendritic 

axis of neurons. Careful modelling studies, incorporating neuronal 

subpopulations, combined with in vivo electrophysiological measurements, 

would be informative in clarifying the interaction between polarity and 

neuronal orienation. 

 

Right inferior frontal gyrus stimulation modulates Salience and Default 

Mode Network functional connectivity 

Both cathodal and anodal TDCS applied to the rIFG node of the SN during 

task performance modulated functional connectivity within the DMN and 

between the SN and the DMN and other correlated areas, such as primary 

motor cortices. Previous studies have found that within-DMN connectivity 

is increased in cognitive tasks (Hampson et al., 2006; Vatansever et al., 
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2015, 2017). I extend these studies by showing that CRT performance 

increases connectivity between the two main nodes of the DMN (the PCC 

and vmPFC). Previous studies have also shown that connectivity between 

the SN and DMN is important for cognitive task performance, with the SN 

having a causal effect on DMN activity (Sridharan, Levitin and Menon, 

2008; Chiong et al., 2013; Jilka et al., 2014). Additionally, many of these 

studies found a correlation between connectivity and behavioural 

performance. This suggests that whilst this study was not set up to 

address behavioural modulation, the effects of TDCS on cognitive network 

connectivity which I demonstrate may have behavioural relevance. Future 

TDCS behavioural studies should concurrently assess network 

connectivity changes, in order to determine the extent to which 

behavioural modulation by TDCS can be explained by modulation of 

network connectivity. 

 

Stimulation-induced changes in FC also showed marked polarity 

specificity. Cathodal tDCS decreased FC between the rIFG node of the SN 

and vmPFC node of the DMN and concurrently increased FC between the 

vmPFC and the rest of the DMN, effects not seen with anodal tDCS. This 

suggests that cathodal tDCS might be particularly suited to modulating 

interactions between and within intrinsic connectivity networks, with 

rIFG-vmPFC connections being particularly important for mediating this 

effect. Outside of the cognitive field, abnormal patterns of vmPFC activity 

has been implicated in the development of depression (Koenigs and 

Grafman, 2009), whilst studies of brain stimulation in depression suggest 

that cerebral blood flow of the vmPFC is an important predictor for 

clinical response (S Kito, Hasegawa and Koga, 2012; Shinsuke Kito, 

Hasegawa and Koga, 2012). A speculative future avenue of research could 

therefore be to investigate whether cathodal tDCS, aimed at modulating 

vmPFC connectivity, might be useful in treating depression. 
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4.5 Limitations 

I focused on rIFG stimulation and did not investigate the effects of 

stimulating other parts of the cognitive control system. Therefore, I cannot 

comment on whether the results I have seen are specific to the rIFG. 

Stimulation of other highly connected areas may also produce similar 

widespread network effects. Network hierarchy analyses, comparing 

multiple different TDCS targets, would be a sensible approach to test this 

hypothesis.  

 

The experimental design does not permit exploration of TDCS effects that 

may have persisted after the end of the stimulation. Studies of motor 

cortex suggest that the intra-stimulation and post-stimulation effects of 

TDCS on cortical excitability can be different (Nitsche and Paulus, 2000; 

Nitsche et al., 2005), which may also extrapolate to cognitive TDCS. It is 

uncertain how long post-stimulation effects last for so I cannot guarantee 

that there were no carryover effects. There have been no studies formally 

investigating the stimulation duration required to produce after-effects in 

the cognitive realm. However, in the motor cortex, 3 minutes of 

stimulation appears to be the minimum duration to produce after-effects 

(M A Nitsche and Paulus, 2000). Therefore, my results are likely to be free 

from significant bias as a result of any potential carryover, especially since 

I also pseudorandomised the order of stimulation such that any carryover 

should only add noise to the data rather than systematic bias. 

Additionally, the fMRI analysis looked at the effects of stimulation+task 

or stimulation+’rest’ over and above the effects of sham+task and 

sham+’rest’, so any contamination of the sham block is more likely to 

cause a false negative than a false positive result. It is possible that 

preceding TDCS, whilst not causing after-effects in itself, may modulate 

the response to another type of TDCS. Whilst I cannot rule this effect out 

with my study, the pseudorandomisation hopes to minimize the impact of 

this effect, if it exists, on my results. Nevertheless, the relationship 

between stimulation duration and effect, particularly any ‘meta-plasticity’ 
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effects, is important to understand. Dosing studies, particularly of non-M1 

areas, combining different levels such as direct electrophysiology and 

neurochemical assessments right through to behavioural, will help to 

clarify the relationship between duration of stimulation and effects, 

particularly as duration may also interact with brain state and polarity. 

 

4.6 Conclusions  

In summary, I demonstrate that widespread modulation of cognitive 

networks is achievable with TDCS to the Salience Network, and that this 

effect is highly dependent on the underlying brain network state and 

polarity. The effect of stimulation, therefore, is an emergent property of 

the applied current in combination with the underlying brain state.  

 

In the next Chapter, I investigate whether Salience Network stimulation 

can modulate cognitive performance in a response inhibition task, and 

what participant features may influence its effects. 
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5.1 Introduction 

 

In the previous Chapter, I presented a study demonstrating that Salience 

Network stimulation was able to produce modulation of cognitive 

networks important for cognitive control. In this study, I investigate 

whether Salience Network stimulation can enhance cognitive control and 

associated network function, and what participant features may influence 

these effects.  

 

Response inhibition is an important aspect of cognitive control, and can be 

assessed with the Stop Signal Task (SST). During SST performance, 

participants must inhibit an automatic motor response when an 

infrequent ‘stop’ signal appears. During response inhibition, the brain’s 

activity is characterised by Salience Network (SN) activation and 

concurrent Default Mode Network (DMN) deactivation (Sharp et al. 2010; 

Li et al. 2006; Hampshire & Sharp 2015). This pattern of anti-correlated 

activity relates to SST performance, with greater SN activation and DMN 

deactivation associated with better performance and disruption of this 

pattern associated with poor performance (Congdon et al. 2011; Bonnelle 

et al. 2012; Weissman et al. 2006).  

 

The SN has two main nodes: the dorsal anterior cingulate 

cortex/presupplementary motor area (dACC/preSMA) and the right 

inferior frontal gyrus/anterior insula (rIFG/AI) (Seeley et al. 2007). The 

structure of the white matter tract connecting the rAI and the 

dACC/preSMA strongly predicts DMN deactivation during response 

inhibition, which is in turn related to SST performance (Bonnelle et al. 

2012). Therefore, the SN is a promising target for brain stimulation aimed 

at modulating cognitive control and cognitive network function, and SN 

structural connectivity may influence any behavioural effects.  
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Transcranial direct current stimulation (TDCS) delivers weak electrical 

currents to the brain through scalp electrodes, and modulates neuronal 

excitability underneath the electrode (Stagg & Nitsche 2013; Purpura & 

Mcmurtry 1965). Its ability to modulate cognitive function has been widely 

investigated in both clinical and non-clinical work (Kuo & Nitsche 2012). 

However, group level effects are inconsistent, with high interindividual 

variability in the behavioural response to TDCS, leading to scepticism 

about its effects on the brain (Horvath et al. 2015; Horvath et al. 2014).  

 

A major issue is that there is limited understanding of how TDCS affects 

the brain networks important for cognitive control. There has also been 

little systematic exploration of the factors influencing the behavioural 

response to TDCS (Li et al. 2015). Individual variability in structural 

connectivity within stimulated networks has previously been shown to 

influence behavioural and physiological response to TDCS, but these 

studies did not investigate complex cognitive tasks (Rosso et al. 2014; 

Bradnam et al. 2012; Lin et al. 2017). The differential effects of anodal and 

cathodal TDCS are also not well understood. It is thought that anodal 

TDCS increases and cathodal TDCS inhibits neuronal excitability 

(Purpura & Mcmurtry 1965; Stagg & Nitsche 2011). However, the anodal-

excitatory/cathodal-inhibitory dichotomy is often not seen behaviourally, 

suggesting a more complex interaction of polarity and brain activity, 

particularly for cognitive control (Jacobson et al. 2012).  

 

One approach to understanding the effects of TDCS on cognition is to use 

functional (f)MRI to investigate the effects of TDCS on cognitive brain 

networks. Studies combining fMRI and TDCS have found that TDCS, both 

anodal and cathodal, to a single region can produce changes in activation 

and functional connectivity beyond the local stimulation region (Antal et 

al. 2011; Sehm et al. 2013; Polanía et al. 2012; Polania et al. 2012; Sehm 

et al. 2012; Amadi et al. 2014; Peña-Gómez et al. 2012; 

Sankarasubramanian et al. 2017; Park et al. 2013; Callan et al. 2016; 
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Hone-Blanchet et al. 2015). However, most of these studies did not acquire 

fMRI simultaneous to TDCS, only investigated resting state fMRI or 

stimulated primary sensorimotor regions. Therefore, one cannot 

extrapolate the results of these studies to understand the effects of TDCS 

on brain networks subserving cognitive control.  

 

Here I investigated the physiological and behavioural effects of 

stimulating the SN with TDCS. We concurrently acquired fMRI and 

delivered TDCS to the rIFG/AI node of the SN, whilst healthy participants 

performed the SST. I tested the hypotheses that rIFG/AI TDCS: 1) 

modulates SST performance; 2) modulates SN and DMN regional activity 

and functional connectivity, 3) that variability in SN structure, measured 

using diffusion tensor imaging, influences the response to TDCS and 4) 

that anodal and cathodal have different but not opposing physiological and 

behavioural effects. 

 

5.2 Materials and Methods 

 

Participants 

Participants recruited were as described for Chapter 4. Two participants 

were excluded from behavioural analyses due to problems acquiring 

response data, and two further participants were excluded from DTI 

analyses as this was not acquired. 

 

Experimental Protocol and Stop Signal Task 

Functional MRI was acquired whilst participants performed the Stop 

Signal Task (SST), in an event-related design (1). The SST is a task 

assessing response inhibition, an important aspect of cognitive control. 
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Figure 5.1: Task and Modelled Density 
(A) Stimuli in the Stop Signal Task (SST). (B) The TDCS/fMRI paradigm, 
comprising 3 runs each of the SST with concurrent TDCS (anodal, 
cathodal and sham), with a 2-3 minute break between each run. (C) 
Modelling showing maximum electric field strength over the rIFG, with 
current spreading into the underlying right anterior insula, as well as the 
white matter tracts. 
 

The SST used in this task has been previously used to assess response 

inhibition in traumatic brain injury participants (Bonnelle et al. 2012). 

Participants are instructed to press a button held in their left or right 

hand in response to left or right pointing arrows respectively. 

Infrequently, a red dot, the ‘stop’ signal, appeared above the arrow after a 

variable interval (Figure 5.1A). Participants had to withhold their button 

press in response to the ‘stop’ signal. There were 184 trials in total, 

comprising 20% ‘stop’ trials, 70% normal (‘go’) trials and 10% rest trials. 

Each run of the task lasted 4mins 12secs. To minimise tactical waiting for 

the appearance of the ‘stop’ signal, a negative feedback screen saying 

“Speed Up” was presented if slowing reaction times were detected. The 

task was programmed in Matlab (Mathworks, Natick, MA) using 

Psychtoolbox (Brainard, 1997) and responses were recorded through a 
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fiberoptic response box (NordicNeuroLab, Norway), interfaced with the 

stimulus presentation PC. 

 

The main behavioural outcome measure is the SSRT, and is a measure of 

response inhibition. It is a composite measure which is derived as [mean 

reaction time – stop signal delay]. The Stop Signal Delay (SSD) is the 

delay between the presentation of the arrow and the appearance of the red 

dot ‘stop’ signal that produces 50% response inhibition rate. A high SSD, 

and low SSRT, are indicative of good response inhibition. Another 

behavioural measure is the stopNO RT, which is the reaction time when 

participants do not successfully stop when the ‘stop’ signal is presented.  

 

The fMRI contrast of [Stop Correct>Go Correct] demonstrates areas 

responsible for the response inhibition part of the task, over and above 

simply responding to left/right arrows. This is the main contrast of 

interest, and is characterised by activation within Salience Network areas 

and also bilateral frontal and superior parietal areas forming the 

frontoparietal control network. There is concurrent deactivation within 

the Default Mode Network (Bonnelle et al. 2012).  

 

The contrast of [Stop Correct>Stop Incorrect] additionally controls for the 

presentation of an infrequent but behaviourally salient ‘stop’ signal 

stimulus, and has been associated with activation in areas including the 

left middle frontal gyrus, right inferior occipital gyrus, right inferior and 

middle frontal gyri, right middle and superior frontal gyri, left inferior and 

middle frontal gyri, and right cingulate gyrus (Li et al. 2006). Activations 

observed in this contrast are thought to be more specific for response 

inhibition.  

 

The contrast of [Stop Incorrect>Go Correct] controls for the motor 

response, as there is a button press in both conditions. Activations 

observed in this contrast encapsulates processes that are not necessarily 
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specific to response inhibition, but perhaps more general to perception of 

and attentional capture by the ‘stop’ signal, or error processing. The dorsal 

anterior cingulate cortex (dACC) shows increased activation in [Stop 

Incorrect>Go Correct], suggesting a role in error processing (Li et al. 

2009). 

 

To ensure that participants were performing the task correctly, and not 

employing other strategies, such as waiting for the appearance of the red 

dot, participants were excluded if they did not have the following 

performance criteria: 

- >80% responses in GO trials 

- >90% correct choices in GO trials 

- 40-60% successful response inhibition 

 

Each participant performed 3 runs of the SST, under sham, anodal and 

cathodal TDCS. The runs were sequential but with brief 2-3 minute break 

in between each run during which the participant remained in the MRI 

scanner. After each run of TDCS-fMRI, participants were asked if they 

thought they had stimulation or not, and to rate (from 1-5) the sensations 

(itching, pain, metallic taste, burning, anxiety, anything else) they felt 

during the run. The order was counterbalanced between participants to 

minimise risk of systematic bias from any potential carryover effects. 

 

Analysis of behavioural results 

The main outcome measure was the stop signal reaction time (SSRT). This 

is a composite measure that accounts for an individual’s motor reaction 

time. It is calculated as [Mean reaction time – Stop Signal Delay], where 

stop signal delay (SSD) is the interval between presentation of the arrows 

and appearance of the red dot ‘stop’ signal which produced successful 

stopping on 50% of ‘stop’ trials. A low SSRT indicates good task 

performance. I also extracted the Stop Incorrect RT, which is the mean 

reaction time for ‘stop’ trials where the participant did not manage to 
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inhibit their response. Statistical analyses of task performance during 

active (anodal or sham) compared to sham stimulation, using student’s 

ttests of paired samples to assess effect of active compared to sham 

stimulation, were conducted using Matlab (Mathworks, Natick, MA) and 

R (www.r-project.org). Bonferroni correction was used to correct for 

multiple comparisons across different tracts and stimulation conditions 

when investigating the effect of white matter FA on behavioural response 

to stimulation. 

 

Delivery of transcranial direct current stimulation 

TDCS was delivered concurrently to SST task performance and fMRI 

acquisition using the circuit described in Chapter 2: Methods (section 2.4). 

The stimulation set-up is as described in Chapter 4, with the ‘active’ 

electrode over F8 (based on the 10-20 EEG International system), 

corresponding to the pars triangularis of the rIFG, and an extracephalic 

‘return’ electrode on the right shoulder. Anodal and cathodal TDCS was 

delivered with a ramp of 30s up to 2mA, followed by full intensity 

stimulation for the duration of the fMRI run, finishing with a ramp down 

over 1s. Sham TDCS consisted of the ramp stage only. A computation 

model confirmed that the peak electric field strength was over the rIFG, 

as described in Chapter 4 (FIGURE 5.1C). 

 

MRI acquisition and preprocessing 

Functional and Diffusion Tensor imaging was acquired and pre-processed 

as described in Chapter 2 Methods & Materials. 

 

fMRI task analysis: activation analysis 

The fMRI-TDCS SST was analysed with FSL’s FMRI Expert Analysis Tool 

(FEAT) (Smith et al. 2004; Jenkinson et al. 2012). Subject-level general 

linear models (GLM) included 5 regressors of interest from the task: Go 

Correct (trials in which correct responses were made to the go signal), Go 

Incorrect (trials in which incorrect responses were made to the go signal), 
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Stop Correct (trials in which participants successfully withheld a response 

to the stop signal), Stop Incorrect (trials in which participants pressed a 

button despite the presentation of a stop signal) and Feedback 

(presentations of the feedback screen). The GLM design matrix consisted 

of those regressors of interest, their first temporal derivatives and six 

movement regressors to account for movement-related noise. The 

following contrasts of interest were investigated [Stop Correct > Go 

Correct], [Stop Incorrect > Go Correct] and [Stop Correct > Stop Incorrect], 

and the inverse contrasts were also run. 

 

 A higher-level mixed effects (FLAME 1+2) analysis of group effects was 

performed to combine all participants for each stimulation condition 

(anodal, cathodal and sham). A separate higher-level mixed effects 

analysis was run to directly compare the stimulation conditions for the 

contrasts of interest, using the ‘Triple T-test’ GLM set-up within FSL 

FEAT, allowing direct comparison between stimulation conditions. The 

final Z statistical images were thresholded using a Gaussian random field-

based cluster inference with a height determined by a threshold of z>3.1 

and a corrected cluster significance threshold of p=0.05. 

 

fMRI task analysis: functional connectivity analysis 

Functional connectivity was investigated with whole-brain PPI (O’Reilly et 

al. 2012). A separate group of healthy volunteers (n= 22, 4F:18M) (mean 

age 40 years, s.d. 12.4 years) performed a run of the Stop Signal Task with 

no TDCS circuit attached. The data from this group was preprocessed and 

analysed in the same way as the TDCS-fMRI cohort, and peaks of 

activation and deactivation were used to define regions of interest for the 

functional connectivity analyses of the TDCS-fMRI cohort. 

 

The regions of interest were defined as follows: 

- Right inferior frontal gyrus (rIFG): this was generated using 

MANGO (Multi-image Analysis GUI) software 
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(http://ric.uthscsa.edu/mango/mango.html) by defining a 22.5 mm 

radius sphere centered on the centre coordinates F8. This was 

obtained from the projection of the electrode position onto the 

cortical surface (Koessler et al. 2009) and converted to MNI space 

using the Nonlinear Yale MNI to Talairach Conversion Algorithm 

(Lacadie et al. 2009) (Lacadie et al., 2008) (F8: x=55, y=30, z= –1). 

The ROI was predominantly over the pars triangularis of the rIFG. 

Areas outside the cortex were removed by masking with an MNI 

brain mask from the FSL library.  

- Right anterior insula (rAI): this was defined by generating a 5mm 

diameter sphere around the peak activation voxel in the anterior 

regions, for the contrast [Stop Correct > Go Correct], in the separate 

group of healthy controls. MNI coordinates: x40, y20, z0. 

- Dorsal anterior cingulate cortex/pre-supplementary motor area 

(dACC/pre-SMA): this was defined by generating a 5mm diameter 

sphere around the peak activation voxel in the anterior regions, for 

the contrast [Stop Correct > Go Correct], in the separate group of 

healthy controls. MNI coordinates: x8, y14, z52. 

- Ventromedial prefrontal cortex (vmPFC): this was defined by 

generating a 5mm diameter sphere around the peak of deactivation 

in the frontal DMN regions, for the contrast [Stop Correct > Go 

Correct], in the separate group of healthy controls. MNI 

coordinates: x-8, y46, z-10. 

- Dorsal and ventral posterior cingulate cortex (PCC): these were 

defined by generating 5mm diameter spheres around the 

coordinates given by Leech et al. We selected two nodes for PCC 

ROIs, rather than a large anatomical PCC, because connectivity 

between the ventral PCC and dorsal PCC is differentially 

modulated during a cognitively demanding task, with the dorsal 

PCC showing increased integration with the rest of the DMN with 

increasing task difficulty (Leech et al. 2011).  
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Time-courses for each region were extracted for each participant (the 

physiological term). Regressors used were the same as for the initial fMRI 

analysis. For each model, the physiological term and the psychological 

terms [Stop Correct], [Stop Incorrect] and [Go Correct] were used to create 

the PPI interaction terms with the remaining regressors also included in 

the model. Whole brain PPI was carried out to determine the functional 

connectivity between the ROI and the whole brain. A generalised PPI 

model was used (McLaren et al. 2012). 

 

Diffusion Tensor Imaging analysis 

An ROI approach was used to assess white matter structural connectivity 

in the Salience and Default Mode Networks. Fractional Anisotropy (FA) 

values were extracted from each participant from the following previously 

described tracts (Bonnelle et al. 2012):  

- RAI-dACC/preSMA (right anterior insula to the dorsal anterior 

cingulate/pre-supplementary motor area) tract – to assess SN 

structural connectivity from the rAI. 

- RIFG-dACC/preSMA (right inferior frontal gyrus to the dorsal anterior 

cingulate/pre-supplementary motor area) tract – to assess SN 

structural connectivity from the rIFG, the site of stimulation  

- mPFC-PCC/PRE (medial prefrontal cortex to posterior cingulate 

cortex/precuneus) tract – to assess DMN structural integrity. 

Participants were split into two groups based on whether the tract FA was 

greater (‘high structural connectivity’) or lower (‘low structural 

connectivity’) than the median FA within that tract.  

 
 
5.3 Results 

 

Salience Network stimulation improves response inhibition 

Anodal TDCS delivered to the right IFG during SST performance caused a 

significant decrease in the Stop Signal Reaction Time (SSRT) compared 

with sham TDCS (t(23)=2.17, p=0.04) (Table 5.1). This effect was not seen 
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for cathodal TDCS, although it approached significance (t(23)=1.87, 

p=0.07) (FIGURE 5.2A). The SSRT is a composite measure (mean reaction 

time – stop signal delay). Anodal TDCS improved the stop signal delay 

(SSD), indicative of improved response inhibition, rather than a change in 

the mean reaction time (FIGURE 5.2B,C). This indicates that the change 

in SSRT reflects improved response inhibition rather than motor slowing. 

In addition, on ‘Stop’ trials where participants failed to inhibit their 

response (Stop Incorrect trials), anodal TDCS also delayed the time taken 

to produce an incorrect response, compared with both sham 

(t(23)=2.32,p=0.03) and cathodal (t(23)=2.15, p=0.04) TDCS (FIGURE 

5.2D). There were no effects of TDCS on other behavioural measures. 

 

 
Figure 5.2: Stop Signal Task Performance measures.  
(A) Stop Signal Reaction Time, (B) Stop Signal Delay, (C) Reaction Time, 
and (D) mean Reaction Times for ‘stop’ trials where there is failed 
response inhibition (‘stop incorrect’ trials) are presented for Anodal, 
Cathodal and Sham TDCS. Data points are mean values, error bars are 
SEMs. * denotes p<0.05. 
 

 



Chapter 5 | Salience Network TDCS and response inhibition 
 

	 144	

 Anodal Cathodal Sham 
Stop Signal RT (ms) 291.3 + 58.4 295.1 + 58.6 321.7 + 48 
Stop Signal Delay (ms) 253.7 + 159.3 230.8 + 105.7 200.8 + 94.9 
Incorrect stop RT (ms) 523.0 + 104.7 495.8 + 71.5 496.1 + 75.1 
Mean RT (ms) 545.1 + 121.1 525.9 + 87.6 522.6 + 89.4 
Go accuracy (%) 95.1 + 7.2 96.1 + 7.4 95.0 + 7.6 
Stop accuracy (%) 48.5 + 4.9 48.3 + 4.0 49.8 + 3.7 
Negative feedback 13.1 + 10.6 11.4 + 7.5 11.9 + 9.5 
Table 5.1: Behavioural measures for the Stop Signal Task.  
Figures shown are mean values + standard deviation. Abbreviations: RT = 
reaction time, ms = milliseconds 
 

Salience Network structural connectivity influences behavioural and 

physiological responses to Anodal TDCS 

It has previously been shown that damage to the structural connectivity 

within the SN strongly predicts how efficiently network activity is co-

ordinated during response inhibition (Bonnelle et al. 2012). Therefore, I 

tested whether stratifying participants based on fractional anisotropy (FA) 

of the SN influenced the response to TDCS. FA of the tract connecting the 

rAI and the dACC/preSMA nodes of the SN strongly predicted response to 

anodal TDCS. Participants with high FA within the rAI-dACC/preSMA 

tract had significantly improved SST performance under anodal TDCS 

compared with sham TDCS (t(10)=-3.97 p=0.0026). Conversely, those with 

low FA within the SN showed no improvement in performance under 

anodal TDCS compared with sham TDCS ((t(10)=0.18 p=0.88) (FIGURE 

5.3A). The FA of this tract was negatively correlated with the SSRT under 

anodal TDCS, reflecting better SST performance with higher FA, though 

this correlation was not significant (r=-0.3, p=0.17). 
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Figure 5.3: The effect of rAI-dACC/preSMA tract FA on response to TDCS.  
(A) SSRT performance under anodal TDCS, (B) brain activation under 
anodal TDCS and (C) SSRT performance under cathodal TDCS were 
compared between participants with high and participants with low rAI-
dACC/preSMA FA. Inset shows the white matter tract mask used to 
extract FA values. Error bars are S.E.M. *indicates p<0.05, Bonferroni 
corrected for multiple comparison. FMRI results are superimposed on the 
MNI152 1mm brain template. Cluster corrected z=3.1, p<0.05. 
 

The FA of the SN also influenced the effect of anodal TDCS on brain 

activity during response inhibition. The contrast [Stop Correct>Go 

Correct] denotes successfully witholding button presses to presentation of 

the ‘stop’ signals, compared with correctly responding with button presses 

to the arrows. This contrast demonstrates brain regions involved in 

detecting and attending to the ‘stop’ signal, as well as inhibiting the 

automatic ‘go’ response. In line with previous literature, this contrast 

showed increased activity within the Salience Network (SN) and bilateral 

superior parietal areas, along with deactivation in the Default Mode 

Network (DMN) and primary sensorimotor regions (FIGURE 5.4A).  

 

At a group level anodal TDCS did not significantly change the pattern of 

brain responses for [Stop Correct>Go Correct] (FIGURE 5.4A). However, 
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anodal TDCS produced greater activation in the right anterior insula in 

participants with ‘high’ FA in the rAI-dACC/preSMA tract than in those 

with low FA (FIGURE 5.3B). The FA of this tract was significantly 

positively correlated with BOLD response of the right anterior insula, 

reflecting a greater BOLD response with higher FA (r=0.53, p=0.01). This 

effect was specific to successful stopping, as there were no activation 

differences for the contrast [Stop Incorrect>Go Correct] between those 

with ‘high’ and ‘low’ tract FA.  

 

The effects were also specific to FA of the rAI-dACC/preSMA tract of the 

Salience Network. There were no physiological or behavioural differences 

between participants with ‘low’ or ‘high’ FA of the SN tract linking the 

rIFG to the dACC/preSMA or the tracts linking the ventromedial 

prefrontal cortex with the posterior cingulate cortex, the two main nodes 

of the DMN. In addition, this effect was specific to response to anodal 

TDCS as there were no differences in behaviour or brain activation 

between those with ‘low’ or ‘high’ rAI-dACC/preSMA tract FA under 

cathodal tDCS (FIGURE 5.3C). 
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Figure 5.4: SST brain responses during stimulation. 
Overlay of areas of brain activation (warm colours) and deactivation (cool 
colours) under sham, anodal and cathodal TDCS, during (A) successful 
response inhibition (successfully withholding a button press when a ‘stop’ 
signal is presented, compared with correctly responding to arrows without 
a ‘stop’ signal) and (B) successful response inhibition with additional 
control for presentation of the ‘stop’ signal (successfully withholding a 
button press when a ‘stop’ signal is presented, compared with continuing 
to press a button when a ‘stop signal is presented). Results are 
superimposed on the MNI152 1mm brain template. Cluster corrected 
z=3.1, p<0.05. 
 

Cathodal TDCS increases subcortical activation during response inhibition 

During [Stop Correct>Go Correct] cathodal TDCS produced increased 

activation within the right caudate, compared with sham (FIGURE 5.5Bi). 

The contrast [Stop Correct>Stop Incorrect] denotes successfully 

withholding a button press when a ‘stop’ signal is presented, compared 

with continuing to press a button when a ‘stop signal is presented. This 

contrast additionally controls for the effect of ‘stop’ signal presentation. 
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This contrast was associated with activation within bilateral occipital 

cortices, superior and middle frontal gyri, superior parietal cortices, left 

putamen and left inferior frontal gyrus, and deactivation in bilateral 

primary sensorimotor cortices (FIGURE 5.5A). During the [Stop 

Correct>Stop Incorrect] contrast, cathodal TDCS increased activation 

within the right lateral occipital cortex, compared to sham stimulation 

(FIGURE 5.5Bii). There were no differences in activity patterns between 

anodal and cathodal TDCS for either contrast.  

 

Figure 5.5: Effect of TDCS on brain BOLD response.  
(A) Overlay of areas of brain activation (warm colours) and deactivation 
(cool colours), across all stimulation conditions, for [Stop Correct>Go 
Correct] and [Stop Correct>Stop Incorrect]. (B) Overlay of areas where 
brain activation (warm colours) is greater under cathodal TDCS than 
sham TDCS during (i) successful stopping [Stop Correct>Go Correct] and 
(ii) [Stop Correct>Stop Incorrect]. Results are superimposed on the 
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MNI152 1mm brain template. Cluster corrected z=3.1, p<0.05. 
Accompanying bar charts show mean activation within the activated 
areas, and demonstrate the change in Parameter Estimate with each type 
of stimulation. Error bars denote S.E.M. 
 

Cathodal TDCS modulates functional connectivity within the Default 

Mode Network 

It has previously been found that functional connectivity (FC) between the 

SN and the DMN is increased during successful stopping (Jilka et al. 

2014). Cathodal TDCS to the SN increased FC within the DMN during 

successful stopping, relative to sham TDCS. DMN functional connectivity 

from the ventromedial PFC (vmPFC) fell during successful stopping [Stop 

Correct>Go Correct] under sham TDCS, but this drop in functional 

connectivity was not seen during cathodal TDCS (FIGURE 5.6A,Ai). TDCS 

effects were specific to successful stopping, as there was no effect of TDCS 

on the task-unrelated functional connectivity. In addition, cathodal TDCS 

also prevented the fall in DMN FC during the contrast [Stop Correct>Stop 

Incorrect] (FIGURE 5.6Aii). The contrast [Stop Incorrect>Go correct] had 

no effect on the FC (FIGURE 5.6Aiii). There were no significant 

differences in FC when comparing anodal TDCS with cathodal or sham 

TDCS. There were no significant difference in FC when the ventral PCC, 

rIFG, rAI or dACC/preSMA were used as seed regions for analysis. 

 

 
Figure 5.6: DMN functional connectivity changes with TDCS.  
(A) Overlay of regions showing increased functional connectivity within 
the DMN, compared with sham stimulation, for when the ventromedial 
prefrontal cortex (vmPFC) is used as seed regions. Results are 
superimposed on the MNI152 1mm brain template. Cluster corrected 
z=3.1, p<0.05. Accompanying bar charts show the interaction values 
between the overlaid regions and the seed region for task-unrelated 
connectivity (pale grey) and for (Ai) successful stopping contrast [Stop 
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Correct>Go Correct], (Aii) [Stop Correct>Stop Incorrect] and (Aiii) [Stop 
Incorrect>Go correct] (all dark grey). Error bars are S.E.M. Insets show 
the ROIs used as seed regions for the PPI analysis. *denotes p<0.05. # 
denotes p<0.05, and is a graphical representation of the voxelwise results 
presented. 
 

Current density distribution  

Current density modelling confirmed that the peak of the electric field 

distribution over the cortical surface was centred over the right inferior 

frontal gyrus (FIGURE 5.1C). Current spread into underlying structures, 

including the right frontal operculum and right anterior insula. High 

electric field strengths were also found within SN tracts connecting these 

areas to the dACC/preSMA. A more remote peak of current was seen 

within the corpus callosum.  

 

Control analysis: Perception of TDCS  

Participants were asked whether they thought they had real or sham 

TDCS after the end of each run. Their accuracy rates were consistent with 

chance (50% after anodal, 55.7% after cathodal and 46.1% after sham). 

There were no differences between stimulation conditions in ratings of 

perceived sensations during the run.  

 
5.4 Discussion 

 

I show that anodal TDCS applied to the right inferior frontal 

gyrus/anterior insula (rIFG/AI) improves response inhibition, as measured 

by the Stop Signal Task (SST). This region was targeted aiming to 

influence the function of the Salience Network (SN), having previously 

shown that structural damage within this network was a strong predictor 

of the network interactions associated with worse response inhibition 

(Jilka et al. 2014; Bonnelle et al. 2012). The behavioural effect of anodal 

TDCS was strongly influenced by variation in the FA of the key SN tract 

connecting the rAI to the dorsal anterior cingulate cortex/pre-

supplementary motor area (dACC/preSMA). High FA within this tract was 
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associated with both a behavioural and physiological response to TDCS, 

effects not observed with cathodal TDCS or for other key white matter 

tracts. 

 

These results support an important role for the SN in cognitive control. 

During SST performance, presentation of an unexpected but behaviourally 

salient stimulus requires participants to switch from automatic to 

controlled behaviour (Hampshire & Sharp 2015). Dynamic changes in rAI 

activity during SST performance causally influences other parts of the SN 

and anti-correlated activity within the Default Mode Network (DMN) 

(Dosenbach et al. 2006; Sridharan et al. 2008; Menon & Uddin 2010). 

Functional coupling between the rAI and DMN appears particularly 

important for successful stopping, and disrupted coupling is associated 

with impaired SST performance (Jilka et al. 2014). Structural damage of 

the rAI-dACC/preSMA tract of the SN causes a failure of DMN control, 

which is in turn related to SST performance (Bonnelle et al. 2012; Jilka et 

al. 2014). Previous work has also demonstrated that variability in white 

matter FA of SN nodes influences SST performance in a paediatric 

population, which may reflect an influence of network maturation 

(Madsen et al. 2010). I now extend these observations by showing how SN 

structure also influences behavioural responses to brain stimulation over 

one node of the SN.  

 

Two previous stroke studies showed a relationship between white matter 

tract FA and the behavioural response to contralesional cathodal TDCS 

(Rosso et al. 2014)(Bradnam et al. 2012). A recent healthy participants 

study found a correlation between the analgesic effects of anodal TDCS to 

the left dorsolateral prefrontal cortex and the structural connectivity of its 

thalamic connections (Lin et al. 2017). I now show a clear relationship 

between rAI-dACC/preSMA tract FA and the cognitive and physiological 

effects of TDCS to the SN. 
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Several possibilities may explain why individual differences in white 

matter FA within a network might influence its response to stimulation. 

One possibility is that higher FA represents higher structural connectivity 

between nodes of a network, allowing a stimulated cortical region to exert 

stronger effects across the network. Individual variability in structural 

connectivity influences network interactions (Boorman et al. 2007; Honey 

et al. 2009; Horn et al. 2014). Thus, variation in the structural 

connectivity from a stimulated region might influence the network’s 

response during task performance, and therefore the behavioural effects of 

this stimulation. 

 

Another possibility is that behavioural effects of TDCS are at least 

partially mediated by axonal polarisation. TDCS studies to date have 

generally targeted cortical structures in the belief that stimulation effects 

mainly result from changes in soma polarisation. However, recent 

evidence shows that polarisation effects can be stronger at axon terminals 

than soma (Chakraborty et al. 2017). The modelling also predicts peaks of 

electric field strength in the SN white matter tracts. Hence, the effect of 

TDCS might result from direct polarisation of axonal membranes within 

white matter tracts connecting the SN nodes. Amongst other things, white 

matter FA can reflect the mix of fibre orientations within a tract, in part 

quantifying the variability of axonal orientation (Winston 2012). Axonal 

orientation has been shown to particularly influence the polarising effect 

of TDCS (Arlotti et al. 2012; Kabakov et al. 2012). Therefore, 

interindividual variability in tract FA may lead to variation in the 

sensitivity of an individual’s tract to the polarising effects of TDCS. 

 

A third possibility is that the current density distribution is modulated by 

variability in the FA of underlying tracts, with high FA perhaps resulting 

in more focussed cortical stimulation. Computational modelling studies 

suggest that the physiological effects of TDCS are likely to interact with 

the properties of white matter tracts underlying stimulated cortex, albeit 
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to a small extent (Metwally et al. 2012; Shahid et al. 2012; Shahid et al. 

2014). This is unlikely to be a major factor in explaining our findings since 

we show an influence of FA variability of the rAI-dACC/preSMA tract 

specifically, but not of the overlying rIFG connections, where modelling 

predicts high electric field strengths.  

 

The particular anatomy of the rAI and its projections may make it 

especially susceptible to the effect of TDCS. The rAI of great apes and 

humans contain an unusual set of large bipolar projection neurons called 

Von Economo neurons (VENs). They are thought to be specialised for 

sending information rapidly, which may have evolved to facilitate the fast 

signalling required for rapid behavioural changes in response to 

environmental changes (von Economo 1926; Seeley et al. 2012; Allman et 

al. 2011). Large bipolar neurons are more sensitive to soma polarisation, 

possibly because they have a greater surface area of membrane on which 

the current can act (Arlotti et al. 2012; Radman et al. 2009). The large size 

and relatively simple dendritic structure may make VENs, and thus the 

rAI, particularly sensitive to the effects of TDCS.  An extension of this 

study would be to investigate whether focused stimulation of the 

dACC/preSMA, where VENs are also found, replicates our findings. 

 

Stratifying participants by the rAI-dACC/preSMA tract FA also produced 

a physiological difference in their response to anodal TDCS. Participants 

with ‘high’ FA showed greater activation within the rAI, which is 

particularly important for switching behaviour in general (Sridharan et al. 

2008). This suggests that the improved task performance in ‘high’ FA 

participants with anodal TDCS is not mediated by specific motor 

inhibition mechanisms, but more general processes involved in cognitive 

control.  

 

I found polarity differences in the physiological response to TDCS. 

Cathodal but not anodal TDCS increased subcortical activation and 
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produced remote effects in DMN functional connectivity during response 

inhibition. Conversely, rAI activation under cathodal TDCS was not 

influenced by rAI-dACC/preSMA tract FA. Anodal and cathodal TDCS 

represent different current flow directions, which has been shown to be an 

important determinant of relative soma and axonal polarisation (Rahman 

et al. 2013). Therefore, a speculative reason for the polarity-dependent 

effects on network activity and connectivity is that subpopulations of rAI 

neurons, with projections to different brain regions, have different 

orientations which makes them differentially responsive to the anodal or 

cathodal current direction. Further work is required to elucidate the 

mechanisms of polarity-dependent network effects. 

 

Cathodal TDCS increased caudate activation even though the caudate is 

not predicted to experience high electrical field strengths. Subcortical 

structures make an important contribution to cognitive control (Jahfari et 

al. 2012; Jahanshahi et al. 2015; Aron & Poldrack 2006). The rIFG and 

caudate are connected by white matter tracts, and TDCS of the motor 

cortex modulates functional connectivity between motor association 

cortices and subcortical structures, including the caudate (Catani et al. 

2011; Polanía et al. 2012). Therefore, modulation of fronto-subcortical 

circuits may have contributed to the numerical improvement in SST 

performance with cathodal TDCS.  

 

It has previously been shown that engaging cognitive control is associated 

with large changes in functional connectivity between the SN and DMN 

(Jilka et al. 2014). I now extend these observations by showing that SN 

stimulation causes remote changes in DMN functional connectivity. My 

current findings support a causal role for the SN in modulating the FC of 

physically remote but functionally connected large-scale networks, and the 

proposal that modulating SN activity might provide a way to influence the 

function of these networks (Sridharan et al. 2008).  
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It is unlikely that the behavioural effects of TDCS result from non-specific 

effects. First, post-stimulation questionnaires indicated that participants 

were unaware of whether they received real or sham TDCS, nor were 

there differences between stimulation conditions on perception of possible 

TDCS-related sensations. Secondly, the polarity-specific effects on brain 

activation, network functional connectivity, and the influence of SN tract 

structure on behavioural response cannot be wholly explained by non-

specific effects.  

 

5.5 Limitations 

The main limitation of this study is that we only investigated response 

inhibition with the SST, so cannot comment on whether SN TDCS could 

modulate other aspects of cognition, or whether rAI-dACC/preSMA  tract 

FA would be a relevant differentiator of TDCS responders. Given the 

importance of the SN in coordinating cognitive network activity and role 

in many different cognitive functions, I hypothesis that our findings could 

be replicated for other cognitive tasks. I also did not assess whether 

targeting the other main SN node, the dACC/pre-SMA, would have a 

similar effect. 

 

5.6 Conclusions 

This study demonstrates that anodal TDCS applied to the SN can improve 

response inhibition and alter patterns of SN activation, an effect 

dependent on the structural connectivity of the SN. I also show that SN 

stimulation with cathodal TDCS can remotely modulate DMN functional 

connectivity. These results extend our understanding of the role of the SN 

in cognitive control and show that SN stimulation is an attractive option 

for cognitive enhancement. 
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APPENDIX 5A 

 

Figure: Appendix5A - SST brain responses during stimulation. 
Overlay of areas of brain activation (warm colours) and deactivation (cool 
colours) under sham, anodal and cathodal TDCS, during trials where 
response inhibition was not successful [Stop Incorrect > Go Correct] 
Results are superimposed on the MNI152 1mm brain template. Cluster 
corrected z=3.1, p<0.05. 
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6 

 
 
 
 
 
 
 
 
 
 
 

TRAUMATIC BRAIN INJURY 
PATIENT COHORT 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A brain injury is learning to live in a brain that sometimes feels like it belongs to a 
stranger. 
 

- Traumatic brain injury survivor 
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Traumatic brain injury patients were recruited from a weekly NHS clinic 

dedicated to seeing patients with traumatic brain injury. Referrals 

primarily came from the Major Trauma Centre within the same hospital, 

but also from GPs and other hospital services. This was a single centre 

study and ethical approval was granted by the NRES Committee for West 

London & GTAC. 

 

6.1 Inclusion & Exclusion Criteria 

 

Inclusion criteria: 

- A diagnosis of moderate-severe TBI (based on Mayo Clinic 

classification) (Malec et al. 2007) 

- Aged 16-80 years old 

- At least 6 months since injury 

- Subjective or objective evidence of cognitive impairment after TBI 

- Able to provide informed consent for participation 

- Able to complete scanning protocol 

- Clinically stable following TBI 

- Naïve to tDCS 

 

Exclusion criteria: 

- Significant premorbid neurological or psychiatric illness, or learning 

disability 

- Significant language or visuospatial impairment 

- Cognitive impairment of such severity that the subject is unable to 

cooperate with the study 

- Contraindication to MRI scanning (including pregnancy) 

- Contraindication to tDCS (seizures within 12 months, broken skin 

over site of stimulation, metallic implants in skull or eye) 

- Substantial lesion directly affecting the right inferior frontal gyrus 

area 
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6.2  Study Design 

 

Patients completed the first day of testing on a Friday. They underwent a 

combined tDCS-fMRI study. They had a set of scans with the Stop Signal 

Task plus tDCS, with a protocol identical to the one carried out on healthy 

volunteers (see Chapter 5). Patients also had a resting state fMRI 

(rsfMRI) with no tDCS, and 3 separate rsfMRI sessions with sham, anodal 

or cathodal tDCS. After a lunch break, patients had neuropsychology 

testing, and practiced the computer tasks that they would do during the 

treatment days. For efficient scheduling purposes, some patients had 

neuropsychology testing in the morning, then had the MRI scan.  

 

On the following Monday to Thursday, patients came into the lab daily for 

tDCS. Patients were randomly assigned to have a 4-day course of either 

anodal or sham tDCS to the right inferior frontal gyrus (electrode montage 

as described for the healthy volunteer studies in Chapter 5). Participants 

were blinded to their allocation, as was the research assistant delivering 

the tDCS on these four sessions. Participants had each treatment session 

at the same time of day (either morning or afternoon session). During each 

treatment session, patients performed computerised cognitive tasks: the 

Attention Network Task (conflict component only) (Fan et al. 2002), the 

Rule Learning task (Hampshire et al. 2015), the Choice Reaction Task (see 

Chapter 3 for detailed description) with a simple reaction time task before 

and after it. 

 

Patients were asked to maintain their usual sleep schedule, caffeine, 

nicotine and alcohol consumption rates, as well as continuing all their 

usual medications. Patients were not excluded for being on psychoactive 

medications as long as they had been on a stable dose for at least 4 weeks 

and were not planning to make any changes in medications or dose of 

medications during the study period. I requested that all patients inform 
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me if they were planning to change their medication whilst enrolled in the 

study, but no patient needed to do so. 

 

On the Friday of the treatment week, patients returned for a further 

experimental day, consisting of a MRI session and neuropsychology 

assessment. The MRI session consisted of an rsfMRI scan with no tDCS, 

the tDCS-fMRI SST experiment and a Diffusion Tensor Imaging scan 

(Figure 6.1). 

 

 
Figure 6.1: Traumatic Brain Injury Study Design 
Schematic of TBI study design, with all components experienced by a 
participant denoted. MRI sequences are shown in order of their 
acquisition, with the grey ‘Break’ bar indicating a break outside of the 
scanner. Tasks during TDCS depicted in the sequence performed during 
TDCS. 

 

6.3  Power Calculation 

 

At the time of study design, there was only one previous study which had 

reported the cognitive effects of TDCS to the right inferior frontal gyrus 

(rIFG) (Coffman et al. 2012). This was a single-session stimulation 
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between-subject healthy controls study (n=9 anodal, n=10 sham), and used 

the Attention Network Task (alerting component) as the outcome 

measure. However, there was no available data on this task for TBI 

participants. Due to previous work showing that the Choice Reaction Task 

(CRT) and Stop Signal Task (SST) are sensitive to cognitive deficits after 

TBI (Bonnelle et al. 2011; Bonnelle et al. 2012), I used the behavioural 

results from the a pilot study and the healthy control study described in 

Chapter 5 to help power the patient study. 

 

Power calculation based on the SST: 

In healthy controls, anodal TDCS to the rIFG improved SST performance 

(as described in Chapter 5). Using G*Power, these results suggested a 

recruitment group of 25 participants for a within-subject design (i.e. to be 

recruited for the Pre-treatment day).   

 

Power calculation based on the CRT: 

I performed a pilot experiment in which 11 healthy control participants 

(6M:5F, mean age 30.2 years s.d. 12.3 years) performed the CRT (task 

described in Chapter 3) during anodal or sham TDCS, in a crossover 

design. Using G*Power, the results from this pilot (anodal TDCS mean 

reaction time = 368ms sd 58.5ms, sham TDCS mean reaction time = 

408.2ms, sd 95.7ms; correlation between conditions 0.96) suggested a 

recruitment group of 18 participants. However, practical considerations 

surrounding ease of recruitment and tolerability meant that the patient 

study was a between-subject, rather than a cross over design (Figure 6.2). 

TBI participants are likely to display more interindividual variability in 

task performance than healthy controls. There is also uncertainty about 

how the results from a single-session TDCS session may extrapolate to a 

multi-day treatment protocol. Therefore, I aimed to recruit a maximum of 

36 TBI participants to undergo the treatment sessions (i.e. double the 

number suggested by the results from the within-subject pilot study). 
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6.4  Characteristics of the patient cohort 

 

I recruited 35 moderate-severe TBI patients (5 females, 30 males). The 

mean age was 39.6 years (s.d. 10.1 years, range 21-56 years old). The 

average time since injury was 48.9 months (s.d. 95.6 months, range 6.5 to 

367 months). Individual patient descriptions are found in the Appendix for 

this Chapter. 

 

Patients were impaired across a broad spectrum of neuropsychological 

tests, assessed on the Pre Treatment Day (Table 6.4a). The tests used 

were: Trail Making, delayed recall and discrimination scores on the 

Hopkins Verbal Learning Test-Revised (HVLT) (Brandt & Benedict 2001) 

and Brief Visuospatial Learning test-revised (BVMT) (Benedict 1998) and 

the colour-word Stroop task (Delis et al. 2001). The normative group is the 

healthy controls cohort recruited for a separate study (Table 6.1). 

 

 
CONTROLS TBI 

 Number 21 31 
 Age 40 + 12.7 39.4 + 10.4 p=0.89 

Trail Making 26.67 + 22.46 54.02 + 37.34 p=0.004* 
BVMT delayed 
recall 10.67 + 1.68 8.36 + 3.07 p=0.010* 
BVMT Recognition 
discrimination 5.93 + 0.26 5.55 + 0.81 p=0.081 
HVLT Delayed 
Recall 9.87 +1.68 7.55 + 3.29 p=0.014* 
HVLT Recognition 
discrimination 11.27 + 0.88 9.58 + 2.19 p=0.006* 

Stroop Effect 32.83 + 14.43 36.95 + 25.27 p=0.502 
Table 6.1: Characteristics of the anodal and sham treatment groups. 
Numbers are mean values + standard deviations. 
 

Patients were classified as impaired or not based on their neuropsychology 

assessments on the Pre Treatment Day, using a multivariate normative 

approach (Huizenga et al. 2007). In this approach, patient scores across a 
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number of tests are compared with the scores of the control group on the 

same tests.  

 

There were no significant demographic or cognitive differences between 

the two groups at baseline (Table 6.2). 

 

 ANODAL 

TREATMENT GROUP 
SHAM 

TREATMENT 

GROUP 

 

Number 19 16  
Age (years) 39.9 + 9.65 39.4 + 11.0 p=0.88 
Gender 2F:17M 3F:13M p=0.49 
Time since injury 
(months) 

111 + 98.1 72.6 + 91.2 p=0.24 

Impaired against 
controls 

12 7 p=0.25 

Lesion Volume 0.2% + 0.4% 1.1% + 2.0% p=0.06 
On psychoactive 
medication# 

7 3 p=0.24 

Table 6.2: Characteristics of the anodal and sham treatment groups. 
Numbers are mean values + standard deviations. #Psychoactive 
medications denote: antidepressants, stimulants, antipsychotics, sedatives, 
regular opiate analgesics or anti-epileptics. Comparisons were carried out 
with student’s t-test or, for proportions, with chi-squared tests. 
 

In Chapter 7, I present the results of the Stop Signal Task tDCS-fMRI 

study from the Pre-Treatment Day. The results presented are the results 

from 32 patients: exclusions were one participant who was discovered to 

have a large lesion overlying the right inferior frontal gyrus on his T1 

imaging, and two participants failed the SST performance criteria. In 

Chapter 8, I present the results of the Stop Signal Task tDCS-fMRI study 

from the Pre-Treatment Day. 

 

In Chapter 9, I present the results from the computer tasks and the 

neuropsychology assessments. The results presented for the computer 

tasks are the results from 33 patients: exclusions were the participant 

who was discovered to have a large lesion overlying the right inferior 

frontal gyrus on his T1 scan and one participant did not complete the 
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treatment sessions. The results for the neuropsychology assessments are 

the results from 31 patients: the 2 participants excluded as described 

above, plus 2 other patients who did not have neuropsychology 

assessments performed. 
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APPENDIX 6A: PATIENT CHARACTERISTICS 
 

ID G AGE HAND

ED-
NESS1 

EDUCATI

ON LEVEL 
INJURY 

TYPE 
TIME 

SINCE 

INJURY 
(months) 

LESION 

% 
MEDICATIONS NOTES 

01 M 43 R Uni Uncerta
in 

155.9 1.06 Amitriptylline 
Gabapentin  
Modafinil  
Glucosamine 
Ibuprofen 

: Did not complete 
neuropsychology tests 
: Had a delayed 
‘POST treatment’ 
testing day 

02 M 49 R GCSE RTC 367.6 1.27 Amitriptylline 
Fexofenadine 
Esomeprazole 
Tramadol 
Calcichew 
Solifenacin 
Alverine 
citrate 
Mebeverine 
Loperamide 
Naproxen 
Gabapentin 
Co-codamol 

: Did not complete 
neuropsychology tests 

03 M 52 R Postgrad RTC 276.9 1.32 Vitamin D  
04 M 50 R GCSE Plane 

crash 
259.9 3.6 Methyphenid

ate 
Loperamide 
Pesocycline 
Vitamin D 

: Extensive white 
matter damage in 
right frontal region 

05 M 23 R Uni- RTC 29 0   
06 M 21 R Uni Fall 44.7 0   
07 M 33 R Uni- RTC 68.5 0.04 Propranolol  
08 F 40 R Uni Rugby 20.5 0 Omeprazole 

Cyclizine 
 

09 M 39 R GCSE Assault 215.0 2.6   
10 M 38 R Uni- Fall 207.2 n/a Carbemazepin

e 
: Recruited in error – 
has lesions over right 
inferior frontal cortex 
(excluded from all 
analyses) 

11 M 47 A Uni Uncerta
in 

48.9 0 Vitamin D, 
B12 

 

12 M 48 R Postgrad RTC 103.0 0.8 Lamotrigine 
Atorvastatin 
Aspirin 

 

13 F 35 A Uni RTC 13.2 0.4 Levetiracetam 
Sertraline 
Rivoraxaban 

 

14 M 56 R A-level RTC 54.3 8x10-4 Methyphenid
ate 
Thyroxine 
Sertraline 

 

15 M 41 L Uni RTC 137.3 0 Ketamine 
Tramadol 
Oxycodone 
Penicillin V 
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Multivitamins 
16 M 27 R A-level RTC 13.5 0 Paroxetine 

Ibuprofen 
 

17 M 41 R Uni RTC 88.1 0 Atorvastatin  
18 F 37 R NVQ RTC 226.7 1.2 Sinemet 

Vitamin D 
Melatonin 

 

19 M 29 R Uni A-level 47.1 0 Naproxen 
Vitamin D 

 

20 M 45 R Uni Horse 153.4 0.05 Vitamin D  
21 F 30 R A-level RTC 8.8 1.2   
22 M 52 R Uni RTC 143.5 0   
23 M 23 R Uni RTC 33.7 0.01   
24 M 49 R Uni- Fall 178.5 0   
25 M 45 R GCSE Horse 13.3 7.6 Anti-

retrovirals 
 

26 M 25 R A-level RTC 6.6 0.4 Vitamin D  
27 M 36 R Voc Assault 10.3 0 Quetiapine 

Mirtazapine 
: Missed second 
treatment day due to 
poor sleep and 
vomiting overnight 

28 F 39 R Uni RTC 15.4 1x10-3   
29 M 52 R NVQ Fall 6.4 0.6 Keppra  
30 M 56 A A-level Fall 13.4 0.6 Metformin 

Gliclazide 
Gliptin 
Simvastatin 
Lisinopril 

 

31 M 36 R A-level Skydivi
ng 

181.9 8x10-4   

32 M 31 R Nil RTC 87.8 0.3   
33 M 26 R Uni RTC 14.3 0.3   
34 M 41 R Voc Plane 

crash 
20.7 9x10-3   

35 M 53 R Uni RTC 6 1.4   
Notes: 
1 : Patients were assessed and classified as right- or left-handed based on the Edinburgh 
Handedness Inventory (Oldfield 1971) 
Abbreviations: 
RTC = road traffic collision; Uni- = did not complete degree; A = ambidextrous; Voc = 
basic vocational training 
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7 

 
 
 
 
 
 
 

INVESTIGATING THE EFFECT OF 

SALIENCE NETWORK TDCS ON 

RESPONSE INHIBITION AFTER 

TRAUMATIC BRAIN INJURY 
 
(a TBI TDCS-fMRI study) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
I have learned to write everything down immediately or else it is more than likely that 
information is gone and cannot be retrieved. My brain sometimes does not allow my 
mouth to speak the words I’m trying to get out. 
 

- Traumatic brain injury survivor 
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7.1 Introduction 
 
In the previous Chapter, I presented a study demonstrating that Salience 

Network stimulation was able to improve response inhibition in healthy 

controls, as well as modulate cognitive network function during response 

inhibition. I further find that these effects were dependent on high SN 

tract structural connectivity. In this study, I investigate whether the same 

stimulation paradigm can enhance response inhibition and modulate 

cognitive network function in TBI patients, and what participant features 

may modulate these effects.  

 

The neural basis of impaired response inhibition after TBI has been 

previously studied using with the Stop Signal Task (SST). Inhibiting a 

response an unexpected and behaviourally salient stimuli is presented in 

this task requires participants to switch from automatic to controlled 

behaviour (Congdon et al. 2011; Hampshire & Sharp 2015; Aron & 

Poldrack 2006). During response inhibition, the brain’s activity is 

characterised by Salience Network (SN) activation and concurrent Default 

Mode Network (DMN) deactivation (Sharp et al. 2010; Li et al. 2006). This 

pattern of anti-correlated activity between the SN and DMN is related to 

task performance, with greater SN activation and DMN deactivation 

associated with better performance (Congdon et al. 2011). Conversely, 

reduced functional connectivity between the SN and DMN, and a lack of 

DMN deactivation in TBI patients is associated with poor SST 

performance (Jilka et al. 2014; Bonnelle et al. 2012). 

 
The right inferior frontal/anterior insula node (rIFG/rAI) of the SN is 

thought to play a specific role in mediating a switch between different 

cognitive states and the associated anti-correlation of SN and DMN 

activity (Sridharan et al. 2008; Hampshire & Sharp 2015; Mesulam 1990). 

Diffuse axonal injury (DAI) after TBI damages the white matter tracts 

connecting anatomically distributed brain regions (Johnson et al. 2013). In 

particularly, damage within the white matter tract linking the rAI and 
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dorsal anterior cingulate/pre-supplementary motor area nodes of the SN is 

associated with the poor functional connectivity between the SN and DMN 

and lack of DMN deactivation and impaired response inhibition observed 

post-TBI (Bonnelle et al. 2012; Jilka et al. 2014). Abnormal SN and DMN 

function is therefore a signature of cognitive deficit after TBI, and white 

matter damage within the SN appears to be an important contributor to 

this dysfunction (Sharp et al. 2014). This suggests that the SN is a 

potential target for normalising cognitive network dysfunction and 

improving cognition post-TBI, and the integrity of its white matter 

connections may influence its response to any intervention. 

 
Transcranial direct current stimulation (TDCS) applies weak electrical 

currents to the brain through scalp electrodes, and modulates neuronal 

excitability underneath the electrode (Stagg & Nitsche 2013; Purpura & 

Mcmurtry 1965). There is growing evidence to suggest that TDCS targeted 

to single brain regions can modulate network activity and functional 

connectivity (Sehm et al. 2013; Amadi et al. 2014; Polanía et al. 2012; 

Polania et al. 2012; Sehm et al. 2012; Antal et al. 2011; Peña-Gómez et al. 

2012; Sankarasubramanian et al. 2017; Park et al. 2013). This makes 

TDCS an attractive option when network modulation is the aim. Indeed, 

TDCS has shown potential for cognitive enhancement in both healthy and 

patient populations, including 4 studies with TBI patients (Kuo & Nitsche 

2012; Kang et al. 2012; Leśniak et al. 2014; O’Neil-Pirozzi et al. 2017; 

Sacco et al. 2016). However, these studies had variable behavioural 

outcomes. Additionally, they neither studied the effect of TDCS on 

cognitive networks nor explored interindividual factors which may 

influence the response to TDCS, which limits the interpretability of these 

studies (Li et al. 2015).  

 

In this study, I used combined TDCS-fMRI to study the effect of SN 

stimulation on cognitive networks and response inhibition. I also aimed to 

elucidate any participant factors which may influence these effects. 
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Anodal and cathodal TDCS was delivered to the rIFG/rAI node of the SN 

of chronic moderate-severe TBI participants during SST performance, and 

fMRI was simultaneously acquired. I tested the hypotheses that 1) anodal 

rIFG/rAI stimulation can improve performance on the SST; 2) that white 

matter integrity within the SN influences the behavioural response to 

TDCS, with patients with higher SN white matter integrity benefiting 

more from anodal stimulation, and 3) that SN stimulation improves post-

traumatic abnormal DNM activity and SN-DMN functional connectivity of 

cognitive networks. 

 

7.2 Materials & Methods 

 
Participants 

Moderate-severe TBI patients (n=35, 5F:30M) were recruited, as described 

in Chapter 6. Three TBI participants were excluded from functional MRI 

and behavioural analyses. One was excluded because he was found to have 

a large cortical lesion over the site of stimulation on T1 imaging. Two 

failed performance criteria on the Stop Signal Task (SST). One further 

participant was excluded from DTI analyses because the structural 

imaging showed extensive white matter damage within the Salience 

Network tract (Appendix 6B). Inclusion criteria were: 16-80 years old, >6 

months post-injury. Exclusion criteria included: contraindications to MRI 

or TDCS, significant premorbid neurological or psychiatric history. A 

cohort of healthy control participants also completed the study (n=24, 

12F:12M, mean age 39 years, s.d. 15.8 years). 

 
Compared to controls, 19 TBI participants were impaired based on a range 

of neuropsychological tests (Trail Making, delayed recall and 

discrimination scores on the Hopkins Verbal Learning Test-Revised 

(HVLT) (Brandt & Benedict 2001) and Brief Visuospatial Learning test-

revised (BVMT) (Benedict 1998) and the colour-word Stroop task (Delis et 

al. 2001)), assessed using a using a multivariate normative approach 

(Huizenga et al. 2007). 
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Experimental Protocol and Stop Signal Task 

The SST used in this study has been previously described (Chapter 5). In 

brief, participants are instructed to press a button held in their left or 

right hand in response to left or right pointing arrows respectively. 

Infrequently, a red dot, the ‘stop’ signal, appeared above the arrow after a 

variable interval. The main outcome measure is the stop signal reaction 

time (SSRT), which is a composite measure that accounts for an 

individual’s motor reaction time. A low SSRT indicates good task 

performance. Behavioural response to TDCS was defined as the difference 

in SSRT between active and sham TDCS (ΔSSRTanodal and ΔSSRTcathodal). 

A more negative value indicates greater improvement in performance 

under active TDCS.  

 

The protocol was as described in Chapter 5. Briefly, fMRI was acquired 

whilst participants performed a Stop Signal Reaction Time Task in an 

event-related design. Each participant performed 3 runs of the SSRT, 

under sham, anodal and cathodal TDCS. The runs were sequential but 

with brief 2-3 minute break in between each run during which the 

participant remained in the MRI scanner. The order was counterbalanced 

between participants to minimise risk of systematic bias from any 

potential carryover effects. 

 
Transcranial direct current stimulation 

TDCS was delivered concurrently to SST task performance as previously 

described (Chapter 5). As for the experiments described in Chapters 4 & 5, 

the montage consisted of the ‘active’ electrode over F8 and an 

extracephalic return electrode over the right shoulder. 

 
MRI acquisition and preprocessing 

Functional and Diffusion Tensor imaging was acquired and pre-processed 

as described in Chapter 2 Methods & Materials. 
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fMRI task analysis: activation analysis 

The fMRI data was analysed as previously described (Chapter 5), using 

FSL’s FMRI Expert Analysis Tool (FEAT) (Smith et al. 2004; Jenkinson et 

al. 2012).  

 

The effect of TDCS on Salience Network and Default Mode Network 

functional connectivity was investigated with psychophysiological 

interaction (PPI) analyses (O’Reilly et al. 2012), as described in Chapter 5. 

I used the same seed regions of interest (ROIs): rIFG, rAI, dACC/pre-SMA 

(forming the SN); ventromedial prefrontal cortex (vmPFC) and the ventral 

and posterior cingulate cortices (forming the DMN). Whole brain PPI was 

carried out to determine the functional connectivity between the ROI and 

the whole brain.  

 

Diffusion Tensor Imaging (DTI) acquisition & analysis 

White matter integrity was assessed with DTI, performed as the final scan 

in the session, with acquisition parameters and pre-processing as 

described in Chapter 5. 

 

An ROI approach was used to assess white matter structural connectivity 

in the Salience and Default Mode Networks. Fractional Anisotropy (FA) 

values were extracted from each participant from the following previously 

described tracts (Bonnelle et al. 2012):  

- rAI-dACC/preSMA (right anterior insula to the dorsal anterior 

cingulate/pre-supplementary motor area) tract – to assess SN 

structural connectivity from the rAI. 

- mPFC-PCC/PRE (medial prefrontal cortex to posterior cingulate 

cortex/precuneus) tract – to assess DMN structural integrity. 

 

Statistical analysis of behavioural results 
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Statistical analyses of task performance were conducted using Matlab 

(Mathworks, Natick, MA) and R (www.r-project.org). ANOVAs with 2 

factors STIM (3 levels: sham, anodal, cathodal) and GROUP (2 levels: TBI 

and Controls) were performed for each behavioural measure.  

 

I also constructed linear mixed effects models to investigate individual 

and injury factors which might be associated with behavioural response to 

TDCS. One model investigated factors associated with the behavioural 

response to stimulation in both patients and controls (combined model), 

and the other investigated factors associated with the behavioural 

response to TDCS in TBI participants only (TBI only). The dependent 

variable was the change in SSRT under active TDCS compared to sham 

TDCS (ΔSSRT), a negative value indicating improvement. Predictive 

factors were checked for colinearity, heteroscedasticity and normality. 

Non-normal data was transformed using a Tukey transformation before 

inclusion in the model. Models were constructed using a backward, step-

wise approach. Models were compared and the simplest model was 

selected for the next comparison. Other model metrics were also used to 

determine the best model: BIC (information criterion) and predicted R 

squared values were used to give an indication of risk of overfitting, and 

the standard deviation of the residuals were used to give an indication of 

how well the model fit the data (Cheng et al. 2010).  

 
The following factors were included in the initial maximal combined 

model: 

- stimulation type 

- age 

- FA within the SN tract (rAI-dACC/preSMA) 

- DMN activation during response inhibition 

- rAI-DMN functional connectivity during response inhibition 
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The following factors were additionally included in the initial maximal 

TBI-only model: 

- FA within the DMN tract (mPFC-PCC/PRE) – this is because there 

was an interaction between the FA and GROUP (TBI or control) 

- time since injury (in months) 

- lesion volume % 

- whether patients had a significantly impaired MNC score 

 

7.3 Results 
 
Behavioural  
 
Anodal TDCS improved response inhibition in control, but not TBI, 

participants 

The Stop Signal Reaction Time (SSRT) was the main outcome measure for 

the SST, with decreased SSRT indicating improved SST performance. TBI 

participants as a whole group did not perform significantly worse on the 

SST than controls, however there was greater variability in the 

performance of TBI participants (TBI: mean SSRT=325.4ms, sd=80.0ms; 

Control: mean SSRT=321.8ms, sd=48.0ms). There was an interaction of 

GROUP*STIM (F(108)=3.94, p=0.022) on the SST (Figure 7.1A). Post-hoc 

tests showed a significant decrease in SSRT with anodal compared to 

sham TDCS in control, but not in TBI, participants (control: t(23)=2.17, 

p=0.04; TBI: t(31)=1.19, p=0.24). Control participants also have a 

significantly lower SSRT under both anodal and cathodal TDCS, as 

compared with TBI participants (anodal: t(54)=2.96, p=0.005; cathodal: 

t(51.3)=1.93, p=0.05) (TABLE 7.1). 

 

There was also an interaction of GROUP*STIM (F(108)=3.97, p=0.022) on 

the Stop Signal Delay (SSD) (Figure 7.1B). Post-hoc tests showed a 

significant increase in SSD with anodal compared to sham TDCS in 

control, but not in TBI, participants (control: t(23)=2.53, p=0.02; TBI: 

t(31)=1.0, p=0.32). 
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 Anodal Cathodal Sham 

CONTROLS    
Stop Signal RT (ms) 291.3 + 58.4 295.1 + 58.6 321.7 + 48.0 
Stop Signal Delay (ms) 253.7 + 159.3 230.8 + 105.7 200.8 + 94.9 
Incorrect stop RT (ms) 523.0 + 104.7 495.8 + 71.5 496.1 + 75.1 
Mean RT (ms) 545.1 + 121.1 525.9 + 87.6 522.6 + 89.4 

 
TBI    
Stop Signal RT (ms) 343.4 + 73.0 326.5 + 62.6 328.1 + 79.8 
Stop Signal Delay (ms) 216.9 + 88.3 234.0 + 95.0 235.1 + 131.1 
Incorrect stop RT (ms) 539.7 + 78.5 544.1 + 67.0 541.6 + 77.0 
Mean RT (ms) 575.1 + 86.2 577.5 + 76.8 578.6 + 83.1 
Table 7.1: Behavioural measures for the Stop Signal Task.  
Figures shown are mean values + standard deviation. Abbreviations: RT = 
reaction time, ms = milliseconds 
 

The Stop Incorrect RT is the reaction time when participants fail to inhibit 

a response to a stop signal. There was an interaction of GROUP*STIM 

(F(208)=2.12, p=0.048) on stopNO RT (Figure 7.1D). Post-hoc tests showed 

a significant increase in Stop Incorrect RT under anodal compared to 

sham TDCS in controls, but not TBI, patients (control: t(23)=2.32, p=0.03; 

TBI: t(31)=0.25, p=0.80). There was a significant difference in the Stop 

Incorrect RT between control and TBI participants under sham and 

cathodal TDCS (cathodal: t(49)=2.39, p=0.02; sham: t(51)=2.14, p=0.04). 

There were no main effects of STIM, GROUP or an interaction on mean 

RT (all F<2, p>0.05) (Figure 7.1C). This suggests that the effect of TDCS 

was not simply on general motor speed, but on higher cognitive processes 

related to response inhibition. 
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Figure 7.1: Stop Signal Task performance with TDCS 

The (A) Stop Signal Reaction Time, (B) Stop Signal Delay, (C) mean 
Reaction Time and (D) Stop Incorrect reaction time for TBI (dark grey) 
and control (participants) under sham, anodal and cathodal TDCS.  
 

Response to Anodal TDCS in TBI patients was related to DMN and SN 

white matter integrity 

I explored possible factors which might explain the absence of a group-

wise behavioural effect of TDCS in TBI participants. White matter 

damage within the SN and DMN after TBI is associated with worse 

performance on the SST and more general impairments of cognitive 

control and attention (Jilka et al. 2014; Bonnelle et al. 2012; Bonnelle et 

al. 2011). Therefore, I investigated whether SN and DMN white matter 

integrity also influenced the behavioural response to TDCS. TBI 

participants had reduced fractional anisotropy (FA) within the SN 

(t(50,5)=3.65, p=0.0006) and DMN (t(30.2)=2.81, p=0.009) tracts we have 

previously studied  (Bonnelle 2012) (Figure 7.2A,inset). Damage to these 

tracts was correlated with the effect of anodal TDCS. There was no 

interaction between group (TBI or control) and SN tract FA. Across all 
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participants, both TBI and control, SN tract FA and the change in SSRT 

with anodal stimulation (ΔSSRTanodal) was negatively correlated i.e. higher 

FA was associated with greater behavioural improvement (Figure 3Bii). 

For DMN tract FA, there was an interaction between group and FA 

(F(50)=5.38, p=0.025).  In patients, DMN FA was negatively correlated 

with ΔSSRTanodal; that is, the higher the FA, the greater the behavioural 

improvement with anodal TDCS (Figure 7.2C). This effect was not seen in 

controls. 

 

 

Figure 7.2: relationship between behavioural response to anodal TDCS and 
white matter integrity 
(A) White matter integrity of the whole skeleton, SN and DMN tracts in 
TBI and control participants. Inset shows the SN (connecting the right 
anterior insula with the dorsal anterior cingulate cortex/pre-
supplementary motor area) and DMN (connecting the medial prefrontal 
cortex and precuneus) tracts. (B) Correlation between SN tract integrity 
and ΔSSRTanodal across both control (light grey) and TBI (dark) 
participants. (C) Correlation between DMN tract integrity and ΔSSRTanodal 
within TBI participants. All correlations are a significant after Bonferroni 
correction for multiple comparisons.  
 

The SN tract FA and DMN tract FA were also negatively correlated with 

the effect of cathodal simulation on SSRT (SN tract: r=-0.38, p=0.03; DMN 

tract: r=-0.39, p=0.03). However, these results did not survive multiple 
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comparison correction. There was no correlation between whole skeleton 

FA or lesion volume % and either ΔSSRTcathodal or ΔSSRTanodal. 

 

Neuroimaging: network activity  

 
Abnormal DMN deactivation in impaired TBI participants is related to SN 

structural connectivity 

TBI and control groups showed the expected patterns of brain response 

during successful stopping. Activation was observed in the dorsal 

cingulate cortex, the pre-supplementary motor areas (dACC/preSMA) and 

right anterior insular cortex (rAI), which make up the Salience Network. 

There was also activation of bilateral superior frontal areas including 

frontal eye fields and superior parietal cortices. Concurrent deactivation 

was observed in bilateral primary motor and the posterior cingulate cortex 

(PCC), a key node of the DMN (Figure 7.3A). There were no activation 

differences on direct comparison of the TBI and control groups. 

 

It has previously been shown that it is informative to divide heterogenous 

TBI groups into ‘good’ and ‘poor’ performers (Bonnelle et al. 2011). 

Therefore, for further neuroimaging analyses, I defined two groups of TBI 

participants, dividing them based on whether their SSRT during sham 

TDCS was higher (‘poor’ performers) or lower (‘good’ performers) than the 

group median. Poor TBI performers showed abnormal activation in parts 

of the DMN, including the PCC, precuneus and ventromedial PFC, during 

successful stopping (Figure 7.3B). In contrast, good TBI performers, like 

controls, showed DMN deactivation during successful stopping. In line 

with a previous study, structural connectivity of the SN tract negatively 

correlated with DMN activation during successful stopping (Bonnelle et al. 

2012). That is, TBI patients with higher FA of the rAI-dACC/preSMA tract 

showed greater deactivation of the DMN, whilst those patients with the 

lowest FA values had abnormal activation of the DMN (Figure 7.3Bii). 

This abnormal DMN deactivation was not observed when comparing good 
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and poor control performers. Instead, poor control performers showed 

increased activation in sensorimotor areas, and dorsal ACC areas 

(Appendix 7B). 

 

 

Figure 7.3: brain activation differences between good and poor TBI 
performers during successful stopping 
(A) Overlay of areas of brain activation (warm colours) and deactivation 
(cool colours) during successful stopping for TBI participants. (B) Areas of 
greater brain activation during successful stopping in TBI poor performers 
compared to TBI good performers. Accompanying graph shows mean 
activation from regions illustrated. (Bii) The relationship between SN 
tract FA and DMN BOLD response during successful stopping. (D) 
Overlay of areas of brain activation (warm colours) and deactivation (cool 
colours) during unsuccessful stopping for TBI participants. (E) Areas of 
greater brain activation during unsuccessful stopping for poor compared to 
good TBI performers. Accompanying graph shows mean activation from 
regions illustrated. Results are superimposed on the MNI152 1mm brain 
template. Cluster corrected z=3.1, p<0.05. Graphs show mean activation, 
error bars denote SEMs.  
 

I also investigated the task contrasts [Stop Incorrect>Go Correct] and 

[Stop Correct>Stop Incorrect] to further explore the cognitive processes 
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contributing to the abnormal DMN activation during successful stopping. 

In both unsuccessful stopping (i.e. continuing to press a button even in the 

presence of the stop signal) and correctly responding to arrows without a 

stop signal, there is a motor response. The contrast [Stop Incorrect>Go 

Correct] therefore controlled for activations related to the motor response, 

rather than those specific to response inhibition. Widespread 

frontoparietal and SN activation with concurrent DMN deactivation was 

seen in this contrast, similar to [Stop Correct>Go Correct] (Figure 7.3D). 

Similar to what was seen in [Stop Correct>Go Correct], good TBI 

performers and controls had DMN deactivation during [Stop Incorrect>Go 

Correct], whereas poor TBI performers had abnormal DMN activation 

(Figure 7.3E).  

 

The contrast of [Stop Correct>Stop Incorrect] controlled for the 

presentation of an infrequent but salient visual stimulus, thereby 

controlling for activations related to the stimuli presented and the visual 

perception of it. This contrast did not produce any significant whole brain 

voxelwise activations, nor were there any differences in activation 

between good and poor TBI performers. This suggests that the abnormal 

DMN activation seen during [Stop Correct>Go Correct] did not reflect 

processes specific to inhibition of a motor response. 

 

Anodal TDCS modulates abnormal DMN activation patterns in poor TBI 

performers 

Anodal and cathodal TDCS in both good and poor performers showed 

largely preserved patterns of brain response during successful stopping 

(Figure 7.4A). There were no whole brain corrected differences between 

the stimulation conditions. However, a region of interest analysis, focusing 

on regions showing abnormal activation in poor TBI performers (Figure 

7.3B), revealed distinct effects of stimulation within the DMN. In poor TBI 

performers, where DMN activity was high at baseline, anodal TDCS 

reduced activity during successful stopping. That is, DMN activity was 
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significantly reduced compared with sham TDCS, such that DMN activity 

was no longer different to good TBI performers or controls. An effect of 

TDCS on DMN activity was not observed in either good TBI performers or 

controls (Figure 7.4B). Cathodal TDCS also caused a numerical decrease 

but this did not reach statistical significance. There was no correlation 

between the TDCS-induced changes in BOLD activity and task 

performance. 

 

Figure 7.4: brain response to TDCS 
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(A) Overlay of areas of brain activation (warm colours) and deactivation 
(cool colours) during successful stopping for good and poor TBI performers 
under sham, anodal and cathodal TDCS. Results are superimposed on the 
MNI152 1mm brain template. Cluster corrected z=3.1, p<0.05. (B) Activity 
within the DMN for good and poor TBI performers and controls under 
sham, anodal and cathodal TDCS (region of interest defined is the 
binarised mask of the voxelwise result presented in Figure 7.3B). Mean 
values are shown, error bars are SEMs. *denotes p<0.05. 
 

Neuroimaging: network connectivity 

 

Poor TBI performers had lower functional connectivity between the SN and 

DMN 

Previous work has shown increased functional connectivity between the 

DMN and the right anterior insula (rAI) node of the SN during successful 

stopping, and that this is reduced in TBI patients with impaired cognitive 

control (Jilka et al. 2014). I found a similar reduction in functional 

connectivity (FC) between the DMN and the dACC/preSMA node of the 

SN in poor TBI performers during successful stopping (Figure 7.5). Good 

performers showed an increase in the FC between the dACC/preSMA and 

the precuneus during successful stopping, whereas poor TBI performers 

showed a decrease in FC. This difference in SN-DMN connectivity 

between good and poor TBI performers was also seen in the contrast [Stop 

Incorrect>Go Correct], but not during [Stop Correct>Stop Incorrect] 

(FIGURE 7.5i,ii,iii), suggesting that these FC differences did not reflect 

processes specific to inhibition of a motor response.  

 

This difference in SN-DMN connectivity was not observed when 

comparing good and poor control performers. There was no difference 

between good and poor TBI performers in the FC of the 3 DMN nodes we 

investigated. There was no effect of stimulation on the FC of TBI 

performers. 
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Figure 7.5: functional connectivity differences between good and poor TBI 
performers  
Overlay of areas of brain activation where functional connectivity is in 
good TBI performers is greater than poor TBI performers from the dorsal 
anterior cingulate cortex/pre-supplementary motor node of the Salience 
Network. The accompanying graphs show the interaction values between 
the overlaid regions and the seed region for task-unrelated connectivity 
(pale grey) and for (i) [Stop Correct>Go Correct], (ii) [Stop Correct>Stop 
Incorrect] and (iii) [Stop Incorrect>Go correct] (dark grey). Error bars are 
S.E.M. Inset shows the ROIs used as the seed region for the PPI analysis. 
*denotes p<0.05. 
 

Predictive Model  

 

I set out to investigate the extent to which participant, injury or functional 

MRI characteristics might explain the variability in response to TDCS. 

 

Variability of the FA within the SN tract explains variability in the 

behavioural response to TDCS 

The final combined model, investigating factors associated with response 

to TDCS in both control and TBI participants, included the following 

variables: stimulation type and the FA of the SN tract, and explained 

70.1% of the variability in response to TDCS. There was a main effect of 

SN tract FA on ΔSSRT (F(1,51)=9.68, p=0.003). There was no interaction 

between stimulation type and SN tract FA (F(1,51)=1.59, p=0.119). 

 

Time since injury is predictive of response to TDCS in TBI patients 

The final patient-only model, investigating factors associated with 

response to TDCS in TBI participants only, included the following 

variables: SN tract FA, DMN tract FA and time since injury, and 
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explained 74.9% of the variability in response to TDCS. There was a main 

effect of time since injury on ΔSSRT (F(1,27)=12.18, p=0.002), with a 

longer time since injury being associated with a bigger improvement in 

SST performance with TDCS. Post-hoc correlations showed that time since 

injury predicted behavioural response to both anodal and cathodal TDCS 

(dSSRTanodal: rs=-0.41, p=0.020; dSSRTcathodal: rs=-0.42, p=0.019). Within 

this model, there was no main effect of DMN tract FA or SN tract FA on 

ΔSSRT (DMN: F(1,27)=3.27, p=0.082; SN: F(1,27)=1.19, p=0.284). There 

were no significant correlations between time since injury and SN or DMN 

tract FA (SN tract rs=0.01, p=0.941; DMN tract rs=0.12, p=0.507), nor any 

interaction between stimulation type and time since injury (F(1,29)=0.886, 

p=0.383). 

 

Perception of stimulation 

Participants were asked after each run whether they thought they had 

real or sham TDCS. Their accuracy rates were consistent with chance, and 

there were no differences between stimulation conditions in ratings of 

perceived sensations. 

 

7.4 Discussion 

This study employed a targeted network approach to treating cognitive 

deficits after TBI. I applied TDCS to the SN in TBI patients, aiming to 

improve abnormal network function and enhance cognitive control. This 

study builds on previous work demonstrating that poor response 

inhibition after TBI is associated with associated with abnormal DMN 

activity and reduced SN-DMN connectivity, which are in turn associated 

with white matter damage within the SN (Jilka et al. 2014; Bonnelle et al. 

2012). I found that improved response inhibition with anodal TDCS was 

associated with better preservation of SN tract integrity, as well as a 

longer time since injury. I also found that anodal TDCS improved the 

abnormal DMN activity of behaviourally impaired TBI patients. These 

results support the idea of targeting cognitive networks as an approach to 
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improve cognitive deficits after TBI, and that white matter integrity 

within cognitive networks and time since injury may influence the 

behavioural response to interventions aimed at improving post-injury 

cognitive control. 

 

Two previous studies in stroke patients have demonstrated a relationship 

between the white matter integrity after injury and the response to TDCS. 

First, a higher volume of the tract linking the right Broca’s area and the 

preSMA was associated with improved picture naming after right Broca’s 

area cathodal TDCS (Rosso et al. 2014). Secondly, higher FA within the 

corticospinal tract related to improved muscle excitability of the paretic 

upper arm after contralesional cathodal TDCS (Bradnam et al. 2012). Our 

study extends this evidence by showing that the relationship between 

post-injury white matter integrity and behavioural gains is also relevant 

for cognitive function and anodal TDCS. Furthermore, we show that this 

relationship is specific to FA of the SN and DMN, since indicators of 

general brain tissue damage, such as lesion volume and the mean 

fractional anisotropy (FA) of the whole white matter skeleton, is not 

correlated with behavioural response to anodal TDCS.  

 

Variability in structural connectivity influences network interactions 

(Boorman et al. 2007; Honey et al. 2009; Horn et al. 2014). This supports 

the idea that SN and DMN tract FA influences the behavioural response 

to stimulation because better preservation of white matter structural 

connectivity between nodes of a network after injury enables stimulated 

networks to response more to stimulation. It has previously been shown 

that white matter damage within the SN in TBI patients is associated 

with abnormal SN-DMN connectivity and abnormal DMN function 

(Bonnelle et al. 2012; Jilka et al. 2014). In turn, reduced DMN 

deactivation is associated with worse SST performance in both TBI 

patients and healthy controls (Bonnelle et al. 2012; Congdon et al. 2011). 

Therefore, the relationship between behavioural response to anodal TDCS 
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and SN tract FA may reflect the causal role of the SN in producing 

efficient DMN activity and good cognitive control.  

 

White matter damage within the DMN itself is associated with poor 

sustained attention after TBI (Bonnelle et al. 2011). This may partly 

explain why the relationship between behavioural response to anodal 

TDCS and DMN tract FA was only observed in TBI participants. It may 

be that the integrity of the DMN itself becomes important for determining 

cognitive control after TBI, possibly because other factors besides SN 

damage contribute to abnormal DMN activity after TBI. An interesting 

extension to this study would be to investigate whether direct modulation 

of the DMN can ameliorate post-TBI cognitive dysfunction after TBI. 

There is evidence that cognitive training mediates effects through 

reorganisation of cognitive brain networks (Arnemann et al. 2015; 

Chapman et al. 2015), so another extension to this work would be to 

investigate the influence of SN and DMN tract FA on non-stimulation 

interventions for post-TBI cognitive dysfunction. 

 

Another contributing reason for the influence of SN and DMN tract FA on 

behavioural response to anodal TDCS is that behavioural effects of TDCS 

may be partially mediated by axonal polarisation. Recent evidence shows 

that polarisation effects can be stronger at axon terminals than soma 

(Chakraborty et al. 2017), and modelling also predicts peaks of electric 

field strength in the SN white matter tracts. One way to test this idea is to 

investigate whether focussed stimulation of the SN white matter also 

reproduces this relationship. A third possibility is that the current density 

distribution is modulated by variability in the FA of underlying tracts, 

with high FA perhaps resulting in more focussed cortical stimulation 

(Metwally et al. 2012; Shahid et al. 2012; Shahid et al. 2014). However, 

these studies show this to be a relatively small effect. It also does not 

explain the influence of DMN tract FA on response to stimulation, since 
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these tracts would be distal to, and thus not influence the current going 

through, the rAI.  

 

I also demonstrated a strong relationship between time since TBI and 

behavioural improvement with anodal TDCS. The adds to the work 

investigating TDCS for motor deficits after stroke, where it has also been 

demonstrated that a longer time after injury is associated with greater 

behavioural gains with TDCS (O’Shea et al. 2014; Marquez et al. 2013). A 

lack of correlation between time since injury and SN and DMN tract FA 

indicates that the influence of time since injury on response to TDCS does 

not simply reflect change in white matter integrity over time. This 

relationship poses an important question about appropriate timing for 

TDCS interventions aimed at TBI patients. Pharmacological and 

rehabilitation interventions can produce cognitive improvements even in 

the chronic phase of TBI (Malec & Kean 2016; Kim et al. 2012; Giacino et 

al. 2012). There is also some evidence that very early physical 

rehabilitation can be detrimental to long-term cognitive outcomes post-

TBI, though it is unclear whether this also extends to all types of 

rehabilitation or other types of intervention (Kreber & Griesbach 2016). 

Further studies of TDCS, and other treatments, should explicitly evaluate 

how the timing of intervention relates to their efficacy. There is huge 

heterogeneity within the TBI population, which may influence their 

response to interventions. My study supports the idea of more 

individualised treatment approaches, and suggests that white matter 

integrity and time since injury might be important factors to take into 

consideration. 

 

In line with previous work, I found that poor TBI performers have 

abnormal DMN activation and reduced SN-DMN functional connectivity 

during successful response (Bonnelle et al. 2012; Jilka et al. 2014). I also 

extend these findings by showing that these abnormalities in DMN 

activity and SN-DMN connectivity are also observed during the contrast 
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[Stop Incorrect>Go Correct]. This implies that these changes in network 

function do not necessarily relate to abnormalities in processes specific to 

response inhibition. We did not find these network differences between 

good and poor control performers. This may indicate that abnormal DMN 

activation and SN-DMN connectivity relates specifically to post-traumatic 

poor cognitive control, or that the more homogenous task performance of 

the control group means these abnormalities are not apparent.  

 

Anodal TDCS ameliorated the abnormal DMN activation in the poor TBI 

performers. Conversely, good TBI performers, like controls, showed little 

DMN response to stimulation, suggesting that there might be a ceiling 

effect on the impact of anodal TDCS on DMN activation. These results 

suggest that the physiological response to TDCS is influenced by baseline 

network activity, an idea supported by the broader TDCS literature and 

my previous study results. A previous study found that the extent of 

lateralisation of brain activity during performance of an arithmetic task 

was associated with behavioural response to biparietal TDCS (Kasahara 

et al. 2013). Other studies have shown that baseline task performance and 

task difficulty, which likely manifest different patterns of network 

activation, influence behavioural responses to TDCS (Tseng et al. 2012; 

Sandrini et al. 2012; Wu et al. 2014; Jones & Berryhill 2012).  

 

Whilst I found that baseline SST performance and DMN activation 

influenced the effect of anodal TDCS on DMN activation, I did not find 

any influence of these characteristics on the behavioural response to 

TDCS. Nor did we find a relationship between the effect of anodal TDCS 

on DMN activation and its effect on SST performance. Furthermore, the 

linear model did not show that the baseline DMN activation and SN-DMN 

connectivity explained significant amounts of the variability in 

behavioural response to TDCS. This suggests that network structural 

integrity and time since injury have a relatively much greater influence on 

response to TDCS than network function. Further work is required to 
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define the mechanisms by which structural integrity influences response 

to TDCS, and the extent to which impaired structural integrity, as 

compared to abnormal network activity or connectivity, influences 

response to other interventions. 

 

7.5 Limitations  

This study has a number of limitations. I only investigated response 

inhibition with the SST, so cannot comment on whether these findings 

would be relevant to other assessments of cognitive control after TBI. My 

study found that SN and DMN tract FA and time since injury had strong 

influences on behavioural response to TDCS. However, larger sample sizes 

would be required to assess a greater range of explanatory variables, as 

well as their interactions. 

 

7.6 Conclusions 

In summary, I applied TDCS to the right anterior insula/inferior frontal 

gyrus node of the Salience Network during Stop Signal Task performance 

in participants with TBI. I found that the behavioural response to anodal 

stimulation across both TBI and control participants was strongly 

influenced by SN white matter integrity, which supports a causal role for 

this network in cognitive control. I additionally found that the behavioural 

response to stimulation after TBI was strongly influenced by time since 

injury. I also show that the anodal stimulation was able to ameliorate 

abnormal DMN activation after TBI. These results support a larger trial 

of anodal TDCS for post-traumatic cognitive dysfunction, specifically 

investigating patient or injury factors which may influence response. This 

study also highlights the need to consider the influence of injury factors 

when assessing other interventions for post-traumatic cognitive 

dysfunction. 
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APPENDIX 7A: EXCLUSION OF A TBI PATIENT FROM DTI ANALYSES 
 
One TBI participant was found to have extensive white matter damage in 
the Salience Network (SN) tract, despite intact overlying cortex (Figure 
6B). He had a very low FA value within the SN tract, >2.5SD below the 
group mean. Including his data did not make a difference to the 
significance of the relationship between SN tract FA and DMN activation 
during successful response inhibition. Therefore, we excluded his data 
from further structural connectivity analyses. 
 

 
Figure 7A: Participants with high relationship between white matter 
integrity and DMN activation 
(A) Images for excluded participant showing extensive damage in the 
white matter connecting right inferior frontal to the dorsal anterior 
cingulate cortex/pre-supplementary area. (B) Relationship between SN 
tract integrity and DMN activity during response inhibition with inclusion 
of this participant. Circled value is excluded TBI participant. 
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APPENDIX 7B: ACTIVATION DIFFERENCES BETWEEN GOOD AND POOR 

CONTROL PERFORMERS 
 

 
Figure 7B: Comparing brain activation between good and poor control 
performers  
Overlay of areas of greater brain activation (warm colours) during 
successful stopping in poor control performers compared to good control 
performers. The translucent areas indicate areas of brain activation (red) 
and deactivation (blue) during successful stopping across the whole control 
group.  The accompanying bar chart shows mean activation within these 
areas. Error bars denote S.E.M. Results are superimposed on the MNI152 
1mm brain template. Cluster corrected z=2.3, p<0.05. 
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MULTI-SESSION SALIENCE 

NETWORK TDCS AND RESPONSE 

INHIBITION AFTER TRAUMATIC 

BRAIN INJURY 
 
 
 
 
 
 
 
 
 
 
 
 
 
Measuring and improving my physical condition is a useful goal…But it’s also shown 
me that the same time and effort is also needed with my psychological recovery. 
Otherwise, like so many brain-injury victims, I’ll drive away the people who love me. 
I admit that I’m quicker to get frustrated, lose my temper and train of thought… 
 

- James Cracknell 
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8.1 Introduction 
 
In the previous Chapters, I presented a study investigating Salience 

Network stimulation in Traumatic Brain Injury patients. I assessed the 

physiological and behavioural effects a single session of transcranial direct 

current stimulation on response inhibition, and found that white matter 

integrity within key cognitive networks and time since injury are 

important modulators of the behavioural response to stimulation. In this 

Chapter, I study the effects of multi-session anodal versus sham 

stimulation, using the Stop Signal Task to assess response inhibition and 

simultaneous functional MRI to assess cognitive network function. 

 

An important parameter of any proposed intervention is the relationship 

between dose and effect. Studies investigating anodal transcranial direct 

current modulation (TDCS) for both motor and cognitive modulation have 

applied consecutive daily doses on the assumption that this will produce 

cumulative behavioural effects (e.g. (Leśniak et al. 2014; Snowball et al. 

2013; Boggio et al. 2007; Reis et al. 2009; Ulam et al. 2014). Some of these 

studies reporting outcomes after each individual session of TDCS show 

that anodal and sham TDCS do not produce significantly different 

behavioural and physiological effects until the final days of stimulation 

(Reis et al. 2009; Ulam et al. 2014), thus supporting the idea that repeated 

sessions of TDCS have cumulative physiological and behavioural effects.  

 

However, there has been very little explicit investigation into the 

relationship between session number and effect. The indirect evidence 

from some studies using repeated sessions suggests that this relationship 

is not linear. For example, control participants receiving primary motor 

cortex anodal TDCS did not have significantly greater motor skill 

acquisition compared to sham TDCS until the 5th session of consecutive 

session (Reis et al. 2009). This finding suggests that there may be some 

sort of ‘threshold effect’ of TDCS, whereby a certain number of sessions is 

required for effect. The extent of any threshold effect is likely to be 
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different depending on stimulation type, target and task, given that the 

majority of published TDCS studies are single-session studies. Ulam et al. 

found that the effect on frontal alpha power in brain injury patients after 

ten consecutive sessions of left dorsolateral prefrontal cortex anodal TDCS 

was not ten times greater than the effect of the first session (Ulam et al. 

2014). This suggests that the physiological effect of a given TDCS session 

is influenced by previous applications of TDCS. This effect is certainly well 

reported in studies using transcranial magnetic stimulation to the 

primary motor cortex, however there has been almost no exploration of 

this for TDCS aimed at cognitive modulation (Müller-Dahlhaus & 

Ziemann 2015). 

 

In the previous Chapter, I found that a single session of anodal TDCS 

applied to the Salience Network (SN) has the potential to improve 

performance on the Stop Signal Task (SST) in TBI patients. Therefore, I 

set out to investigate the effects of repeated sessions of anodal TDCS on 

response inhibition and cognitive network activity in TBI patients. I 

hypothesised that repeated sessions of anodal TDCS, as compared with 

repeated sessions of sham TDCS, would: 1) improve response inhibition, 

and 2) modulate the response to a single session of anodal TDCS. In the 

previous Chapter, I also found that differences in baseline SST 

performance were accompanied by differences in SN and Default Mode 

Network (DMN) connectivity and DMN activity. Therefore, I also 

hypothesised that 3) baseline SST performance would modulate the 

physiological response to consecutive sessions of TDCS. 

 
 
8.2 Methods & Materials 
 
Participants 

The TBI patient group is as described in Chapter 6. Of the 32 participants 

who successfully completed the Pre-Treatment day (presented in Chapter 

7), 4 further participants were excluded. One participant did not attend 
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for the second day of treatment, 1 participant had a delayed Post-

Treatment day and 2 other participants failed on performance criteria on 

the Post-Treatment day. This resulted in 14 participants in the Anodal 

treatment group and 14 participants in the Sham group. 

 
Experimental Protocol 

This is described in detail in Chapter 6.2. In brief, TBI participants 

attended a Pre-Treatment day, during which they performed the SST 

under anodal, sham and cathodal TDCS. Functional MRI (fMRI) was 

simultaneously acquired to investigate the effects of TDCS on SN and 

DMN activity and connectivity. Participants were then randomly allocated 

to receive 30-minute long sessions of either anodal or sham TDCS on 4 

consecutive days. Participants performed other cognitive tasks, not 

including the SST, during these sessions. All participants then returned 

for a Post-Treatment day, which had the same format as the Pre-

Treatment day. 

 
Task Outcome Measures 

As previously described, the main outcome measure for the SST is the 

SSRT, which is a measure of response inhibition. A lower SSRT indicates 

better task performance. I also investigated the difference in SSRT 

between the anodal and sham single-session runs on the Pre and Post-

Treatment Days (ΔSSRTanodal). A more negative ΔSSRTanodal indicates 

behavioural improvement in the anodal single-session, compared to the 

sham single-session. This measure was used to investigate the effect of 

treatment on behavioural response to single-session anodal stimulation. 

 
Linear Models 
 
I investigated whether the factors associated with a behavioural response 

to single-session anodal TDCS were also associated with the behavioural 

response to 4 days of anodal treatment. A linear model using the factors 

from the model derived in Chapter 5 was applied: treatment type (anodal/ 

sham), SN tract FA, DMN tract FA and time since injury. The dependent 
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variables investigated were ΔSSRT and ΔSSRTanodal. ΔSSRT is the 

difference in SSRT (under sham) between the Pre and Post Treatment 

Day. A more negative ΔSSRT indicates behavioural improvement on the 

Post-Treatment Day, compared with the Pre-Treatment Day. This 

measure was used to investigate the effect of treatment on an individual’s 

SST performance. ΔSSRTanodal is as described in the above section. 

 
MRI acquisition and preprocessing 

Functional and Diffusion Tensor (DTI) imaging was acquired and pre-

processed as described in Chapter 2 Methods & Materials. DTI imaging  

 
 
fMRI Analyses 
 
Pre-processing and lower-level activation and psychophysiological 

interaction (PPI) analyses, to assess functional connectivity, of the SST 

are as described in Chapter 5. 

 
To investigate the effect of 4-day TDCS treatment on BOLD activity, I 

performed a focussed region-of-interest (ROI) analysis. The ROI used to 

extract parameter estimate values was the contrast shown in Chapter 7: 

Figure 1B. This contrast shows areas where there is higher activation in 

poor TBI performers, compared to good TBI performers, during successful 

stopping, and encompass key Default Mode Network (DMN) regions. 

 
I also performed a focussed ROI analysis to investigate the effect of 4-day 

TDCS treatment on functional connectivity. The ROI used was the 

contrast shown in Chapter 7: Figure 6. This contrast shows areas where 

there is higher functional connectivity between the precuneus and the 

dorsal anterior cingulate cortex/pre-supplementary motor area 

(dACC/preSMA) in good TBI performers, compared to poor TBI performers 

during successful stopping. 
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8.3 Results 
 
Time, but not daily anodal treatment, enhances the response to single-
session  
 
An ANOVA with 2 factors (Treatment type: anodal & sham, and Time: Pre 

& Post-Treatment day) did not show any significant main effect of 

Treatment type or Time or an interaction of the two on SSRT. This was 

also the case for the Stop Signal Delay (SSD), mean RT and the Stop 

Incorrect RT (the reaction time for trials with unsuccessful stopping) 

(Figure 8.1). 

 

 
Figure 8.1: Effect of Treatment type and Time on SST performance 
Behavioural results for Sham (green) and Anodal (red) treatment groups, 
on Pre and Post treatment days. Values displayed are the results from the 
single session sham runs on each day. Control data (white) is displayed for 
reference. (A) Stop Signal Reaction Time (SSRT), the main outcome 
measures. (B) Stop Signal Delay (SSD), (C) the mean RT and (D) the Stop 
Incorrect RT. Data points are group mean values and error bars are 
SEMs. 
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I next explored the effect of Treatment type (4 consecutive days of sham or 

anodal TDCS) on the response to a single session of anodal TDCS, using 

ΔSSRTanodal as the outcome measure. An ANOVA with 2 factors 

(treatment type and time) found a significant main effect of time 

(F(56)=5.53, p=0.02) and a borderline significant main effect of treatment 

type (F(56)=4.19, p=0.05) on the ΔSSRTanodal, but no interaction. Both the 

Anodal and Sham treatment group had a decrease in the ΔSSRTanodal with 

time, with the Anodal group having a slightly greater decrease on both 

Pre- and Post-Treatment days. In the Sham group, the mean ΔSSRTanodal 

was positive on the Pre-Treatment day, and around zero on the Post-

Treatment day. In the Anodal group, the mean ΔSSRTanodal was around 

zero on the Pre-Treatment day, and negative on the Post-Treatment day, 

which is similar to how control TBI participants responded to single-

session anodal TDCS (Figure 8.2A).  

 

There was also a significant main effect of time (F(28)=6.99, p=0.01) and 

treatment type (F(28)=9.02, p=0.005) on the ΔSSDanodal, but no interaction 

of the two factors. A positive ΔSSDanodal indicates improved response 

inhibition with single-session anodal TDCS. Both the Anodal and Sham 

treatment group had an increase in the ΔSSDanodal with time. In the Sham 

group, the mean ΔSSDanodal was negative on the Pre Treatment day, and 

was zero on the Post Treatment day. In the Anodal group, the mean 

ΔSSDanodal was around zero on the Pre Treatment day, and was positive on 

the Post Treatment day (Figure 8.2B). 
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Figure 8.2: Effect of Treatment type and Time on response to single-session 
anodal TDCS 
Behavioural results for the Stop Signal Task for Sham (green) and Anodal 
(red) treatment groups. Data shown are the change in performance 
between the single session anodal and sham runs. Control data (white) is 
displayed for reference. (A) Stop Signal Reaction Time (SSRT), the main 
outcome measures. (B) Stop Signal Delay (SSD), (C) the mean RT and (D) 
the RT for trials with unsuccessful stopping. Data points are group mean 
values and error bars are SEMs.  
 

There was no effect of treatment type, time or an interaction of the factors 

on mean RT (Figure 8.2C). This indicates that the changes in ΔSSRTanodal 

reflect improved response inhibition rather than motor slowing. There was 

also no effect of treatment type, time or an interaction of the factors on the 

stopNO RT (Figure 8.2D). 

 

The linear model did not reveal any main effects or interactions of 

treatment type, SN tract FA, DMN tract FA or time since injury on either 

ΔSSRT or ΔSSRTanodal.  
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Baseline performance status may influence the effect of anodal treatment 
on brain activation 
 
As previously described in Chapter 7, poor TBI performers have abnormal 

DMN activation during successful stopping, whereas good TBI performers, 

like controls, show DMN deactivation. 

 
A 2-factor ANOVA (Treatment type: anodal & sham, and Performance 

status: good & poor) showed a main effect of performer status on the 

change in DMN activation between the Pre and Post-Treatment day, 

during successful stopping (F(25)=4.38, p=0.04), with poor TBI performers 

showing a decrease in DMN activation and good performers having an 

increase in DMN activation. There was no interaction between performer 

status and treatment type. The ANOVA applied to the parameter 

estimates from the [Stop Incorrect>Go correct] contrast showed a 

borderline main effect of performer status (F(25)=3.39, p=0.07) and no 

interaction with treatment type. The ANOVA applied to [Stop 

Correct>Stop Incorrect] did not show any main effects of treatment type or 

performer status or an interaction. 

 
Further analysis of the data indicated that poor TBI performers and good 

TBI performers respond differently to anodal treatment. On the Pre-

Treatment day, poor TBI performers had abnormal DMN activation 

during successful stopping compared with good TBI performers, in both 

anodal and sham treatment groups (Figure: 8.3Ai,Aii). After anodal 

treatment, on the Post-Treatment Day, there was no longer a difference in 

DMN activation between good and poor TBI performers (Figure 8.3Ai,Aii). 

The change in DMN activation in poor TBI performers after anodal 

treatment was significantly different to the change in DMN activation in 

good TBI performers (Figure 8.3Aiii). In poor TBI performers, where there 

is abnormal DMN activation during stopping prior to treatment, anodal 

treatment lessened this abnormal activation. In good TBI performers, the 

same anodal treatment resulted in more DMN activation. These effects 
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were not observed with sham treatment. A similar pattern of changes was 

observed on the contrast [Stop Incorrect>Go Correct] (Figure 8.3C), but 

not on the contrast [Stop Correct>Stop Incorrect] (Figure 8.3B). 

 

 
Figure 8.3: effect of anodal and sham treatment on brain activity 
Activity within the DMN for good (light grey) and poor TBI performers 
(dark grey) during (A) successful stopping, (B) [Stop Correct>Stop 
Incorrect] and (C) [Stop Incorrect>Go Correct]. For each contrast, the 
effect of (Ai, Bi, Ci) sham treatment, (Aii, Bii, Cii) anodal treatment and 
(Aiii, Biii, Ciii) the change in activity before and after treatment is plotted. 
Plotted values are mean activation values, error bars are SEMs. Values 
for the whole TBI group (white) and control participants (light grey) are 
plotted for reference. * denotes p<0.05, #=0.06 
 
As previously described in Chapter 7, poor TBI performers have decreased 

functional connectivity (FC) between the Salience Network (SN) and the 

Default Mode Network (DMN) during successful stopping, compared to 
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good TBI performers. The SN node showing this effect was the dorsal 

anterior cingulate/pre-supplementary area (pre-SMA) node.  

 
A 2-factor ANOVA (Treatment type: anodal & sham, and Performance 

status: good & poor) encompassing results from both seed regions showed 

a main effect of performer status on the change in SN-DMN connectivity 

between the Pre and Post-Treatment day, during successful stopping 

(F(24)=21.4, p<0.001). There was no interaction between performer status 

and treatment type. The ANOVA applied to the parameter estimates from 

the [Stop Correct>Stop Incorrect] contrast also showed a main effect of 

performer status (F(24)=13.7, p=0.001) and no interaction with treatment 

type. The ANOVA applied to [Stop Incorrect>Go Correct] did not show any 

main effects of treatment type or performer status or an interaction. 

 
Further analysis of the data indicated that poor TBI performers and good 

TBI performers respond differently to anodal treatment. On the Pre-

Treatment day, poor TBI performers in the sham treatment had lower SN-

DMN FC than good TBI performers during successful stopping. This was 

not seen in the anodal treatment group (Figure 8.4Ai,Aii). On the Post-

Treatment day, poor TBI performers had increased SN-DMN connectivity 

in the anodal treatment group only, whereas good TBI performers had 

decreased SN-DMN connectivity in the sham treatment group only 

(Figure 8.4Ai,Aii). The change in PPI in poor TBI performers was 

significantly different to the change in PPI in good TBI performers, in both 

treatment groups (Figure 8.4Aiii). A similar pattern of changes was 

observed for the contrast [Stop Correct>Stop Incorrect] (Figure 8.4B), but 

not for the contrast [Stop Incorrect>Go Correct] (Figure 8.5C).  
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Figure 8.4: effect of anodal and sham treatment on functional connectivity 
between the SN and DMN 
SN-DMN functional connectivity for good (light grey) and poor TBI 
performers (dark grey) during (A) successful stopping, (B) [Stop 
Correct>Stop Incorrect] and (C) [Stop Incorrect>Go Correct]. For each 
contrast, the effect of (Ai, Bi, Ci) sham treatment, (Aii, Bii, Cii) anodal 
treatment and (Aiii, Biii, Ciii) the change in connectivity before and after 
treatment is plotted. Plotted values are mean PPI values, error bars are 
SEMs. Values for the whole TBI group (white) and control participants 
(light grey) are plotted for reference. * denotes p<0.05. 
 
8.4 Discussion 
 
I conducted an extended stimulation study exploring the effects of 

consecutive daily anodal TDCS on response inhibition and the Salience 

(SN) and Default Mode Networks (DMN). There was an enhanced 

behavioural response to a single-session of anodal TDCS one week later, 

which occurred irrespective of treatment group. In the previous Chapter, I 
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found that TBI patients with poor baseline performance on the SST have 

abnormal DMN activation and reduced SN-DMN connectivity, compared 

with good performers. In this study, I extend this finding by showing that 

baseline performance status may also influence how the DMN activity and 

SN-DMN connectivity respond to daily consecutive anodal stimulation. 

 

I found that there was a main effect of time and treatment group on the 

behavioural response to single-session anodal TDCS. The modulated 

behavioural components of the Stop Signal Task were the SSRT and SSD, 

rather than the mean reaction time, suggesting that the effects observed 

reflect modulations of response inhibition specifically, rather than general 

motor effects. The main effect of treatment group suggests that, despite 

randomisation, there may have been a difference in performance between 

the sham and anodal treatment groups before treatment commenced. 

Nevertheless, this does not detract from the striking finding that a second 

single-session of anodal TDCS, a week after the first single session 

appears, to have a greater effect on performance than the initial session. 

This does simply reflect a familiarity or learning effect on the task, 

because there was no effect of time on SST performance without 

stimulation. Rather, this finding suggests that the first single session of 

anodal TDCS had a sort of ‘priming’ effect, making participants more 

responsive to the subsequent session. 

 

There is some evidence in the current literature to suggest that the ability 

of TDCS to modulate cortical excitability is influenced by the action of 

previous TDCS application. For example, one study showed that applying 

anodal TDCS for 5 minutes to the primary motor cortex (M1) increased 

the size of motor evoked potentials (MEPs), but a subsequent application 

of anodal TDCS produces decreased MEPs (Fricke et al. 2011). Another 

study found that a prior, longer, period of TDCS to the M1 enhanced the 

MEP response to a subsequent period of TDCS of the same polarity 

(Monte-Silva et al. 2010). This implies that both homeoplastic 
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mechanisms, whereby neuronal excitability is restored to its original state 

after a perturbation, and positive priming mechanisms, whereby 

stimulation-induced changes in cortical excitability are magnified by prior 

stimulation, are relevant to M1 stimulation.  

 

There has been almost no previous exploration of whether these effects are 

relevant for TDCS to non-primary sensorimotor areas (Müller-Dahlhaus & 

Ziemann 2015). One study applying TDCS to the dorsolateral prefrontal 

cortex found that two sessions of cathodal TDCS applied 10 minutes apart 

increased performance on a working memory task, whereas two sessions 

of anodal TDCS did not, although the authors did not explore the effects of 

a single session of TDCS (Carvalho et al. 2015). My findings substantially 

extend the current literature by showing that a priming effect is relevant 

to anodal stimulation of cognitive areas, in a brain injury cohort.  

 

The two single sessions of anodal TDCS were spaced apart by a week. 

There has been some limited investigation of the effect of different 

intervals between TDCS sessions. Two previous study of motor cortex 

TDCS found that daily TDCS, rather than second-daily or weekly, sessions 

had greater effect on motor cortex excitability and performance (Boggio et 

al. 2007; Alonzo et al. 2012). However, these studies found that the effect 

was due to greater cumulative effects of TDCS over the sessions, whereas 

I found a greater response to each session. My findings highlight the need 

for further work to investigate the effects of different intervals between 

single-sessions. An extension to my study would explore the effects of 

further weekly sessions and whether some intervals result in long-lasting 

behavioural effects.  

 

The two treatment groups did appear to be unequal in their response to 

single-session anodal TDCS, which may not be an issue in a much bigger 

study. However, the fact that the group differences were perpetuated to 

the Post-Treatment Day, i.e. participants who initially responded better to 
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single-session anodal TDCS had the enhanced response a week later, 

suggests avenues for further study. It suggests that there may be 

participant characteristics influencing response to single-session anodal 

TDCS that were not reflected in the features already investigated (see 

Table 6.4b). It also suggests that the response to single-session anodal 

TDCS may be a way to select participants for future single sessions of 

TDCS. 

 

In my study, there was no effect of daily anodal treatment, compared to 

sham. One possible reason for this is that the anodal treatment sessions 

were ‘offline’ stimulation, i.e. TDCS was applied separately to task 

performance, whilst the single-sessions on the Pre- and Post-Treatment 

days were ‘online’, where TDCS is applied during task performance. In my 

study, participants performed other cognitive tasks during the daily TDCS 

sessions, but not the Stop Signal Task. This may reflect differences in the 

effects of when stimulation is online, where TDCS is applied during task 

performance, versus offline, where. Anodal TDCS is thought to increase 

cortical excitability rather than cause direct depolarisation (Stagg & 

Nitsche 2013). The state of the brain during stimulation is therefore likely 

to be very important in determining the effects of TDCS. There has been 

little explicit comparison of the effects of online versus offline stimulation, 

although both types do produce both electrophysiological and behavioural 

effects (Ulam et al. 2014; Nitsche et al. 2005; Reis et al. 2009). One study, 

which applied both offline and online stimulation, found that online TDCS 

improved within-session skill acquisition more than offline TDCS, which 

did not manifest until the stimulation session on the following day (Martin 

et al. 2014).  

 

The different effects of online and offline stimulation may also partly 

explain why the none of the factors in the model which explained the most 

variability in behavioural response to a single-session of TDCS (see 

Chapter 7), did not significantly explain variability to consecutive sessions 
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of offline stimulation. This study, along with my findings, highlight that 

the relative effects of online and offline stimulation, on both performance 

and response to further stimulation is an important parameter to consider 

in future work. Both session spacing and online/offline stimulation are 

particularly important parameters when considering stimulation post-

injury, since they are likely to interact with the effect of traditional 

rehabilitation therapies. 

 

In the previous study (Chapter 7), I showed that TBI participants with 

poor initial performance on the SST had abnormal Default Mode Network 

(DMN) activation during response inhibition, which was improved by a 

single-session of anodal TDCS. In this study, I show that anodal 

treatment also has this effect, although it is not possible to assess whether 

these effects are cumulative since I did not acquire fMRI during the daily 

treatment sessions. The opposite effect, that anodal treatment increased 

DMN activation during successful stopping, was observed in good TBI 

performers. The effects are seen in both [Stop Correct>Go Correct] and 

[Stop Incorrect>Go Correct] contrasts, suggesting that abnormal DMN 

deactivation reflects more general cognitive processes, rather than those 

specific to response inhibition.  

 

In the previous study, I also found that poor TBI performers had reduced 

functional connectivity between the Salience Network (SN) and DMN 

during successful stopping, which single-session anodal TDCS did not 

modulate. In this study, I found that, after either anodal or sham 

treatment, poor TBI performers showed an increase in the SN-DMN 

connectivity whereas good TBI performers showed a decrease. This 

suggests that there is no influence of baseline performance on the effect of 

anodal treatment on SN-DMN connectivity.  

 

These results suggest that the physiological response to a single session of 

anodal stimulation can help whether there will be a response to further 
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sessions. These results also suggests that the effects of anodal treatment 

on brain physiology may be influenced by the participant’s underlying 

physiology during application. There is prior evidence to suggest that 

differences in baseline performance status in other tasks, which may also 

reflect differences in brain physiology, influence behavioural response to 

single-session TDCS (Jones & Berryhill 2012; Furuya et al. 2014; Tseng et 

al. 2012). Further work is required to investigate the extent to which 

baseline performance influences the physiological response to multiple 

sessions of TDCS. 

 

8.5 Limitations 

My study has a number of potential limitations. First, I did not investigate 

the effects of repeated cathodal stimulation. Given that single-session 

cathodal TDCS showed effects distinct to anodal TDCS in both control and 

TBI populations (Chapters 5, 7), this would be a useful extension of my 

current study. Secondly, neuroimaging parts of the study are likely to be 

underpowered, given that each treatment group would have had to be 

subdivided further to good and poor performers. However, the results from 

this analysis can still be helpful in informing directions of future research. 

 

8.6 Conclusions 

I investigated the effects of daily consecutive offline TDCS on response 

inhibition and network function in TBI patients. I found that a single 

session of anodal TDCS resulted in a greater behavioural response, when 

preceded by another single session of anodal TDCS, which was not 

influenced by the type of daily stimulation used. I also found that the 

initial network status of participants might influence the network 

response to daily anodal TDCS treatment. This study highlights the 

importance of several TDCS parameters, including session spacing, 

online/offline delivery and baseline brain physiology. Detailed and explicit 

investigation of these parameters is necessary if TDCS is to be 

successfully translated for cognitive rehabilitation in the clinic. 
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MULTI-SESSION SALIENCE 

NETWORK TDCS AND COGNITIVE 

FUNCTION AFTER TRAUMATIC 

BRAIN INJURY 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cognitive difficulties are often called the “hidden disability” because they may not be 
obvious but can have a significant impact on your behaviour and on daily life.”	
 

- Training Manual for TBI support workers 
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9.1 Introduction 
 
In the previous two Chapters, I presented studies exploring the effects of 

Salience Network stimulation in Traumatic Brain Injury patients. I 

studied the effects of single and multi-session transcranial direct current 

stimulation on response inhibition, as assessed by the Stop Signal Task, 

and on brain networks important for cognitive control. In this Chapter, I 

compare the effect of multi-session anodal versus sham stimulation on 

other cognitive tasks and neuropsychological outcome measures. 

 

Traumatic Brain Injury (TBI) patients have a wide range of persistent 

cognitive deficits (Whitnall et al. 2006). Structural damage to the Salience 

Network (SN) and abnormalities in its interactions with the Default Mode 

Network (DMN) are related to the cognitive deficits observed after TBI 

(Jilka et al. 2014; Bonnelle et al. 2012). This may reflect the central role of 

the SN, and the right inferior node in particular, in many aspects of 

cognitive control (Hampshire & Sharp 2015; Sridharan et al. 2008; Menon 

& Uddin 2010). In this study, I investigate whether transcranial direct 

current stimulation (TDCS) targeted to the inferior frontal gyrus/anterior 

insula (rIFG/rAI) node of the SN can modulate performance on multiple 

aspects of cognitive function affected after TBI. 

 

Poor executive function is commonly reported, and long-lasting, after TBI 

(Whitnall et al. 2006; McMillan et al. 2012). Lapses in attention are also a 

commonly reported problem and can form the basis of other cognitive 

deficits, such as impaired working memory, after TBI (Slovarp et al. 2012; 

Dymowski et al. 2015). Whilst there has been multiple studies 

investigating the effect of TDCS on executive function, with variable 

results, there as only been one study investigating the effects of multiple 

sessions of anodal TDCS on cognitive outcomes after TDCS, did not find 

any benefit of anodal treatment (Leśniak et al. 2014). However, this study 

stimulated the left dorsolateral prefrontal cortex and did not investigate 

the influence of patient and injury factors on the response to stimulation. 
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In this study, I investigate whether daily consecutive anodal TDCS 

treatment to the Salience Network, compared with daily sham TDCS, can 

improve attention and measures of executive function. I additionally 

assess the influence of SN tract structure, as assessed by diffusion 

imaging, on the effects of TDCS. I hypothesised that anodal TDCS, 

compared with sham, treatment 1) can improve attention, 2) can improve 

measures of executive attention, and 3) the effects of anodal TDCS 

treatment will be influenced by SN tract structure. 

 
9.2 Methods & Materials 
 
Participants 

The TBI patient group is as described in Chapter 6. As described in 6.4, of 

the 35 participants initially recruited, two patients were excluded from 

the analysis of the computer tasks, and four patients were excluded from 

the analysis of neuropsychology assessments. This resulted in 18 

participants in the Anodal treatment group and 15 participants in the 

Sham group for analysis of the computer tasks, and 16 participants in the 

Anodal treatment group and 15 participants in the Sham treatment group 

for analysis of the neuropsychology assessments.  

 

Experimental Protocol 

This is described in detail in Chapter 6.2. In brief, participants attended a 

Pre-Treatment day, during which they underwent a battery of 

neuropsychology tests (Trail Making (Tombaugh 2004), delayed recall and 

discrimination scores on the Hopkins Verbal Learning Test-Revised 

(HVLT) (Brandt & Benedict 2001) and Brief Visuospatial Learning test-

revised (BVMT) (Benedict 1998) and the colour-word Stroop task (Delis et 

al. 2001)). 

 

Participants were then randomised to receive 4 consecutive days of either 

anodal or sham TDCS treatment. Each treatment session started with 
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5mins of TDCS during which participants listened to a podcast (History in 

5 minutes, iTunes Store). The podcast was different each day but the same 

across participants. Participants then performed a battery of computerised 

cognitive tasks (the conflict part of the Attention network test (Fan et al. 

2002), the Rule Learning task (Hampshire et al. 2015), the CRT (see 

Chapter 4) with a simple reaction time task before and after. The Stop 

Signal Task (SST) was also performed, as the last task, after the first and 

last TDCS session. The order of tasks was the same on each day. A 

research assistant blinded to the assigned treatment group delivered the 

neuropsychology battery and daily TDCS sessions. The TDCS sessions 

took place in a designated testing room. 

 

Cognitive Tasks: Neuropsychology Battery 

The battery of neuropsychological assessments used comprised a battery 

of tests designed to assess a wide range of post-TBI potential cognitive 

deficits. These were delivered in a pen and paper format. Different stimuli 

for the BVMT and HVLT were used on the Pre- and Post-Treatment days. 

Analysis of the effect of TDCS was only performed on tests on which TBI 

participants showed impaired performance compared with a normative 

control group previously tested in the lab (Trail Making task, delayed 

recall of the BVMT and delayed recall and recognition discrimination of 

the HVLT (see Chapter 6, Table 6.1)). The Trail Making task (part B 

minus A) assesses task switching, which is thought to assess executive 

attention. The BVMT and HVLT assess short term memory with visual 

and word stimuli respectively. 

 

Cognitive Tasks: computerised tasks 

I selected these tasks based on a number of considerations. First, each 

task had to be simple enough for impaired patients to understand. 

Secondly, each task would be performed 4 times, so relatively simple tasks 

were selected to minimise strategy development throughout the week. 

Thirdly, to ensure that all tasks were performed at during TDCS, it was 
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necessary for all tasks to fit in to 35 minutes. Participants practiced each 

task on the Pre-Treatment day so that familiarity effects were minimised. 

 

All tasks were programmed in MatLab® using Psychtoolbox, and 

performed on a Macintosh MacBook laptop (13in screen), with a separate 

button-press response pad with left and right response buttons. To allow 

for physical disabilities, participants were permitted to respond using both 

hands or only one hand, as long as the same thing was done throughout 

the 4 days. Participants were instructed to respond as quickly and as 

accurately as possible, and response accuracy and reaction times were 

recorded. Statistical analyses were performed in R. 

 

The Choice Reaction Task (CRT) is a speeded response time task which 

has been previously used to detect reduced attention after TBI (Bonnelle 

et al. 2011; Sharp et al. 2011), a deficit which is associated with abnormal 

DMN activity and connectivity. It has been previously described (Chapter 

3). Briefly, participants were instructed to respond with a left or right 

button press, as quickly and as accurately as possible, to sequentially 

presented left or right pointing arrows. There were 144 trials in total, with 

a variable interstimulus interval. Participants also performed a simple 

reaction time to assess for changes in performance attributable to changes 

in motor speed. Participants were instructed to press a button as fast as 

possible with their dominant hand, in response to sequential 

presentations of an up-pointing arrow (white arrow, black background). 

Each trial consisted of the up-pointing arrow presented for 1.4s during 

which participants had to respond. There followed a variable 

interstimulus interval, during which a fixation cross was presented. There 

were 15 trials in total. The outcome measures was the RT. 

 

The conflict component of the Attention network test (ANT) assesses 

executive function (Fan et al. 2002; Fan et al. 2003). Participants are 

instructed to click a right or left button in response to a right or left 
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pointing arrow presented in the centre of the screen. The arrow was 

flanked either side by straight lines (‘neutral’ condition), other arrows 

pointing in the same direction as the target arrow (‘congruent’ condition) 

or arrows pointing in the opposite direction to the target arrow 

(‘incongruent’ condition). Each trial commenced with the appearance of 

the target arrow with its flankers, which were presented for a maximum 

of 1.7s during which participants had to press the appropriate button. 

After the participant pressed the button, or if 1.7s was reached with no 

response, a central fixation cross was presented for the remainder of the 

trial. Each trial was 3s in duration (Figure 9.1A). The stimuli were white 

and the background was grey. Participants performed 4 consecutive blocks 

of 36 trails each, resulting in 12 stimuli for each condition per block, half 

of which were right-pointing targets and half of which were left-pointing 

targets. The stimuli order was randomised and different in each block. 

There was a very short break in between each block to prevent fatigue. 

The main outcomes were the reaction times (RTs) for the congruent 

condition, the incongruent condition and the conflict effect (incongruent 

RT – congruent RT). 
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Figure 9.1: Task stimuli 
Task stimuli and timings for the Attention Network Task and the Rule 
Learning Task.  
 
The Rule Learning task was adapted from a previously described task 

showing strong learning effects in a healthy control population 

(Hampshire et al. 2015). I felt this task to be particularly suitable for 

repeated testing since the task explicitly sets out to assess learning. In 

this task, participants must learn the association between a stimuli and a 

right of left button press. Participants are initially presented with the 

instruction screen, which showed a pair of stimuli (geometric shapes in 

different black and white patterns) and arrows indicating which stimulus 

required a right button press response and which required left button 

press response. Each pair was either a ‘shape’ rule (two different shapes) 

or a ‘pattern’ rule (two square boxes filled in with different black and 

white patterns). Participants were instructed to ignore the shape of the 

stimulus in a ‘pattern’ rule, and to ignore the pattern of the stimulus in a 

‘shape’ rule. Each block consisted of 1 rule and started with the 

presentation of the instruction screen presented for 4s, after which there 
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were 45 trials. Each trial was the presentation of one of 4 possible stimuli, 

two of which would require a right button press and two of which would 

require a left button press. If the block was a ‘shape’ rule, the stimuli 

could have two possible patterns. If the block was a ‘pattern’ rule, the 

stimuli could have two possible shapes. Participants were instructed to 

press as quickly and accurately in response to the stimulus, which was 

presented for up to 1.5s (Figure 9.1B). The task consisted of 4 blocks in 

total, consisting of two ‘shape’ and two ‘pattern’ rules. The learning effect 

was calculated as the differences in RT and accuracy between the first and 

final third of the task.  

 

The Stop Signal Task (SST) performed was the same as that described in 

the previous Chapters (see Chapter 5 for detail). 

 

Delivery of Transcranial Direct Current Stimulation 

TDCS was delivered using the same battery-driven stimulator as for the 

combined TDCS-fMRI experiments (NeuroConn GmbH, Ilmenau, 

Germany), as described in Chapter 2. The circuit connected the stimulator 

to the participant directly, rather than via an RF filter since the circuit 

did not include MRI. The montage was as for the TDCS-fMRI 

experiments, with the ‘active’ electrode placed over F8 (based on the 10-20 

EEG International system), corresponding to the pars triangularis of the 

rIFG, and the ‘return’ electrode on the right shoulder (details in Chapter 

5).  

 

Anodal TDCS was delivered with a ramp of 30s up to 2mA, followed by full 

intensity stimulation for 35 minutes, during which the tasks were 

performed. The SST was performed immediately after the TDCS finished 

on the first and last treatment day. Sham TDCS consisted of the ramp 

stage only. After each session, participants were asked to rate their 

sensations, and whether they thought they had sham or anodal treatment. 
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Linear Models 

To investigate whether factors associated with a behavioural response to 

anodal TDCS on the Stop Signal Task were also associated with a 

response on other cognitive tasks, a linear model using the factors from 

the model derived in Chapter 5 was applied: treatment type (anodal/ 

sham), SN tract fractional anisotropy (FA), DMN tract FA and time since 

injury. The dependent variable was the change in test score between the 

Post Treatment and Pre Treatment days. 

 
9.3 Results 

Salience Network integrity influences the effect of anodal treatment on 

delayed recall 

The effect of anodal TDCS treatment, as compared with sham, was 

investigated for the following outcome measures: the trail making task 

(TMB-A), delayed recall on the BVMT (BVMT_DR), delayed recall on the 

HVLT (HVLT_DR) and recognition discrimination on the HVLT 

(HVLT_RDI). These outcome measures were the ones on which TBI 

participants were impaired compared with control participants (Table 6.1). 

 
A 2x2 ANOVA with treatment type (2 levels: anodal, sham) and time (2 

levels: Pre and Post Treatment) showed a significant interaction of time 

and treatment type (F(28)=5.57, p=0.026) on the recognition 

discrimination component of the HLVT (HVLT_RDI). However, this is 

likely to reflect regression to the mean as the interaction is driven by a 

difference in performance between the two treatment groups at baseline, 

which then converge on the Post-Treatment Day (Figure 9.2D). There was 

no significant main effect of time, stimulation type or interaction of the 

two for any of the other outcome measures (F<1, p>0.05) (Figure 9.2A-C). 

 
The linear model explained 21.6% of variability in ΔHVLT_DR (the change 

in HVLT_DR between the Pre- and Post-Treatment Days). There was no 

main effect of stimulation type, SN tract FA, DMN tract FA or time since 

injury. However, there was a significant interaction of stimulation type 
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and SN tract FA (F(31)=6.91, p=0.015). This interaction reflects the 

influence of SN tract FA on response to anodal treatment. Participants 

with high SN tract FA had improved HVLT_DR with anodal treatment, 

whereas those with low SN tract FA did not (Figure 9.2E). 

 
The linear model did not reveal any main effects or interactions of 

stimulation type, SN tract FA, DMN tract FA or time since injury on the 

other 3 cognitive outcome measures. 

 

 
Figure 9.2: Neuropsychological assessment outcomes 
Pre and Post Treatment scores for the Sham (green) and Anodal (red) 
TDCS treatment group for (A) the Trail Making Task, (B) BVMT delayed 
recall, (C) HVLT delayed recall and (D) HVLT recognition discrimination. 
(E) Change in HVLT delayed recall score with Sham or Anodal treatment 
for TBI participants with high (black) and low (white) SN tract FA. Data 
points are group mean values, error bars are SEM. 
 
Anodal treatment does not increase the improvement on the Choice 

Reaction Task 

The Choice Reaction Task (CRT) assesses processing speed. An ANOVA 

with 2 factors (treatment type and day) found a main effect of day 

(F(31)=5.15, p=0.03) but no main effect of stimulation type or interaction 

of the two (Figure 9.3A). There was a numerical difference between the 

Sham and Anodal treatment groups at baseline (Pre-Treatment day), with 

those in the Sham TDCS group having a higher mean reaction time (RT), 

though this did not reach significance. Both the Anodal and Sham 

treatment groups had a significant improvement in RT after treatment. 
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The change in mean RT was significantly different between the Anodal 

and Sham group on day 1 and day 2 of treatment, but not for subsequent 

days (Figure 9.3A). There was no main effect of stimulation, day or 

interaction of the two on the RT from the simple RT task (all F<1,p>0.05). 

 

 
Figure 9.3A: Choice Reaction Task  
Choice Reaction Task performance for Anodal (red) and Sham (green) 
treatment groups. (A) Mean Reaction Time (RT) on the Pre Treatment 
day, each day of treatment and Post Treatment day. (B) Change in mean 
RT for each day, compared with the Pre Treatment day. Data points are 
group mean values, error bars are SEM. * denotes p<0.05. 
 
Anodal treatment had no effect on executive attention as assessed by the 

ANT (Conflict) 

The Attention Network Test (Conflict) produced the expected patterns of 

behavioural performance in both Anodal and Sham treatment groups, 

with a main effect of cue type (F(229)=233.5, p<0.001). The incongruent 
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condition resulted in significantly longer RTs than the congruent 

condition. The difference between the incongruent and congruent 

condition RTs is the conflict effect. An ANOVA with 2 factors (treatment 

type and day) found a main effect of day (F(97)=6.41, p=0.01) on the 

conflict effect, with a reduction of the conflict effect over each day. There 

was no main effect of stimulation type, or an interaction of the two factors 

(Figure 9.4). 

 

 
Figure 9.4: Attention Network Task (Conflict)  
Attention network test performance for Anodal (red) and Sham (green) 
treatment groups. (A) Mean Reaction Time (RT) on each day of treatment 
for (A) the conflict effect, and (B) congruent and incongruent conditions. 
The conflict effect = Incongruent condition RT – Congruent condition RT. 
Data points are group mean values, error bars are SEM. * denotes p<0.05, 
comparisons within the Anodal group. 
 
 

Learning reduces over time, but there is no effect of anodal treatment 
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The Rule Learning Task assesses association learning. The Learning 

Effect = performance in Block 1 – performance in Block 3, where 

performance can be either RT or accuracy rate. A learning effect is 

manifest as a negative ΔRT or positive Δaccuracy rate. The Rule Learning 

Task produced a learning effect in both the Anodal and Sham treatment 

groups. An ANOVA with 3 factors (treatment type, day and task block) 

showed a main effect task block on both RT (F(225)=25.4, p<0.001) and 

accuracy rate (F(225)=8.49, p=0.004). However, there was no interaction 

with treatment type (Figure 9.5A,B) 

 
There was also a main effect of day on the RT (F(225)=18.4, p<0.001) but 

not accuracy rate. There is a reduction of the learning effect on the RT 

over time in both Anodal and Sham treatment groups, which was due to 

non-improvement in the performance in the final third of the task (Figure 

9.5Aiii,Biii). 

 

 
Figure 9.5: Rule Learning Task 
Learning Task performance showing learning effect occurring in both 
Anodal (red) and Sham (green) treatment groups on the (A) mean reaction 
time and (B) mean accuracy rate. Open symbols are the values during 
Block 1, and closed symbols are the values during Block 2. (Aii) and (Bii) 
demonstrate the learning effect, where Learning Effect = Block 3 value – 
Block 1 value. Data points are group mean values, error bars are SEMs. * 
indicates p<0.05 and is a comparison between Block 1 and Block 3. # 
indicates p<0.05 and is a comparison between Treatment Day 1 and other 
days. 
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No effect of anodal treatment on response inhibition 

The Stop Signal Task assesses response inhibition. The main outcome 

measure is the Stop Signal Reaction Time (SSRT), where a low SSRT 

denotes better task performance. An ANOVA with two factors (treatment 

type and day) did not find a main effect of treatment type, day or an 

interaction (all F<1, p>0.05) on the SSRT. On treatment day 1, the anodal 

group SSRT = 225.2ms (s.d. 54.9ms) and sham group SSRT = 225.3ms 

(s.d. 64.7ms). On treatment day 4, the anodal group SSRT = 237.3ms (s.d. 

58.8ms) and sham group SSRT = 215.3ms (s.d. 101.3ms). 

 
The linear model did not reveal any main effects or interactions of 

stimulation type, SN tract FA, DMN tract FA or time since injury on any 

of the computerised task measures. 

 
9.4 Discussion 
 
I conducted a TDCS treatment study on chronic TBI patients, 

investigating the effects of 4 days of consecutive daily anodal stimulation 

on a range of cognitive tasks. I explored the effects on tests conducted both 

offline and online to TDCS application. I previously found that Salience 

Network (SN) structural integrity influences the behavioural response to 

single-session anodal stimulation on a response inhibition task. I extend 

this finding by showing that the structural integrity of the Salience 

Network (SN) is also an important influence on the behavioural response 

to anodal TDCS treatment in a delayed recall task.  

 
At a whole group level, there was no effect of anodal TDCS treatment on 

the neuropsychological assessments performed on the Pre- and Post-

Treatment days. However, applying the linear model previously derived 

(Chapter 7) to the data showed that fractional anisotropy (FA) of the SN 

tract influenced the effect of anodal treatment on delayed recall. TBI 

participants with high SN tract FA improved their delayed recall with 

anodal treatment, whereas those with low SN tract FA did not. The 

influence of SN tract FA on the response to anodal treatment in delayed 
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recall may reflect the central role of the SN, and the right inferior frontal 

gyrus/anterior insula in particular, in a range of cognitive tasks (Menon & 

Uddin 2010; Sridharan et al. 2008). extrapolated  Further studies, with 

physiological assessment of SN activity during stimulation, investigating 

a range of cognitive tasks, are required to elucidate the specific facets of 

cognitive modulated by SN stimulation. 

 

The linear model used was derived from the data on Stop Signal Task 

(SST) performance for single session anodal TDCS in control and TBI 

participants, so it is interesting that this model is not useful in explaining 

variability in SST performance after 4 days of Anodal treatment. This may 

reflect differences in the effect of single-session versus multi-session 

TDCS, or differences in online versus offline TDCS. In any case, further 

suggests that the effects of single-session online anodal TDCS cannot be 

simply extrapolated to predict the effects of multi-session offline TDCS. 

 

There was a main effect of time on performance on all of the computerised 

cognitive tasks performed during TDCS application. For the CRT and 

ANT, this was due to an improvement in performance over time 

irrespective of treatment group. This suggests that although these tasks 

were selected partly for their simplicity, repeated performance appears to 

produce a familiarity effect. For both the CRT and ANT, the raw data 

suggest an effect of Anodal treatment. In the CRT, both Sham and Anodal 

treatment groups have significantly different improvements on the CRT 

on days 1 and 2 of treatment. This difference is no longer apparent from 

day 3 of treatment, raising the possibility that Anodal treatment produces 

a more steep familiarity effect than Sham treatment. In the ANT, the 

conflict effect is significantly improved between day 1 and days 3 and 4 in 

the Anodal treatment group only. However, formal statistical testing does 

not show an interaction between treatment type and time, on either task. 

Therefore, it would be important to see if these possible effects of Anodal 

treatment can be replicated in future studies. 
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The Rule Learning task has not been previously used in TBI patients, 

though difficulties with learning are commonly reported after injury 

(Rosenthal & Ricker 2000). The Rule Learning task produced the desired 

effect in my TBI cohort, with participants rapidly improving their reaction 

times between the first and last third of the task without compromising 

their accuracy rates. However, both the Anodal and Sham treatment 

groups showed a decrease in the learning effect over repeated 

performance, which has not been investigated before. This may reflect 

stability of the task in general, or altered meta-learning in TBI 

participants. Further investigation in to the performance of this task in a 

TBI cohort is warranted, including an assessment of whether the expected 

changes in network activity are different after TBI (Hampshire et al. 

2015). 

 
My results do not replicate the results of previous studies, which found 

that a single session of anodal TDCS to the left dorsolateral prefrontal 

cortex can improve attention as assessed by the CRT in a TBI cohort and 

right inferior frontal anodal TDCS can improve attention as assessed by a 

visual search task in a control cohort (Kang et al. 2012; Coffman et al. 

2014). This may simply reflect differences in paradigm (TDCS location and 

task selection). However, this certainly highlights that performance effects 

with stimulation after TBI may be quite sensitive to differences in 

participant characteristics and paradigm changes. 

 

9.5 Limitations 

My study has some potential limitations. First, the task order on each day 

and across participants was the same, so there may be effects of one task 

carried over on to the next for which I have not controlled. However, this 

should not limit the interpretation of the effects of Anodal versus Sham 

treatment as the task order was the same in each group. Secondly, we did 

acquire concurrent physiological assessments during the daily treatment 

sessions, so we are not able to comment on the extent to which TDCS 
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modulated the Salience or Default Mode Networks, and how this might 

have related to any variability in behavioural effect. Thirdly, I did not 

perform the treatment on a non-TBI control population. This means that I 

cannot comment on whether the findings are specific to TBI. I also did not 

have task performance data from a control population, which means that I 

cannot comment on the extent to which treatment can improve TBI 

performance to control levels. Finally, I trained participants on all the 

tasks (SST, ANT, learning tasks, CRT) prior to randomisation, on a 

separate day, until they were happy with the task, and felt familiar with 

it. However, due to personnel and time limitations (participants had to 

start on a pre-specified day, in order to fit the scans and stimulation 

treatment within a working week), I did not do formal assessment of 

performance consistency prior to enrolment. Furthermore, the learning 

task (and the neuropsychometry) did not have enough appropriate stimuli 

to allow for training. In an ideal world, I would have liked to train them 

for several days to minimise learning effects. If I were to repeat this study, 

I would try to find a remote way (e.g. online/ iPad) to train participants on 

the tasks and then recruit them when their performance on each task had 

reached a plateau. Nevertheless, the anodal effects are still interpretable 

in comparison with the sham control condition, as any learning effects 

would have impacted both groups.  

 

9.6 Conclusions 

I investigated the effects of daily consecutive offline anodal TDCS 

treatment on a range of cognitive outcomes in TBI patients. I found that 

the effect of anodal treatment on delayed recall was influenced by the 

structural integrity of the Salience Network. Participants improved their 

performance on some of the tasks performed daily, showing a training 

effect. However, my study did not find convincing evidence for anodal 

TDCS treatment significantly enhancing this effect compared to sham. My 

study confirms the important influence of Salience Network integrity on 

response to stimulation, It also highlights that the effects of single session 
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online TDCS cannot be directly extrapolated to predict the effects of multi-

session offline TDCS. These findings are important for the design of future 

studies investigating the potential for TDCS to enhance the effects of 

rehabilitation strategies. 
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You treat a disease – you win, you lose. You treat a person – I guarantee you win. 
Every time. 
 

- Patch Adams 



Chapter 10 | Discussion 
 

	 236	

10.1 Summary 
 
Cognitive dysfunction is a common sequelae after Traumatic Brain Injury 

(TBI) and substantially contributes to functional impairment (Whitnall et 

al. 2006). Although cognitive rehabilitation can be an effective treatment, 

the manpower and resources required to deliver this at the required level 

is lacking (Malec & Kean 2016; Salazar et al. 2000). TDCS is relatively 

cheap, safe and could be delivered in patients’ homes. There have also 

been numerous studies suggesting that it can be used to improve cognitive 

function and, after very promising pilot studies, there are currently large 

scale Phase 3 studies underway investigating its potential for motor 

rehabilitation after stroke (Brunoni et al. 2011; Fregni et al. 2005; 

Hummel et al. 2005; Stagg et al. 2012; Coffman et al. 2014; Allman et al. 

2016). However, there is great variability in the reported cognitive 

performance benefits of TDCS, and our poor understanding of the 

mechanisms of action of TDCS limits the extent to which we can explain 

this variability and advance the translation of TDCS for cognitive 

enhancement. 

 

The body of work presented in this thesis investigates the potential for 

transcranial direct current stimulation (TDCS) to be used to improve 

cognitive function after traumatic brain injury (TBI). I carried out a 

number of healthy control studies to more clearly characterise the 

neurophysiological mechanisms of TDCS, before investigating both single 

session and multi-session treatment in TBI patients. 

 

In Chapter 3, I set out to investigate the effect of polarity. I applied 

biparietal oppositional TDCS during tasks thought to have strong 

hemispheric lateralization, in order to investigate the extent to which the 

concept of ‘anodal-excitatory/ cathodal-inhibitory’ applies. I found that 

TDCS was capable of behavioural modulation and that cathodal and 

anodal TDCS appeared to have distinct effects on certain tasks. I also 

found that the effect of TDCS was only observed on difficult aspects of 
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tasks, suggesting that the underlying cognitive brain state during TDCS 

application influences its effects. 

The subsequent studies focused on the effects of stimulation of the right 

inferior gyrus node (rIFG) of the Salience Network (SN), because of its 

central role in coordinating activity in other cognitive networks, including 

the Default Mode Network (DMN), and because disrupted SN integrity 

after TBI is associated with abnormal network function and cognitive 

impairment (Menon & Uddin 2010; Bonnelle et al. 2012; Jilka et al. 2014). 

The first SN stimulation study (reported in Chapter 4) provided a proof of 

principle that stimulation of the rIFG was capable of modulating activity 

and functional connectivity of the SN and DMN. Crucially, the 

neurophysiological effects of TDCS were also dependent on the brain state 

(whether task or ‘rest’) during stimulation. Stimulation polarity interacted 

with brain state, rather than having completely opposing effects. The 

second study (described in Chapter 5) showed that SN anodal TDCS 

improved response inhibition, and that high SN tract structural 

connectivity was an important mediator of this behavioural effect.  

These results support the idea of the SN as having a causal role in 

cognitive network interactions and cognitive control, so I next applied this 

protocol to TBI patients (study described in Chapter 7). This study 

confirmed the important influence of SN white matter integrity on 

stimulation induced behavioural gains. Time since injury was an 

important additional influence on behavioural response to TDCS in TBI 

patients. This study also found that anodal TDCS was able to ameliorate 

the abnormal DMN activation seen in TBI participants. These results 

further support the causal role of the SN in both cognitive network 

interactions and cognitive control. 

These studies highlight two important features about cognitive 

applications of TDCS, which should have far-reaching consequences for 

the interpretation and design of future TDCS studies. First, anodal and 
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cathodal TDCS have distinct, but not opposing, effects on both task 

performance and network function. Therefore, the effect of polarity is more 

complex than an ‘anodal-excitatory/cathodal-inhibitory’ dichotomy. 

Secondly, underlying brain state during TDCS application is an important 

influence on the neurophysiological and behavioural effects of TDCS. 

There is a lack of consistency within the TDCS cognitive literature 

regarding what participants do during TDCS application, which may be a 

source of the variability reported in the literature. The influence of brain 

state has particularly important implications for using TDCS in 

combination with rehabilitation, since the effects of applying TDCS during 

a rehabilitation session may be quite different to the effects when TDCS is 

applied outside of rehabilitation sessions. 

 

The difference between online and offline TDCS application may be 

relevant in interpreting the results from the multi-session anodal TDCS 

studies (see Chapters 8 and 9). The influence of SN white matter 

integrity is also seen when assessing the effect of multi-session anodal 

TDCS on delayed recall, but multi-session anodal TDCS treatment did not 

generally have marked additional benefits for response inhibition or most 

of the other cognitive domains assessed. Another possibility could be that 

the spacing and duration of the offline TDCS sessions were not suited for 

cognitive enhancement, perhaps due to metaplastic mechanisms. 

My findings also have wider implications for clinical studies of 

interventions for TBI. Patient and injury heterogeneity can present a huge 

challenge for studies seeking to demonstrate the effect of interventions. It 

is unlikely that any given treatment will be equally effective for all 

patients. My study has highlighted the structural integrity of the Salience 

Network and time since injury as important factors to consider for TDCS 

treatments. Given the central role of the SN in many cognitive functions, I 

would hypothesis that this factor would be important in determining the 

efficacy of other interventions targeted at cognitive rehabilitation.  
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10.2 Limitations 

The limitations in my work stem mainly from the impossibility of 

simultaneously investigating the influence of all possible protocol and 

participant parameters. My factorial protocol combined an assessment of 

polarity and brain state within the same fMRI run. However, it was not 

possible to investigate the effects of other pertinent parameters, in 

particular, stimulation duration, spacing and repetition. Similarly, due to 

this being a pilot study with relatively small numbers of TBI participants, 

it was not possible to assess the influence of more than a few participant 

or injury factors. Larger studies would be required to investigate whether 

other factors, such as injury type or baseline function, influenced the 

response to TDCS. 

 

Whilst there was a strong association between cognitive network structure 

and stimulation-induced behavioural changes, there was no association 

between these behavioural changes and stimulation-induced changes in 

network activity and connectivity. Anodal TDCS was able to improve both 

response inhibition and abnormal DMN activation, which is associated 

with poor cognitive performance in TBI patients (Bonnelle et al. 2011; 

Jilka et al. 2014). This suggests that the network changes observed are 

directly related to the behavioural effects, but it is not possible to be 

certain of their behavioural relevance in the absence of a direct 

correlation. A lack of a relationship between stimulation-induced network 

changes and behavioural effects may be due to the fact that behavioural 

changes in themselves can lead to changes in network activity and 

connectivity. Another possibility is that there are other aspects of 

stimulation-induced network physiology which are not captured by fMRI 

methods. For example, EEG measures, which have greater temporal 

resolution, may be more sensitive at detecting the network changes which 

show direct behavioural relevance to cognitive performance.  
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10.3 Future Directions 
 
My work supports a paradigm shift in the way cognitive TDCS studies can 

be conducted. By using short duration stimulation blocks, the 

neurophysiological effects of other parameters can be rapidly assessed. For 

example, different montages, different short durations and different 

cognitive tasks. My thesis also argues strongly for concurrent 

neurobiological assessment, to help with understanding the mechanisms 

of stimulation and investigating reasons for behavioural variability and 

null results. 

 

Extensive network effects were observed with stimulation of a single hub 

region, the right inferior frontal node of the Salience Network. Interesting 

insights into the hierarchy of cognitive networks could be gained by 

investigating the network effects of stimulating the dorsal anterior 

cingulate/pre-supplementary motor area node of the SN, as well as other 

network nodes. Additionally, future studies could investigate whether SN 

stimulation can modulate other cognitive function in other conditions with 

prominent network dysfunction e.g. neurodegenerative disease, 

psychiatric disorders. Finally, combinations of stimulation and other 

treatment modalities, such as drug treatment or traditional rehabilitation, 

could be explored to assess whether these treatments may act 

synergistically with each other.  

  

More broadly, the issue of participant and injury heterogeneity in TBI 

needs to be explicitly addressed in interventional studies. One approach is 

to recruit large cohorts, such that noisy data is counteracted by large 

participant numbers. Another approach would be to conduct smaller proof-

of-principle studies specifically looking for patient and injury factors 

which predict response to a given intervention, before applying them to a 

targeted population. 
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10.4 Concluding Remarks 

The cognitive deficits following traumatic brain injury are devastating and 

difficult to treat. Many treatments showing promise in small-scale studies 

have tended to disappoint in larger trials. My work suggests that TDCS of 

the Salience Network has potential for cognitive enhancement after TBI, 

as well as highlighting some important aspects about the mechanisms by 

which TDCS modulates cognition. However, there are many other aspects, 

particular with regards to how best to extrapolate the effects observed 

with a single session to a treatment program. 

 

Functional recovery from TBI will likely entail multiple interventional 

approaches, with any given treatment having different efficacy in different 

patients. TDCS may be an important intervention, when deployed in 

combination with other treatments. Future studies into TBI interventions 

should more explicitly consider the influence of heterogeneity on 

treatment efficacy. It may be that a modular approach to TBI cognitive 

restoration, where combinations of interventions are provided based on a 

‘biological signature’ comprising individual and injury factors, will 

ultimately prove to be a more fruitful approach. 
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