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Summary

Global life expectancy is increasing dramatically with a corresponding rise in the
prevalence of pathological ageing conditions such as dementia and stroke. Maintaining high levels
of cognitive function in the face of dementia-related neuropathology or following acquired brain
damage is of pressing societal importance. The ability to maintain endogenous levels of
attentional engagement is a domain-general process underlying many higher-order cognitive
capabilities. Deficits in this capacity are evident across a range of neurodegenerative diseases,
interfere with functional recovery following right hemisphere stroke, and are associated with an
increased likelihood of falling in older adults. In healthy ageing, superior levels of attentional
engagement have been proposed to promote plasticity processes contributing to ‘cognitive
reserve’: Older adults with more cognitively stimulating environments, achieved through
education, complex professions, or social engagements, present with less clinical symptomatology

in a range of conditions, such as dementia, given the degree of disease-related neuropathology.

Sustained attention is postulated to contribute to cognitive reserve such that high levels
of attention, necessitated by cognitively demanding environments, lead to greater environmental
enrichment. This encourages plasticity processes that, in turn, contribute to a neuroprotective
effect against disease. The neural underpinnings of this effect have recently been proposed to
result from the continuous engagement of the right lateralised fronto-parietal networks (FPN)
and the repeated activation of the neurotransmitter noradrenaline (norepinephrine), which plays a
pivotal role in arousal and plasticity. Throughout a lifetime, the repeated activation of this system

strengthens the right-lateralised network creating a neuro-cognitive buffer.

Although the right-lateralised fronto-parietal networks play a well-established role in
aspects of attention, it remains to be seen whether plasticity of the underlying networks can be

harnessed directly in older adults to increase this cognitive function. The first aim of this thesis
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therefore was to assess whether activity in the right prefrontal cortex (PFC), a flexible dynamic
cortical region, could be upregulated in older adults in order to increase facets of attentional

function that are crucial contributors to cognitive reserve.

Following damage to the right hemisphere, the capacity for sustained attention is reduced,
and this interferes with functional recovery. Our understanding of these deficits and how best to
ameliorate them is coarse. The second aim of the thesis therefore, was to explore how damage to
the right hemisphere effects the temporal dynamics of sustained attention system, and whether
plasticity of the right PFC could be targeted in chronic stroke to ameliorate deficits in

engagement.

The first empirical chapter was designed to examine how behavioural and
electrophysiological markers of sustained attention would change in older adults when activity in
the right prefrontal cortex was directly upregulated using transcranial Direct Current Stimulation
(tDCS), a non-invasive brain stimulation technique. Two separate experiments are presented
where tDCS was employed to increase neuronal excitability of the right PFC while sustained
attention was monitored. In Experiment 1 tDCS was administered during simultaneous
electroencephalography (EEG) recordings in group of cognitively healthy older adults with
suboptimal sustained attention performance. During tDCS, fewer lapses in attention occurred
and electrophysiological markers of frontal engagement and early visual attention were enhanced,
suggesting that attentional improvements were achieved through modulating processes involved
in top-down endogenous control and early visual attention. In Experiment two, the extent to
which the observed improvements in accuracy generalized to a very different sustained attention
paradigm was examined. Consistent with Experiment 1, fewer attentional lapses occurred during
tDCS. These findings suggest the right prefrontal cortex plays a critical role in supporting
sustained attention in ageing, and that this region may be targeted in older adults to increase

attentional engagement.
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The speed at which visual information can be processed is an aspect of visual attention
that is increasingly considered a biomarker of cognitive decline. The second experimental chapter
explored the relationship between visual attention, hemisphere asymmetries, and cognitive
reserve, and assessed whether visual processing speed could be enhanced in older adults by
increasing activity in the right prefrontal cortex. For this purpose, computational modeling of
visual attention was combined with tDCS. Using a highly specified formal framework, visual
attention processes were quantified in older adults, unbiased by age-related motor slowing.
During the performance of a lateralised whole-report task, older adults with higher levels of
cognitive reserve showed a stronger processing speed asymmetry towards objects in the left
hemifield. This was in contrast to younger adults who showed a rightward processing speed
asymmetry, thus suggesting functional reorganization involving the right hemisphere in older
adults with high levels of cognitive reserve. Correspondingly, when activity in the right PFC was
increased in older adults using tDCS, processing speed improved. In older adults with lower
levels of reserve, tDCS altered their processing speed within the left and not right hemifield, thus
mimicking that of their high reserve peers. This chapter provides empirical support for the role
of the RH in cognitive reserve and suggests that the right PFC is a promising target region to
increase cognitive reserve in later years and provides further evidence in support of the first
experimental chapter, that the PFC can be targeted in ageing to enhance top-down modulation

over visual attention processes.

In the third empirical chapter, using a behavioural paradigm that elicits steep decrements
in sustained attention performance, the temporal dynamics of attentional engagement were
explored in stroke patients with unilateral damage to the right hemisphere. Relative to
neurologically healthy older adults, right hemisphere damage was associated with sharp drops in
sustained attention over a short temporal window (less than 3 1/2 minutes). This vigilance

decrement is within a shorter temporal window than previously noted in the literature, which



provides valuable practical information for informing rehabilitation protocols for RH stroke

patients.

In the final experimental chapter, the feasibility of upregulating activity in the right PFC
to improve sustained attention deficits in patients with right hemisphere damage was assessed.
The same tDCS protocol (from Chapter 1, Experiment 2) that improved sustained attention
performance in neurologically healthy older adults was applied to a group of stroke patients with
unilateral right hemisphere damage. It was hypothesized that right prefrontal tDCS would
increase excitability in the perilesional and residual areas of the damaged right hemisphere to
improve sustained attention. However, preliminary data suggests that tDCS disrupted sustained
attention. Further work will be necessary to determine whether prefrontal tDCS to the damage
hemisphere is disrupting a natural compensatory process of the contralesional network in stroke

patients with persisting sustained attention deficits at the chronic stage.

The work presented in this thesis constitutes important information regarding the role of
the right hemisphere in facets of attention, that can be employed to inform neurorehabilitation
programs to enhance attentional function in healthy ageing and following stroke, and potentially
increase cognitive reserve in older adults. The implications of this work and future directions are

discussed.
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Introduction

As life-expectancy increases across the globe there is a concomitant increase in age-
related pathological conditions. By 2050, the prevalence of Alzheimer’s Disease worldwide is
expected to rise from 46 to 131.5 million people (International, 2015). Similarly, the negative
impact of stroke is expected to double by 2030 across the globe (Feigin et al., 2014). Pathological
cognitive impairment is not just a devastating experience for patients and families but also places
a substantial economic burden on societies (International, 2015). Understanding how best to
maintain high levels of cognitive function during the healthy ageing process and to buffer against
cognitive decline during pathological ageing conditions, is therefore not only of importance for

the well-being of individual patients but is of pivotal societal importance.

The aim of the current chapter is to introduce the research which has motivated this
thesis. In the proceeding section the concept of cognitive reserve, a naturally occurring
phenomenon which provides a neuroprotective effect against a wide range of age-related
cognitive impairments, is discussed. High levels of attentional engagement have been proposed to
cultivate cognitive reserve through strengthening of the right lateralised fronto-parietal networks
(FPN). In Section 12 an overview of the behavioural relevance and neural underpinnings of two
aspects of attention, sustained attention and processing speed is provided, along with an outlook
as to how right FPN damage impacts on these processes. Section 3 offers insight into how these
facets of attention are affected by the ageing process. The fourth section details promising
approaches that are emerging to remediate attention deficits in older adults and stroke patients,
and explores how these interventions may be supported by the brain. In Section 15, established
characteristics of the dorsolateral prefrontal cortex are outlined that place this region in a
particularly advantaged position to support rehabilitation of attention deficits in ageing and

following stroke. The sixth section details an outline of the objectives of this thesis.



I.1 Cognitive Reserve

Older adults who partake in more cognitively stimulating activities are relatively protected
against cognitive decline in the face of pathological ageing conditions such as Alzheimer’s
Disease (Stern, 2012). A major aim of this thesis is to investigate whether the networks
underpinning this phenomenon maintain preserved levels of plasticity such that they can be
targeted to improve cognitive function in older adults. This section outlines the phenomenon of

cognitive reserve, and a recent cognitive neuroscientific proposal of its neural underpinnings.

I.1.1 Cognitive reserve and pathological ageing

Cognitive reserve, refers to the observation that older adults with higher levels of
education, intelligence, and with more cognitively stimulating environments show less clinical
symptomology in the face of neuropathology (Stern, 2012; Stern, Alexander, Prohovnik, &
Mayeux, 1992). In their seminal paper, Stern and colleagues (1992) compared three groups of
Alzheimer’s Disease (AD) patients, matched for clinical severity but differing in levels of
educational attainment. Regional cerebral blood flow over parietotemporal cortex was employed
as a proxy neuromarker of disease progression. The authors observed lower levels of
parietotemporal perfusion (denoting more advanced AD-related pathology) in the group with the
highest levels of educational attainment (Fig. I.1), indicating that these maintained functioning for
longer, given the disease progression. As such, high levels of education were posited to resultin a
neuroprotective effect against the clinical symptoms of the disease (Stern et al., 1992). Over the
last two decades a considerable body of work has substantiated this initial observation regarding a
neuroprotective effect of an enriched environment. Cognitively stimulating environments have
been associated with reduced clinical impairments across a wide range of pathological ageing
conditions including Alzheimer’s Disease (Stern, 2012), stroke (Ojala-Oksala, Jokinen, Kopsi, &

Lehtonen, 2012), traumatic brain injury (Kesler, Adams, Blasey, & Bigler, 2003), and multiple



sclerosis (Sumowski, Chiaravalloti, & DelLuca, 2009). This neurocognitive buffer has been shown
to result not only from higher levels of education but also through complex occupations, and
engagement in cognitively stimulating leisure activities (Valenzuela & Sachdev, 2000; see

Opdebeeck, Martyr, & Clare, 2015 for a recent meta-analysis)

Above High School
Education

High School graduate

Below High School
Education

Figure 1.1: Cerebral blood perfusion in Alzheimer’s Disease according to education.
Despite presenting with matched levels of clinical severity, the group with highest levels
of education showed more severe reductions in perfusion over parietotemporal regions.

Note. Darker blue denotes lower levels of perfusion. Figure adapted from Stern et al.
(1992).

1.1.2 The neural underpinnings of cognitive reserve

Understanding how the brain supports the exciting phenomenon of cognitive reserve will
inform approaches to nurture this phenomenon and mitigate cognitive loss in older adults.
Likewise, the neural underpinnings behind the robust benefits associated with cognitively
stimulating environments are of fundamental interest to cognitive neuroscience to shed light on
the influence of environmental factors on brain function. In the first cognitive neuroscientific
theory of cognitive reserve (Robertson, 2013; 2014), Robertson proposed that repeated
norepinephrine (noradrenaline) activation over the course of a lifetime cultivates cognitive

reserve.

Noradrenaline, which originates in the locus coeruleus (LC), is critical for arousal and

alertness: The identification of the locus coeruleus—noradrenaline system involvement in cortical



arousal stemmed from initial observations that activation in LLC neurons fluctuates in line with
the sleep-wake cycle (Roussel, Buguet, & Bobillier, 1967). More recently, these data have been
substantiated by optogenetic techniques demonstrating that L.C firing is causally implicated in the
transition from sleep to wake cycles, and in arousal within cortical regions (A. R. Carter et al.,
2010a). A right hemisphere dominance has been demonstrated for noradrenaline (Debecker,
Laget, & Raimbault, 1978; Grefkes, Wang, Eickhoff, & Fink, 2010b; Robinson, 1979b) with
strong projections to fronto-parietal networks (Jodo & Aston-Jones, 1997; Jodoj, Chiang, &

Aston-Jones, 1998; Singewald, 1998).

In human participants, the right-lateralised noradrenergic system has been proposed by
several authors to substantially contribute to non-spatial aspects of attention such as alertness
(Corbetta & Shulman, 2002; 2011; Posner & Petersen, 1990; Robertson, 2014). Alertness is
considered a foundation attentional function on which more global aspects of attention are built
(A. Raz & Buhle, 2006). Hence, the locus-coeruleus noradrenaline system has well-documented
links with a wide breadth of functions including cognitive flexibility, aspects of attention,
processing of sensory information across a range of modalities, vigilance, and working memory

processes (Hurley, Devilbiss, & Waterhouse, 2004; Sara, 2009; 2015; Sara & Bouret, 2012).

Five core cognitive processes have been identified by Robertson (2014) to support and
cultivate cognitive reserve. Sustained attention, arousal, working memory, response to novelty
and performance monitoring (error awareness) rely, to varying degrees, on the right lateralised
fronto-parietal networks which are subserved by noradrenaline (Robertson, 2014). Cognitively
stimulating environments, such as those demanded by high levels of education, complex
professional activities, and engaging social interactions, demand these core cognitive processes.
Over the course of a lifetime, this leads to higher secretion of noradrenaline and strengthening of
the right-lateralised FPN (Fig. 1.2), thus a specific role for these networks has been proposed to

underpin cognitive reserve (Robertson, 2013; 2014).
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Figure I.2: Visualisation of Robertson’s model of cognitive reserve In the first cognitive
neuroscientific model of cognitive reserve, Robertson (2013) proposed that cognitive
reserve develops through repeated noradrenaline activation over a lifetime. Given
noradrenaline’s privileged relationship with right FPN underpinning cognitive operations
such as arousal, novelty, and sustained attention, a distinct role for this network in
cognitive reserve is proposed (Robertson, 2014). Specifically, throughout a lifetime (X
Axis) the continuous engagement of the core cognitive processes supported by the right
FPN is assumed to strengthen these networks (Y axis), thereby cultivating greater levels
of cognitive reserve. An aim of this thesis is to address whether this network maintains
preserved levels of plasticity in later years (shaded in grey) through increasing excitability
of the right prefrontal tDCS and assessing the effects on aspects of attention.

A major aim of this thesis is to better understand facets of attention that show right
hemisphere dominance in ageing and following stroke. Over a lifetime, greater levels of
attentional engagement may provide greater enrichment from intellectual activities, social
connectivity, physical activity, and employment activities, all factors which are proposed to
increase cognitive reserve during life (Valenzuela & Sachdev, 2006). Environment enrichment
enables experience-dependent cortical plasticity (Polley, Steinberg, & Merzenich, 2000;

Recanzone, Schreiner, & Merzenich, 1993) which in turn facilitates a neuro-protective effect
against cognitive impairments in the presence of neuropathology occurring with clinical diseases
such as Alzheimer’s (Robertson, 2013; 2014; Stern, 2012; Valenzuela & Sachdev, 2006). Thus,
efforts to enhance attention in older adults hold potential to preserve higher cognitive

functioning in older adults (Robertson 2014).



This predominant focus of this thesis is on the right-lateralised network proposed by
Robertson to underpin cognitive reserve (2013, 2014). The broad spectrum of cognitive
functions that are underpinned by alertness (A. Raz and Buhle 20006) and this right-lateralised
system (Corbetta and Shulman 2002; Robertson 2013; Robertson 2014) provide a solid
theoretical basis for understanding mechanisms to strengthen this proposed network in both
healthy and pathological ageing conditions. However, limitations of the theoretical framework on

which this thesis is based must be acknowledged.

Firstly, it is unlikely that the preservation of cognitive function in older adults is uniquely
contingent on this right-lateralised system. For example, Franzmeier and colleagues have recently
demonstrated that prodromal Alzheimer’s Disease patients with higher levels of education (a
frequently used cognitive reserve proxy; Stern, 2012) show higher global connectivity with a seed
region in the left frontal cortex. This finding suggests that cognitive reserve was associated with
grater functional integrity of this left hemisphere region (though it must be noted that the authors

did not examine global connectivity within the homologous right hemisphere region).

Franzmeier and colleagues (Franzmeier et al. 2017) also demonstrated that preservation
of episodic memory (a cognitive function which shows left lateralization in young healthy adults
(Cole et al. 2013)) in the face of prodromal Alzheimer’s pathology, was associated with higher
global connectivity with this left frontal cortex seed region. This points to a seemingly
contradictory phenomenon to cognitive reserve - ‘brain (neural) maintenance’, which proposes
that individuals who maintain youth-like brain structures exhibit relative preservation of
cognition in older age (Nyberg et al. 2012). Cognitive reserve and brain maintenance can be
considered orthogonal concepts concepts (Habeck et al. 2016) which interactively determine an
aging individual’s cognitive status over the lifespan. In order to thoroughly dissociate how
mechanisms of brain maintenance and reserve contribute to the preservation of cognitive

function in ageing, a wide range of measures including neuroimaging, cognitive assessment, and



post-mortem examinations will need to be assessed longitudinally in older individuals (N. Raz

and Lindenberger 2011).

I.2 Attention and the Right Fronto-Parietal
Network

As outlined in Section 1.1, enhancing cognitive reserve in older adults may constitute a
viable means for preventing or delaying cognitive decline in ageing. It has been proposed that the
continuous engagement of the right lateralised FPN, given its close links with the L.C-
noradrenaline system, supports cognitive reserve in older adults. The following section outlines
two aspects of attention that are dependent on the right lateralised alerting system that is posited
to underpin cognitive reserve: sustained attention and visual attention capacity. Behavioural and
neurophysiological descriptions of these two cognitive capacities in neurologically healthy
individuals are first described, followed by a summary of how these cognitive capacities are

impaired following damage to the right FPN.

1.2.1 Sustained attention

Sustained attention can be described as maintaining a goal-directed focus in repetitive
nonarousing conditions (Robertson, 2003). In neurologically healthy individuals, lapses in
sustained attention are associated with failure to engage with the task at hand (Smilek, Carriere, &
Cheyne, 2010) leading to work-related errors (Schwebel, Lindsay, & Simpson, 2007; Taylor-
Phillips et al., 2014) and locomotive accidents (Edkins & Pollock, 1997). Patient groups afflicted
by impaired sustained attention abilities, such as children with attention deficit hyperactivity
disorder (Bellgrove, Hawi, Gill, & Robertson, 2000), show difficulty in engaging attention, even

when performing tasks such as watching television (Whirley, Lorch, Lemberger, & Milich, 2016).



An extensive cortico-subcortical network incorporating frontal, parietal, thalamic and
brain-stem regions contributes to endogenously maintaining attentional focus (Clemens et al.,
2011; Sturm & Willmes, 2001a). Within this network, the prefrontal regions are of particular
value for supporting the capacity to sustain attention. Evidence for a robust right hemisphere
dominance underlying the ability to maintain attention comes from lesion studies (Malhotra,
Coulthard, & Husain, 2009; Manly et al., 2003; Rueckert & Grafman, 1996; 1998), psychophysical
studies using lateralised stimuli (Warm, Richter, Sprague, Porter, & Schumsky, 1980), and
neuroimaging studies (Johannsen et al., 1997; Langner & Eickhoff, 2013a; Sturm & Willmes,

2001b).

Genetic (Greene, Bellgrove, Gill, & Robertson, 2009) and pharmacological (O'Neill,
Fitten, Siembieda, Ortiz, & Halgren, 2000) research points to noradrenergic involvement in
sustained attention. For example, pharmacological upregulation of noradrenaline via azomoxetine, a
selective noradrenaline reuptake inhibitor, has been shown to improve sustained attention in
ADHD participants (Weiss et al., 2005), with preliminary evidence suggesting similar benefits
may be achieved for right hemisphere stroke patients (Malhotra, Parton, Greenwood, & Husain,
2000; Singh-Curry, Malhotra, Farmer, & Husain, 2011). Conversely, downregulation of
noradrenaline using noradrenergic a2 agonists (such as clonidine or dexmedetomidine) has been
shown to impair performance on sustained attention tasks (Coull, Jones, Egan, Frith, & Maze,

2004; A. Smith & Nutt, 19906).

1.2.2 Visual attention

Goal directed attention is considered to be subserved by two interacting networks
(Corbetta & Shulman, 2002). A myriad of work has demonstrated the involvement of a bilateral
dorsal system (incorporating regions such as the frontal eye fields and intraparietal cortex), which

is symmetrically organised and predominantly accounts to contralateral space (Corbetta &

Shulman, 2002; Ungerleider, 2000).
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However, modulation of sensory processing is not inherent to the bilaterally organized
sensory cortices themselves but rather results from the top-down influences of higher-order
control regions (Gazzaley & Nobre, 2012; Kerchner et al., 2012). Cumulative evidence supports a
role for a right lateralised fronto-parietal network (so-called ventral attention network) in the top-
down modulation of visual attention processes (Chechlacz, Gillebert, Vangkilde, Petersen, &
Humphreys, 2015; de Schotten, 2005). For example, Shulman and colleagues used functional
magnetic resonance imaging (fMRI) to explore hemispheric contributions to attentional
processes using lateralised stimulus displays. Analysis of the blood-oxygen-level dependent
(BOLD) data revealed the well-documented dorsal attention system, bilaterally activated for
contralateral stimuli during selective attention processes. However, regions of the ventral
attention network, including the DLPFC, showed a right lateralisation for target detection —
regardless of what hemifield the target was presented in (Shulman et al., 2010). Similarly, it has
been shown that while left parietal activity increases monotonically with memory load for
contralateral targets, activity in the homologous right hemisphere region increases irrespective of
hemifield (i.e., both for ipsi- and contralateral targets), suggesting that a right lateralised network
supports visual attention processing within both hemifields (Sheremata, Bettencourt, & Somers,

2010).

The speed at which information in the environment can be processed (processing speed)
is an aspect of visual attention that places a limiting factor on higher cognitive functioning
(Salthouse, 1996). Several lines of indirect evidence in healthy individuals suggests the right
prefrontal cortex may support this capacity. Firstly, processing speed capacity has been shown to
be compromised when levels of alertness, a cognitive operation that relies greatly on the right
PFC (cf Robertson, 2014) are reduced (Matthias et al., 2009). Secondly, younger adults who are
faster at processing visual information have greater white matter integrity of the inferior fronto-
occipital fasciculus (IFOF) in the right relative to left hemisphere (Fig. 1.3, Chechlacz et al.,
2015). The IFOF is a long association white matter pathway connecting the frontal lobes with

posterior parietal and occipital regions, thus indirectly supporting the involvement of the right
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prefrontal cortex in the top-down modulation of early visual attention processes (Chechlacz et al.,

2015).

Several reports indicate noradrenergic involvement in visual attention processes. Task
relevant attended-stimuli selectively activate LC neurons (Aston-Jones, Rajkowski, & Kubiak,
1994), and levels of phasic LC firing to targets and distractors are associated with corresponding
behavioural patterns of better and worse performance, respectively (Rajkowski, Kubiak, Ivanova,

& Aston-Jones, 1997).
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Figure 1.3: Right lateralization of long association white matter tracts predicts processing
speed capacity in healthy younger adults. A. Right lateralisation of the inferior fronto-
occipital fasciculus (IFOF), a long-association white matter tract connecting the frontal
lobes with parietal and occipital regions, predicts processing speed capacity in younger
adults, suggesting a role for the right FPN underpinning this capacity B. Visualisation of
the IFOF in a single participant. Both figures adapted from Chechlacz et al. (2015)

1.2.3 Attention capacity following right FPN damage

The substantial contribution of the right FPN to both sustained and visual attention
processes is well characterized following damage to the right lateralised fronto-parietal regions.
Unilateral damage to the right fronto-parietal regions, is associated with both a reduced capacity

to maintain attentional engagement (Rueckert & Grafman, 1996; 1998) as well as impaired
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processing speed to both visual hemifields (Duncan, Bundesen, Olson, Humphreys, Chavda, &
Shibuya, 1999a; Habekost & Rostrup, 2007), highlighting the importance of the right FPN for

both of these capacities.

Visual neglect following stroke is associated with failure to attend to the contralesional
side of space. Several features of this condition highlight the importance of the right lateralised
alerting system for both sustained and visual attention processes (Corbetta & Shulman, 2002;
Husain & Rorden, 2003). Firstly, although neglect can occur following damage to either
hemisphere, persistent and severe deficits are more frequently observed following RH damage
(Stone, Halligan, & Greenwood, 1993, Corbetta, & Shulman, 2011). Secondly, neglect commonly
co-exists with deficits in both sustained attention (Malhotra et al., 2009; Robertson, Manly,
Beschin, & Daini, 1997b) and processing speed (Duncan, Bundesen, Olson, Humphreys, Chavda,
& Shibuya, 1999a), likely due to hypoactivation of the right hemisphere (Corbetta, Kincade,
Lewis, Snyder, & Sapir, 2005; Heilman, Bowers, Coslett, Whelan, & Watson, 1985).
Correspondingly, when alertness is increased in neglect patients (for example through
behavioural interventions, alerting cues, or reward), attention is typically shifted leftward i.e.
neglect symptoms are temporarily reduced (Finke, Matthias, Keller, Muller, & Schneider, 2012;
Olgiati, Russell, Soto, & Malhotra, 2016; Robertson, Mattingley, Rorden, & Driver, 1998;
Robertson, Tegnér, Tham, & Lo, 1995). This right-lateralised ventral attention network is
therefore of importance for maintaining attentional engagement but also for supporting more

basic aspects of visual attention.

1.3 Attention in Ageing and following Stroke

As demonstrated in section 1.2, the right-lateralised alertness network crucially
contributes to both the capacity to maintain attention, and the rate at which visual information in

the environment can be processed. Support for this claim arises from neuroimaging paradigms,
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psychophysical tasks, pharmacological manipulation of noradrenergic activity, and from patients
with unilateral damage to the right FPN who show pronounced deficits in both capacities. The

following section outlines how these capacities are affected by the ageing process.

1.1.1 Sustained attention deficits

Like many cognitive functions, attention is vulnerable to age-related decline. Sustained
attention is considered a key constituent of healthy cognition in aging (Robertson, 2014), is
susceptible to significant degradation with healthy aging (McAvinue et al., 2012), and is associated
with an increased likelihood of falling in older adults (O'Halloran, Pénard, Galli, & Fan, 2011).
Deficits in the capacity to maintain attentional engagement afflicts sufferers of several age-related
neurodegenerative diseases including frontotemporal dementia and Alzheimer’s Disease (Berardi,
Parasuraman, & Haxby, 2005; O'Keeffe et al., 2007; Perry, Watson, & Hodges, 2000). The
integrity of the sustained attention system is particularly compromised following damage to the
right hemisphere (Malhotra et al., 2006; Rueckert & Grafman, 1996; 1998). Sustained attention
deficits, in turn, interfere with rehabilitation outcomes (Robertson, Manly, Andrade, Baddeley, &
Yiend, 1997a) and functional recovery following stroke (King, Brosnan, Humphreys, &

Demeyere, in prep, Appendix A).

1.1.2 Visual attention deficits

Visual attention processes are susceptible to age-related performance decrements
(McAvinue et al., 2012; Wiegand et al., 2014) and are characteristic of cognitive ageing (Salthouse,
1996). Impairments in the speed at which visual information can be processed hinders many
aspects of day-to-day functionality in older adults by for example reducing mobility, and
increasing the risk of car accidents (Ball, Edwards, Ross, & McGwin, 2010; Wood & Owsley,
2014). A recent large (IN=628) longitudinal study (Ritchie, Tucker-Drob, & Deary, 2014)
following older adults from ages 70-76 reported a strong association between changes in
processing speed and changes in fluid intelligence, supporting the proposal for processing speed

as a useful biomarker of cognitive decline (Deary, Johnson, & Starr, 2010; Gregory, Nettelbeck,
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Howard, & Wilson, 2008; Ritchie et al., 2014). In line with this, the neurodegenerative
progression of Alzheimer’s Disease from mild-cognitive impairment to full diagnosis of the
disease is associated with staged declines in processing speed (Bublak et al., 2011). Processing
speed can also be impaired following stroke, with unilateral damage to the right hemisphere

resulting in bilateral impairments in the rate at which visual information can be processed

(Duncan, Bundesen, Olson, Humphreys, Chavda, & Shibuya, 1999a; Habekost & Rostrup, 2007).

1.4 Approaches to Ameliorate Attention
Deficits

Section 1.3 outlined how sustained attention and processing speed are both vulnerable to
age-related decline and are substantially impacted by right hemisphere stroke. The proceeding
section will examine recent advances towards ameliorating attention deficits in ageing to address
questions of pressing interest: can attentional functioning be improved, and what are the neural

mechanisms underpinning promising remediation approches?

1.4.1 Attention and plasticity

Attention is of pivotal importance for brain plasticity and cortical remapping (Fritz,
Elhilali, & Shamma, 2007a; Kamke et al., 2012; Polley et al., 2006; Recanzone et al., 1993). Brain
plasticity processes, in turn, support learning new skills (Zatorre, Fields, & Johansen-Berg, 2012),
optimal recovery following stroke (Di Lazzaro et al., 2010; Fu & Zuo, 2011; Hallett, 2001), and
underpin the cognitive benefits of an environmental enrichment (Harley, 2004; Robertson, 2013;
2014; Van Praag, Kempermann, & Gage, 2000). Attention is therefore an attractive cognitive
capacity to target in ageing as the potential for benefits to generalize beyond the trained

attentional domain might be realised.
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1.4.2 Sustained attention interventions

One promising approach for remediating sustained attention deficits is self-alert training,
a behavioural technique where individuals learn to acquire control over their arousal levels
(O'Connell, Bellgrove, Dockree, & Lau, 2008a; Robertson et al., 1995). A recent randomized
control trial (Milewski-Lopez et al., 2014) assessed the effects of an alertness intervention that
incorporated attention education, strategies for increasing endogenous levels of alertness (e.g. sit
up straight, say ‘focus’), and biofeedback training using skin conductance, a measure of
autonomic arousal (Dawson, Schell, Filion, & Berntson, 2009) on cognitive performance in older
adults. Improvements in both sustained attention and executive function measures were observed
immediately post-training. Although further work will be necessary to optimize the self-alerting
protocol such that benefits may be maintained at follow-up time periods, this study exemplifies
the potential for self-alerting to improve attentional engagement in ageing. Similarly, this
technique has been shown to temporarily ameliorate both sustained attention deficits and visual
neglect symptoms in stroke patients with damage to the right hemisphere (Robertson et al.,

1995).

Pharmacological upregulation of noradrenaline, with noradrenergic agonists such as
guanfacine, has shown promise for alleviating sustained attention impairments in patients with
unilateral damage to the right hemisphere (Malhotra et al., 2006; Singh-Curry et al., 2011).
Preliminary animal work suggests that similar benefits of noradrenergic agonists may be observed
for aspects of attentional function in older adults (O'Neill et al., 2000), however it remains to be

seen whether these effects translate to human participants.

1.4.3 Visual attention interventions

The consideration of processing speed as a biomarker for cognitive decline (Deary et al.,
2010; Gregory et al., 2008; Ritchie et al., 2014; Salthouse, 1996) has sparked considerable interest
in speed-based training paradigms in older adults. Emerging data from a large-scale longitudinal

study suggests processing speed training may result in substantial benefits for healthy older
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adults, over and above those relating to the speed at which visual information can be processed
In the Advanced Cognitive Training for Independent and Vital Elderly (ACTIVE) multi-center
clinical trial, older adults (IN = 2832) were randomly assigned to computerised interventions
training processing speed, memory, or reasoning abilities (ten 60-75 minute sessions over 5-6
weeks). In the processing speed training group, participants were required to processes

increasingly complex visual information presented in incrementally shorter durations. This

training lead to processing speed improvements, evident at a 10-year follow-up period, that were

associated with reduced functional decline (Fig. 1.4, Rebok et al., 2014). While similar reductions

of functional impairment were noted for the memory and reasoning training groups (relative to
no-contact control group), only the older adults who underwent speed-based training showed a
reduced likelihood of developing depressive symptoms (Wolinsky et al., 2009) and a protective

effect against declines in health-related quality of life (Wolinsky et al., 2006). These compelling

a

results therefore suggest that strengthening the networks underpinning processing speed may not

only delay functional decline in ageing, but may provide a neuroprotective effect against clinically

relevant impairments.
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Figure I.4: Processing speed training in older adults. A. Processing speed training in older
human individuals is associated with long-lasting benefits at a 10-year follow-up
assessment. B. Processing speed training and reasoning training leads to a protective
effect against functional decline (Rebok et al., 2014).
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The Neural Effects of Processing Speed Training

The benefits of processing speed training for older adults (Rebok et al., 2014) suggests
that plasticity, in at least some of the networks supporting this capacity, is preserved. But what
are the plausible networks underpinning these benefits? Arguably the most persuasive
observations regarding the role of attention in plasticity processes come from animal work in
early sensory areas (e.g. Recanzone et al., 1993), where highly specific cortical remapping has
been observed uniquely for attended stimulus dimensions following attention-based perceptual

training (Polley et al., 2000).

Animal work from Michael Merzenich’s group suggests that plasticity processes in
primary sensory regions may be altered in the ageing brain: de Villers-Sidani and colleagues
administered 20 hours of intensive auditory speed-based training to older rats (de Villers-Sidani et
al., 2010). Following training, the authors observed substantial reversal of the majority of
functional and structural markers of age-related impairments in the primary auditory cortex Al
(Fig. 1.5). For example, in the young healthy rat, receptive fields in Al respond selectively to a
relatively narrow range of frequencies (Fig. 1.5A, “Young’). With age, these neurons respond
relatively unselectively to a wider range of frequencies resulting in larger, ‘detuned’ receptive
fields (Fig. I.5A, ‘Aged’). De Villers-Sidanu and colleagues showed that post intervention, this
marker of neural precision was remediated in the older rat brain such that it more closely

resembled the younger rat (Fig. 5A, ‘Aged-Trained’)

These animal findings that the potential for the ageing brain to show cortical remapping
in early sensory regions have been indirectly corroborated by work in human participants
showing altered electrophysiological markers of early visual processesing in older adults following
visual perceptual discrimination training (Fig. 1.5B, Berry, Zanto, Clapp, Hardy, & Delahunt,

2010; Mishra, Rolle, & Gazzaley, 2014).
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Figure 1.5: The neural basis for processing speed training. A. Intensive processing speed
training normalizes receptive field frequency maps in primary auditory cortex of older rats
similar to the young healthy rat brain (de Villers-Sidani et al., 2010). B. Perceptual training
modifies early sensory processing in human participants as evidenced by an enhanced N1
amplitude (adapted from Mishra et al., 2014). Nose. The scale on the ERP maps is -/+
2.5uV with higher values representing more negative amplitudes.

1.4.4 Fronto-parietal underpinnings of attention remediation

The preceding section suggests that interventions targeting visual attention processes
impact early visual regions of the ageing brain. What is still not clear is whether the FPN may
support the remediation of attention in older adults. Although never assessed directly, several

converging reports suggest that this may be the case.

Although well established that activity in early sensory regions is modulated by top-down
processes from the FPN (Erez & Duncan, 2015; Gazzaley & Nobre, 2012; Habes et al., 2016;
Kerchner et al., 2012; Nelissen, Stokes, Nobre, & Rushworth, 2013), the contribution of the FPN
to training paradigms targeting visual attention processes in the ageing brain remains unclear.
Nevertheless, indirect evidence suggests involvement of the FPN in training eatly perceptual
capacities. Firstly, following perceptual discrimination training in older adults, changes in
stimulus-evoked electrophysiological markers of visual attention are directly associated with post-
training improvements in working memory (Berry et al., 2010; Mishra et al., 2014). Similarly,
intensive perceptual training in the auditory domain in older life is associated with improved
memory performance which is maintained at a 3 month follow-up period (Mahncke et al., 2000).

Thus, stimulus-driven perceptual based training appears an effective mechanism to improve

19



working memory, a cognitive process that activates the right FPN in older adults (Robertson,

2014).

Firstly, in relation to sustained attention interventoons, self-alert training holds promise
to improve this capacity (Milewski-Lopez et al., 2014) through increasing arousal levels
(O'Connell, Bellgrove, Dockree, & Lau, 2008b) which rely on the right lateralised fronto-parietal
networks (Corbetta & Shulman, 2002; Posner & Petersen, 1990; Robertson, 2014). Furthermore,
successful pharmacological modulation of sustained attention has been observed with the
administration of noradrenergic agonists (Malhotra et al., 2000; Singh-Curry et al., 2011) which

stimulate post-synaptic adrenoceptors in prefrontal regions (Avery, 2000; Lapiz & Morilak, 20006).

In compliment to the experiments described above that demonstrate how training early
perceptual processing in older adults may be accompanied with benefits in higher order cognitive
processing, recent work suggests that the opposite may also hold true. Park and colleagues found
that an intervention demanding high levels of engagement in older adults was associated with
improvements in processing speed (D. C. Park et al., 2014a). Older adults who spent ~16.5 hours
per week for three months learning multiple new skills requiring high levels of engagement
showed significant improvements in processing speed and episodic memory (D. C. Park et al,,
2014a). These benefits were not observed for individuals in two active control groups that
participated in less engaging activities, nor were they observed for participants who learned a
single skill in isolation. Acquiring cognitively demanding new skills likely necessitates higher order
cognitive functions, such as sustained attention, response to novelty, performance monitoring,
arousal, and working memory, which require engagement of the right FPN (Robertson, 2014).
Therefore, the finding that learning new skills in older adults is associated with improvements in
processing speed provides further indirect support for right FPN involvement underpinning

attention remediation in ageing.
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1.5 The Dorsolateral Prefrontal Cortex as a
Target Area to Improve Attention in Ageing

Although the neural underpinning supporting the benefits of attention-based training
protocols in human interventions remain speculative, the work reviewed in the previous section
suggests the right lateralised FPN might be a key contributor. Understanding the neural
underpinnings of these interventions is of relevance when developing rehabilitation protocols.
Advances in neuroimaging techniques have lead to approaches, such as fMRI neurofeedback
(deCharms et al., 2005) and non-invasive brain stimulation techniques (Kadosh, 2015; Nitsche &
Paulus, 2000) that can directly manipulate neuronal activity within the brain. This gives rise to the
exciting possibility of boosting interventions and rehabilitation outcomes by simultaneously
manipulating brain activity within the relevant network (Allman, Amadi, & Winkler, 2016;
Subramanian et al., 20106). Particular attributes of the right dorsolateral prefrontal cortex
(DLPFC) render this an attractive target for upregulation to improve aspects of attention in
ageing and following stroke (Brosnan & Wiegand, Appendix C). These features will be outlined

in the following section.

1.5.1 Flexible neuronal coding of the prefrontal regions

Many areas of the brain demonstrate highly specialized functions For example, visual
receptive fields exist in occipital regions which respond exclusively to motion (Newsome & Pare,
1988), and a subregion of the fusiform gyrus (the fusiform face area) is highly specialised for
processing faces (Kanwisher, McDermott, & Chun, 1997). However, the DLPFC is the largest
functional component of a domain-general ‘multiple demands’ system of frontal, parietal, and
insular brain regions (Duncan, 2001; 2013), that is activated during a wide range of cognitive
operations (Fedorenko & Duncan, 2013). This network is identified by temporal correlations of

resting state fMRI data (Cole & Schneider, 2007; Vincent, Kahn, Snyder, Raichle, & Buckner,
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2008), and is strongly correlated tests of fluid intelligence (Bishop, Fossella, Croucher, & Duncan,

2008; Duncan et al., 2000).

Animal electrophysiology and human neuroimaging suggests that within the DLPFC,
flexible neuronal tuning takes place to support top-down modulation of task relevant processes
(Erez & Duncan, 2015; Freedman, Riesenhuber, Poggio, & Miller, 2001). Freedman and
colleagues (Freedman et al., 2001) trained macaque monkeys to categorise cats and dogs from
morphed images of the animals and recorded electrophysiological single cell data from lateral
prefrontal neurons. Following training, many prefrontal neurons (more than 20%) were tuned
specifically to the relevant category of interest, suggesting that the neurons adapted their
properties to code information that was directly relevant to the task demands (Duncan, 2001). In
support of this interpretation, when one animal was retrained to differentially categorise the same
stimuli, this cat/dog category tuning was lost from the prefrontal neurons and replaced by the

new classification category.

The convincing demonstration of the capacity for flexible tuning of prefrontal neurons
for task-relevant processing (Freedman et al., 2001) was recently corroborated in human
participants using multi-voxel pattern analysis of functional Magnetic Resonance Imaging (fMRI).
Erez and Duncan (2015) employed a cued-detection task where participants were asked whether
a visually presented object belonged to one of two previously cued target categories. Importantly,
the visual stimuli served as targets on some trials, and non-targets on other trials, depending on
the previously presented cue. Across the MD system including the DLPFC, and within a region
of the lateral occipital complex, categorical distinctions were successfully discriminated using
MVPA. Crucially, these discriminations occurred only when the distinctions were behaviourally
relevant (e.g., between target and non-target) and not when the distinction was behaviourally

irrelevant (e.g., between target and target).

The flexible neuronal tuning of the prefrontal cortices may explain the contribution of

these regions to the successful performance of many higher order cognitive operations including
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components of attention (deBettencourt, Cohen, Lee, Norman, & Turk-Browne, 2015a;
Habekost & Rostrup, 2006) and cognitive control (Egner & Hirsch, 2005; Gbadeyan, McMahon,
Steinhauser, & Meinzer, 2016) but also its contribution to more ‘basic’ aspects of attention and
perceptual processing (Helfrich & Knight, 2016; Voytek et al., 2010). This adaptive tuning
supports the processing of related information in other systems such as the visual attention
system (Desimone & Duncan, 1995; Duncan, 2001). Frontal and parieto-occipital regions are
connected anatomically and functionally (Chechlacz et al., 2015; Doricchi, Thiebaut de Schotten,
Tomaiuolo, & Bartolomeo, 2008; Marshall, Bergmann, & Jensen, 2015). Correlational
neuroimaging studies suggest that the DLPFC may exert top down attentional control over early
visual attention processes in both younger (Nelissen et al., 2013; Rutman, Clapp, & Chadick,
2010; Zanto, Rubens, Thangavel, & Gazzaley, 2011) and older adults (Berry et al., 2010; Mishra et
al., 2014), possibly via frontal theta band processes that may relay relevant information from
prefrontal regions to spatially distal systems (Cavanagh & Frank, 2014; Fries, 2005; Liebe,

Hoerzer, Logothetis, & Rainer, 2012).

The role of the DLPFC in a myriad of cognitive operations lends tangible advantages
when considering training this structure, as the possibility of ‘domain-general’ cognitive
improvements would be very advantageous for interventions remediating age-related cognitive
decline. Moreover, the relative and not absolute specialisation of the DLPFC is extremely
adaptable, a characteristic that places the DLPFC as an ideal brain area to support functional
compensation in response to age-related structural brain changes (Davis, Dennis, Daselaar, Fleck,
& Cabeza, 2008) and following damage occurring through brain injury or stroke (Rosen et al.,
2000; Thulborn, Carpenter, & Just, 1999; Voytek et al., 2010). Thus, the flexible, adaptive nature
of the DLPFC seats this cortical region in a strong position to support cognitive rehabilitation in

healthy and pathological ageing.
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1.5.2 Right prefrontal modulation over LC-noradrenaline projections

Several converging properties of the right prefrontal cortex support targeting this area to
remediate attention in ageing. The first is regarding the relationship of this region with
noradrenaline. Noradrenaline produced in the locus coeruleus, is projected to almost all brain
areas, and a single locus coeruleus neuron is capable of innervating widespread regions (Foote &
Morrison, 1987; Sara, 2009). Reciprocal connections exist between the locus coeruleus and
prefrontal cortex (Jodo & Aston-Jones, 1997; Jodo & Kayama, 1992; Singewald, 1998). Recent
animal electrophysiology work has shown that locus coeruleus projections to frontal regions hold
specific physiological characteristics, and different phenotypes (such as increased spontaneous
firing rate, and greater responsiveness to glutamate) relative to more caudally projecting neurons
(Chandler, Gao, & Waterhouse, 2014). These properties enable noradrenaline to stimulate frontal
regions independently and in advance of other cortical areas. Evidence suggests that the
prefrontal cortex exerts a top-down modulatory role over noradrenergic activity in the LC (Jodoj
et al., 1998; Robinson, 1979a; Robinson & Coyle, 1980a), which may be evaluated via the
thalamic ‘gates’ in advance of stimulating relevant cortical regions (Sturm & Willmes, 2001b). For
example, photoinhibition of LLC neurons using optogenetic techniques results in a decrease in
noradrenaline content in prefrontal regions (M. E. Carter et al., 2010b), whereas chemical
stimulation of prefrontal areas activates LC cells (Jodoj et al., 1998). At the behavioural level,
manipulations that facilitate or limit noradrenergic efflux within prefrontal regions in the rat
respectively improve (Lapiz & Morilak, 2006) and hinder (McGaughy, Ross, & Eichenbaum,
2008) performance on attention tasks. Finally, methylphenidate (brand name Ritalin), a common
pharmacological treatment for attention deficit hyperactivity disorder, has been shown to
preferentially enhance noradrenergic (and dopamine) release within prefrontal regions but not
other cortical areas of the rat (Berridge et al., 2006). In support of these physiological
observations, noradrenaline action in the prefrontal cortex strengthens network connectivity and

regulates performance across a range of conditions (see Arnsten, 2011 for a review)
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Right hemisphere dominance of noradrenaline is evident from asymmetric organisation
of the noradrenergic system in rats (Robinson, 1979a), higher noradrenergic concentrations in the
right thalamus in post-mortem human neurochemical studies (Debecker et al., 1978), and
increased BOLD activation exclusively within the right hemisphere during pharmacological
upregulation of noradrenaline (Gretkes, Wang, Eickhoff, & Fink, 2010b). Surgical lesions in the
right fronto-parietal regions in rats has been shown to cause widespread depletion of
noradrenaline across injured and non-injured regions of the lesioned hemisphere, and bilaterally
in the locus coeruleus (Robinson, 1979b; Robinson & Coyle, 1980a), indicating that damage to
right frontal areas may disrupt top-down modulation of the noradrenergic projections from the
LC (Robinson, 1979a; Robinson & Coyle, 1980b; Sturm & Willmes, 2001a). Human
neuroimaging has demonstrated increased activity in the right PFC in concert with enhanced LC
activation when attention resources were demanded (Raizada & Poldrack, 2008). Interestingly,
while activity in the right PFC increased monotonically with augmenting levels of task difficulty,
LC activity increased exclusively for the most difficult condition, suggesting the right PFC may
signal an attention challenge to the LC under situations demanding high levels of attention

(Raizada & Poldrack, 2008).

Further support for the utility of targeting the right PFC to improve attentional processes
relates to the important contributions of this region to visual attention (Corbetta & Shulman,
2002). As outlined in Section 1.2.2, the processing of visual information is subserved by a
bilaterally organised dorsal attention networks and the right lateralised FPN (Corbetta &
Shulman, 2002; 2011; Ungerleider, 2000). It has been proposed that the right prefrontal cortex
may be a pivot point between these two interacting networks (Corbetta & Shulman, 2011).
Several converging studies suggest that this indeed may be the case: Activity in the right
prefrontal cortex positively correlates with temporal fluctuations within both the ventral and
dorsal attention networks during resting state fMRI (He et al., 2007). The lateral prefrontal cortex
shares task-evoked properties with both stimulus-driven activity in the dorsal attention network,

and goal-directed activation within the ventral attention network (Asplund, Todd, Snyder, &
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Marois, 2010). Finally, damage to ventral frontal regions has been associated with greater deficits

in spatial attention than posterior parietal lesions (Rengachary, He, Shulman, & Corbetta, 2011).

Finally, as aforementioned, several lines of indirect evidence from behavioural
pharmacological and interventions suggest that targeting the right prefrontal cortex may
remediate sustained attention deficits (Malhotra et al., 2006; Milewski-Lopez et al., 2014; O'Neill

et al., 2000; Robertson et al., 1995; Singh-Curry et al., 2011)

1.5.3 Adaptive prefrontal recruitment in ageing

Ageing is associated with progressive reductions in both grey and white matter in the
frontal lobes. (P. M. Greenwood, 2000; N. Raz et al., 2005; West, 2000). Interindividual
differences exist in atrophy rates, with preserved grey matter volume and white matter integrity

typically associated with less decline in cognitive functioning (e.g. Kievit et al., 2014).

Accumulating evidence suggests that higher levels of prefrontal engagement in ageing are
associated with better performance across a range of cognitive processes including visual
perception, episodic retrieval, visual, and sustained attention (Davis et al., 2008; Staub, Doignon-
Camus, Bacon, & Bonnefond, 2014; Staub, Doignon-Camus, Marques-Carneiro, Bacon, &
Bonnefond, 2015; Wiegand, Finke, Miiller, & Té6llner, 2013). Enhanced recruitment of the
DLPFC in older adults in concert with reduced activation in more posterior regions (Fig. 1.6) is
considered an adaptive response of prefrontal regions to age-related declines in the capacity of
posterior regions to process information (Cabeza, 2004; Davis et al., 2008; J. R. Gilbert & Moran,

2016; Wiegand et al., 2014).
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Figure 1.6: Older adults show reduced occipital activity with concomitant increases in
prefrontal recruitment (Cabeza, 2004).

Understanding the causal role of prefrontal activity as an adaptive mechanism to improve
attentional capacity in ageing has been somewhat limited by correlational neuroimaging
approaches. However, a recent computational modelling approach exploring feedforward and
backward connections in older adults has shed some light on this issue. Gilbert and Moran (20106)
employed dynamic causal modelling of EEG data and assessed network connectivity elicited by a
visual stimulus. The authors observed that for younger adults bottom-up signals from early visual
regions drove activity throughout the visual network via reciprocal connections with fronto-
parietal and temporal regions, whereas for older adults a combination of both prefrontal and
early visual inputs governed network activity (J. R. Gilbert & Moran, 2016). This suggests a

causal, adaptive contribution of prefrontal regions for processing of early visual information.

A recent investigation of multitasking training in older adults (Anguera, Boccanfuso,
Rintoul, & Al-Hashimi, 2013) showed training-related improvements that were associated with

enhanced frontal theta amplitude, a putative electrophysiological signature of attention and
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cognitive control (Cavanagh & Frank, 2014; Clayton, Yeung, & Cohen Kadosh, 2015). Of
relevance, the degree of frontal engagement post-training predicted the training-induced
improvements in sustained attention at a 6-month follow up period, thereby indirectly implicating
frontal involvement underpinning lasting improvements in attention. Nevertheless, the direct
manipulation of prefrontal activity in older adults would affirm a causal involvement of

prefrontal areas to attention processes in older adults

1.5.4 tDCS as a method for upregulating the right prefrontal cortex

The prefrontal regions demonstrate flexible, adaptive neuronal properties and are
correspondingly recruited to perform a wide range of cognitive operations (Duncan, 2001;
Fedorenko & Duncan, 2013). The PFC exerts a top-down modulatory influence over the right-
lateralised noradrenergic ‘alerting’ system (A. R. Carter et al., 2010a; Jodoj et al., 1998; Robinson
& Coyle, 1980b), placing this area in a strong position to support alertness and related functions.
Moreover, increased recruitment of the frontal lobes in ageing has been associated with superior
cognitive outcomes (Davis et al., 2008; Harty, Robertson, Miniussi, Sheehy, Devine, McCreery, &
O'Connell, 2014a). Thus, the prefrontal cortex is an ideal target region for interventions aiming to
improve cognitive function in healthy and pathological ageing. The effects of directly
upregulating the region to improve aspects of attentional function in ageing has not yet been
assessed. The section below will describe a non-invasive brain stimulation technique that may be

employed in older adults to increase activity in the right PFC.

Transcranial direct current stimulation (tDCS) is a neuromodulatory technique that can
be used to manipulate cortical excitability (Nitsche & Paulus, 2000). There is growing interest and
support for tDCS over prefrontal regions as a tool to enhance aspects of cognition in healthy
ageing (Harty, Robertson, Miniussi, Sheehy, Devine, McCreery, & O'Connell, 2014a; S. H. Park,
Seo, Kim, & Ko, 2014b) and in pathological ageing conditions such as Alzheimer’s Disease (Hsu,
Ku, Zanto, & Gazzaley, 2015), Parkinson’s Disease (Boggio, Ferrucci, Rigonatti, & Covre, 2000),

and stroke (Jo, Kim, Ko, Ohn, & Joen, 2009)
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tDCS is proposed to impact brain plasticity by interacting with simultaneously active

neuronal populations in an excitatory or inhibitory manner, through increasing neuronal
excitability of the area under the anode and decreasing excitability under the cathode (Nitsche &
Paulus, 2000). Animal work has shown that tDCS increases synaptic plasticity processes that are
dependent on brain-derived neurotrophic factor (BDNF) secretion (Fritsch et al., 2010; Podda et
al., 2016). How tDCS induces BDNF is still not clear but possibilities include circulation,
microglia, or through adrenergic receptors (Monai & Hirase, 20106). A recent animal investigation
of tDCS-induced synaptic plasticity in sensory regions suggests adrenergic receptors may account
for tDCS-related BNDF processes (Monai et al., 2016). Monai and colleagues demonstrated that

tDCS in mice activates noradrenergic release which in turn enhances astrocytic calcium (Czl2

)

signalling via alpha-1 adrenergic receptors leading to enhanced sensory evoked potentials (Monai

et al., 2016). Astrocytic Ca?" elevation is implicated in information processing (Agulhon et al.,
2008), the integration of information (Volterra, Liaudet, & Savtchouk, 2014), and has been
postulated to promote synaptic plasticity (Hirase, Iwai, Takata, Shinohara, & Mishima, 2014;
Monai & Hirase, 2016). As outlined in Section 1.5.2, a strong rationale for targeting the right PFC
via tDCS in the current thesis is its proposed modulatory role over the right lateralised
noradrenergic system (M. E. Carter et al., 2010b; Chandler et al., 2014; Jodoj et al., 1998;
Robinson & Coyle, 1980b). It is hypothesized that tDCS over right PFC will increase
noradrenergic drive in prefrontal regions, enhance activation in the right lateralised noradrenergic

alerting system and improve aspects of attention.

It has recently been demonstrated that the application of anodal tDCS over right PFC
leads to significant improvements in error awareness in healthy older adults (Harty, Robertson,
Miniussi, Sheehy, Devine, McCreery, & O'Connell, 2014b). This effect was shown to be both
polarity and hemisphere specific, with no improvements observed either for cathodal stimulation
of right PFC or anodal stimulation of left PFC (Fig. 1.7). Error awareness and sustained attention

are closely linked (Harty, O'Connell, & Hester, 2013; McAvinue, O'Keeffe, McMackin, &
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Robertson, 2005; O'Keeffe et al., 2007; Robertson, 2014), thus setting precedent to explore the

effects of right prefrontal tDCS on the sustained attention system in aging.

1) Effects of Anodal tDCS to the Right DLPFC on EAT Performance
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Figure 1.7: tDCS over right PFC temporarily improves online performance monitoring in
older adults. In a series of experiments Harty and colleagues (2014) demonstrated that
tDCS over the right PFC improved online awareness of errors for repeated stimuli in no-
go task. This effect was shown to be hemispheric and polarity specific (Experiment 1 and
Replication Experiment 4), with no improvements observed during stimulation of the left
PFC (Experiment 2), and no changes in performance during cathodal stimulation of the
right PFC (Experiment 3). Figure adapted from Harty et al.

1.6 Overall summary and objectives of thesis

Understanding the neural underpinnings of cognitive reserve will aid our understanding
of how to preserve high levels of cognition in healthy ageing, and remediate cognitive decline in
the face of age-related neuropathology. Two aspects of attentional function that rely on the right
lateralised FPN recently proposed to underpin cognitive reserve (Robertson, 2013; 2014) are
sustained attention and visual processing speed. As outlined in Section 12 and 13, both the
capacity to maintain attention and the rate at which visual information in the environment can be

processed are susceptible to age-related degradation (McAvinue et al., 2005), and are impaired
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following damage to the right FPN (Duncan, Bundesen, Olson, Humphreys, Chavda, & Shibuya,

1999a; Rueckert & Grafman, 1996).

Emerging work suggests that both of these capacities can be improved in ageing through
various interventions (Milewski-Lopez et al., 2014; D. C. Park et al., 2014a; Rebok et al., 2014;
Singh-Curry et al., 2011) supporting animal work suggesting the ageing brain holds preserved
capacity for plasticity processes to remediate cognitive deficits (de Villers-Sidani et al., 2010).
Although never assessed directly, several lines of indirect evidence suggest that the so-called
ventral attention network, encompassing the right fronto-parietal networks, may support
remediation of attention in ageing and following stroke (Berry et al., 2010; Malhotra et al., 2009;
D. C. Park et al., 2014a). Within this network, the right DLPFC holds several unique
characteristics that place it as an ideal target region for interventions aimed at improving
attention. These include dynamic flexible neuronal coding, bidirectional connections with the
locus-coeruleus, and its dramatic capacity for adaptive compensation following stroke (Duncan,

2001; Singewald, 1998; Thulborn et al., 1999; Voytek et al., 2010)

The main aim of this thesis is to explore the potential for the right prefrontal cortex as a
target region for remediating attention deficits in ageing and stroke. The empirical work in this
thesis is divided into two parts. The first part (Empirical Chapter 1 and 2) will combine
electroencephalography (EEG) and computational modelling with tDCS to assess the effects of
increasing neuronal excitability in the right PFC on aspects of attentional function in older adults.
The second part (Empirical Chapter 3 and 4) will investigate the temporal dynamics of sustained
attention deficits occurring with damage to the right hemisphere, and the effects of stimulating

the right prefrontal cortex on sustained attention performance in these patients.

Sustained attention is vulnerable to age-related declines and deficits in this domain are
observed in many age-related pathological conditions (O'Keeffe et al., 2007). The aim of
Empirical Chapter 1 will be to determine to promise of targeting the right prefrontal cortex to

improve sustained attention in ageing.
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There has been no direct assessment of the proposed relationship between the right
hemisphere and cognitive reserve in older adults (Robertson, 2013; 2014). In Empirical Chapter
2, this will be addressed by exploring the relationship between hemisphere asymmetries in visual
attention and cognitive reserve. This chapter will also evaluate the causal contribution of the right

prefrontal cortex to processing speed capacity in ageing.

Though sustained attention deficits are commonly reported following RH damage and
have been shown to interfere with rehabilitation following stroke, the temporal dynamics are not
well understood. Empirical Chapter 3 will assess the capacity to maintain attention in stroke
patients with unilateral damage to the right hemisphere using a temporal attention task that is

sensitive to decrements in attentional engagement (O'Connell, Dockree, Robertson, et al., 2009b).

Finally, despite the substantial sustained attention deficits experienced by patients with
right hemisphere damage, approaches to remediate this capacity have been limited. Empirical
Chapter 4 will assess whether increasing excitability of the right prefrontal cortex can temporarily
ameliorate sustained attention deficits in chronic stroke patients with unilateral right hemisphere

damage.
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Empirical Chapter 1: Right Prefrontal
tDCS Modulates Behavioural and
Electrophysiological Signatures of
Sustained Attention in Older Adults.

1.1 Introduction

As outlined in Section 1.3 the integrity of the sustained attention system is a key
constituent of healthy cognition in aging (Robertson 2014). Deficits in this domain are associated
with negative functional outcomes in both healthy older adults (O'Halloran et al., 2011;
O’Halloran, Finucane, Savva, Robertson, & Kenny, 2013), and patients who have experienced

right hemisphere stroke (Robertson, Ridgeway, Greenfield, & Parr, 1997c).

Behavioural and pharmacological interventions targeting the right lateralised
noradrenergic arousal system have shown promise at increasing sustained attention performance
in healthy ageing (Milewski-Lopez et al., 2014) and stroke (Malhotra et al., 2006; Singh-Curry et
al., 2011). Evidence suggests the right prefrontal cortex plays a top-down modulatory role over
noradrenergic activity (A. R. Carter et al., 2010a; Robinson & Coyle, 1980a; Sturm & Willmes,
2001a). Moreover, within the right-lateralised network supporting the successful maintenance of
endogenous attention (Langner & Eickhoff, 2013b; Rueckert & Grafman, 1996; Singh-Curry &
Husain, 2009), the prefrontal cortex (PFC) has been identified as particularly critical (Lawrence,
Ross, & Hoffmann, 2003; Manly et al., 2003; O'Connor, Robertson, & Levine, 2011; Sturm &

Willmes, 2001a).

Preliminary evidence manipulating prefrontal regions using fMRI neurofeedback and

tDCS has shown sustained attention improvements in young participants (deBettencourt, Cohen,
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Lee, Norman, & Turk-Browne, 2015a; J. T. Nelson, McKinley, Golob, Warm, & Parasuraman,
2014). However, to our knowledge, activity in the prefrontal cortices has never been directly
targeted in older adults to manipulate sustained attention. It therefore remains to be seen whether

plasticity of this region can be harnessed in later life to ameliorate deficits in this capacity.

The current chapter investigates, in two separate experiments, whether the behavioural
and electrophysiological markers of successful sustained attention could be modulated in older
adults by increasing the excitability of the right PFC using tDCS. In the first experiment, a tDCS-
EEG co-registration approach was employed to assess how behavioural task performance and
ERP markers of sustained attention would change during tDCS in an older adult sample who are
cognitively healthy but exhibit relatively low sustained attention capacity. The second experiment
assessed whether the tDCS-related behavioural effects observed in experiment 1 generalize to an
independent sample of healthy older adults, and to a second sustained attention task, free from

response inhibition requirements.

1.2 Material and Methods

Study Outline

Two independent cohorts of older adults (IN=56) were recruited for two separate
experiments. All participants were right handed, had no history of neurological illness and no
personal or family history of seizures, and scored 23 or higher on the cognitive screening tool,
the Montreal Cognitive Assessment (Nasreddine et al., 2005). In experiment 1 tDCS-related
changes were in sustained attention measured using the well-known Sustained Attention to
Response Task (SART). This task correlates with attentional failures occurring in everyday life
(Smilek et al., 2010), and has established electrophysiological markers of successful performance
(Dockree, Kelly, Robertson, Reilly, & Foxe, 2005b; O'Connell, Dockree, Bellgrove, et al., 2009a;
Staub et al., 2015). The second experiment assesses whether the tDCS-related behavioural effects

observed in experiment 1, generalize to an independent sample of healthy older adults. For this
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purpose, performance is assessed on a different sustained attention task, free from any response
inhibition requirements, and known to be particularly sensitive to performance decrements over
short time windows (~3 minutes; the Continuous Temporal Expectancy During both
experiments participants received real and sham tDCS over two sessions in a single-blind
crossover design. The two tDCS sessions were separated by at least a 6-day period to minimize
carryover effects. The order of sham and real tDCS was counterbalanced and randomized across
participants. For both experiments the right PFC was targeted using the F4-Cz tDCS montage
employed by Harty et al. 2014 (see tDCS protocol below). tDCS was always applied during

performance of the tasks and no stimulation was administered during any breaks.

Participants

For Experiment 1, the tDCS-EEG coregistration approach, cognitive healthy older adults
whose sustained attention capacity was relatively low were recruited. For this purpose, 107 older
adults were prescreened using the Montreal Cognitive Assessment (MoCA; Nasreddine et al.,
2005) to screen for cognitive impairment, and the fixed version of the Sustained Attention to
Response Task (SARTY,4; Robertson, Manly, et al. 1997; O’Halloran et al. 2013, see task
description below) to assay sustained attention capacity. A participants’ performance on the task
was classified with reference to normative data (from unpublished observations on 5470 older
adults who participated in The Irish Longitudinal Study of Aging, TILDA), according to their

age, gender, and level of education.

All prescreened participants were ranked based on their normative performance, and
individuals were invited to participate in the tDCS-EEG co-registration study in ascending order
based on these normative sustained attention percentile score (as measured by commission
errors). During the initial testing session, participants who were subsequently included in
Experiment 1 made an average of 5.99 (§D = 3.44) commission errors, with 88.5 % of
participants classified (via the TILDA norms) as performing in the 50" percentile or lower. The

version of the SART used during the initial behavioural testing session was identical to that used

35



for developing the normative TILDA data see (O’Halloran et al. 2013) except that 225 (as

opposed to 223) iterations of the 1-9 sequence were administered.

From the pool of 107 prescreened participants, a total of thirty-two participants were
recruited for Experiment 1. Five of these participants did not return for the second stimulation
session, and one participant was excluded due to difficulty with coordinating timely responses to
stimuli (i.e., 19.25% omission errors, which was less than 3 SD from the mean). The final sample
for Experiment 1 therefore, consisted of 26 participants (7 male; see Table 1.1 for demographic

information).

Experiment 2 was designed to further verify the role of the right prefrontal cortex in
sustained attention in aging by assessing the extent to which the tDCS-related behavioural effects
generalized to an independent sample of older adults and a different sustained attention paradigm
(described below). Twenty-four participants were recruited for this recapitulation experiment.
This cohort was prescreened using the MoCA. This sample were not preselected based on
sustained attention capacity, to assess whether the effects of stimulating the right PFC on
sustained attention generalised older adults with ‘typical’ sustained attention levels. One
participant did not return for the second tDCS session, therefore the final sample consisted of 23

older adults (11 male; see Table 1.1 for demographic information).

Transcranial Direct Current Stimulation (tDCS) Protocol

Stimulation was administered using a battery-driven DC Brain Stimulator Plus
(NeuroConn) with two 5x7cm electrodes, using high-chloride EEG electrode gel (Abralyt HiCl,
EasyCap) as a conducting paste. The anodal electrode was placed over the right frontal cortex
and the reference electrode was placed over the vertex (i.e. areas F4 and Cz, respectively,
according to the 10 —20 international system for EEG electrode placement; see Fig. 1.1B, Fig.
1.2B). The same electrode montage was used for both sham and real stimulation. During real

stimulation, tDCS was administered at ImA continuously during task performance with ramp-
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up/ramp-down periods of 20s, resulting in a current density of 0.02857 mA/cm?2 at the scalp.
During Experiment 1, in order to minimize potential artifacts in the EEG signals at the
beginning of stimulation, the current was administered and allowed to settle for 30 seconds after
the ramp-up period before the task began. The ramp-down began after performance of the task
had finished. There was no stimulation during the rest periods in between the blocks. During
sham stimulation, tDCS was administered at 1mA for 15s at the beginning of each block with
ramp-up/ramp-down periods of 20s. This is a frequently used sham protocol to ensure that the
sensations often experienced with the onset of tDCS (such as a prickling sensation underneath

the electrodes) are analogous across real and sham sessions (Gandiga, Hummel, & Cohen, 2000).
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Figure 1.1: Outline of the task procedure for Experiment 1. A. During both sham and real
tDCS sessions participants underwent interleaved blocks of the SARTY, ., and SART
and the order was counterbalanced across participants. tDCS was delivered for the

random

duration of each task block (8 minutes, 25 seconds) and no tDCS was administered
during the breaks between blocks. B. tDCS was administered during simultaneous EEG
recordings with the anode (in red) placed over 4 and the cathode (blue) over Cz.
Participants received sham and real stimulation separated by a minimum of 6 days. The
same tDCS electrode montage was used for both stimulation sessions.
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Table 1.1: Demographic and Cognitive Characteristics of the Sample.

Education
Age (yrs) MoCA (yrs) PFS 1Q
Experiment 1 (IN=20) 72.42 (5.43) 26.80 (2.28) 13.61 (4.62) 112.83 (7.99)
Experiment 2 (IN=23) 72.70 (5.93) 27.81 (1.63) 15.91 (3.66) 122.86 (3.86)

Noze PFS 1Q) denotes predicted full scale IQ as estimated from the National Adult Reading test
(NART; Nelson, 1982), a measure of premorbid intelligence. MoCA denotes Montreal Cognitive
Assessment (MoCA; Nasreddine et al., 2005), a validated cognitive screening tool. Values denote
mean and standard deviations, M(SD).

Monitoring Sustained Attention Performance during tDCS
Experiment 1
The Sustained Attention to Response Task

During experiment 1 a modified version of the Sustained Attention to Response Task
(SART) was used to monitor performance during tDCS. In this task, a series of single digits from
1 to 9 are presented, and participants were required to make a response to each number (go trials)
with the exception of the number 3 (no-go trial). Longer blocks were administered to participants
during the tDCS sessions with 450 digits presented per block, representing 50 iterations of each 1

to 9 sequence, such that each block lasted 8 min 25 sec in duration (Fig. 1.1A).

Two task blocks comprised of modified version of the fixed SART (SART,.),
administered during the prescreening session to assay sustained attention capacity. In the
SARTY, . numbers were presented in a fixed, predictable order (1 through until 9; see task
description below). Sustained attention is considered the predominant cognitive process
underlying successful performance on the SART} 4 as an individual is required to continuously
maintain intrinsic levels of alertness throughout the repeating, monotonous 1-9 sequence
(Dockree, Kelly, Robertson, & Reilly, 2005a; Manly et al., 2003; O'Connell, Dockree, Robertson,

et al., 2009b). The task also necessitates that an individual successfully withholds their response
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to the critical no-go trial. However, given the critical trial is embedded within the predictable,

repeating sequence, the response inhibition requirements on the SART, 4 are minimal.

Nevertheless, in order to confirm that any behavioural effects of tDCS could be
attributed to changes in sustained attention, and not response inhibition, two blocks of the
SART

were administered to participants. In the SART stimulus characteristics and task

random random>

requirements (withhold for digit 3’) were identical but the numbers were presented in a random
unpredictable order, thus requiring response inhibition to unpredicted, randomly presented
targets. Although sustained attention is required for optimal performance of this task, inhibitory
control processes are considered predominant processes required for successful task performance
on this task (Fassbender et al., 2004; O'Connell, Dockree, Bellgrove, et al., 2009a), e.g., as

evidenced by an N2/P3 complex on the critical no-go trial during the SART,,,,,, which is
enhanced for correct withholds relative to errors, and is completely absent during the SARTY, 4
(O'Connell, Dockree, Bellgrove, et al., 2009a). Participants performed four blocks of the SART
were interleaved and

during each experimental session. Blocks of the SART, . and SART

fixes random

the order was pseudorandomized across participants.

Five randomly assigned digit sizes (as described in (O'Connell, Dockree, and Bellgrove
2009) were used in order to increase the processing demands of the presented number and to
minimize the likelihood that participants would search for some perceptual feature of the target
digit (“3”). Digits were presented above a central yellow fixation cross on a grey background (Fig.
1). The task was programmed and stimuli were delivered using Presentation® software
(Neurobehavioural Systems, Albany, NY, USA). For each trial, the digit was presented for 300
msec followed by an interstimulus interval of 800 msec. Participants were instructed to respond
with a left mouse button press using their right forefinger when each digit (go target) was
presented, with the exception of digit ‘3’ (no-go target). Participants were asked to respond as
quickly and as accurately as possible but were cautioned to wait until the digit appeared on the

screen before responding. The following error awareness component was added to the task:
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Participants were asked to indicate their awareness of commission errors with a right mouse
button press using their right middle finger immediately after committing an aware error. In
order to ensure that all participants fully understood the task requirements, practice trials were
undertaken at the beginning of each session. All participants performed the task until three
successful iterations of the sequence were completed (i.e., the participant clicked for all go-trials
and successfully withheld on each no-go trial). Participants also demonstrated the error awareness

button press.

Three performance measures were calculated to measure the effects of stimulation on the
SART: commission errors, omission errors, and error awareness of commission errors. Any
response occurring 1s after the stimulus onset was excluded from the analysis in order to exclude
anticipatory responses for upcoming stimuli. Given the very low prevalence of omission errors in
both the SART, ., (M=0.3%, §D=0.29) and the SART,, ..., (M=0.59%, §D=0.82), omission
errors were excluded from further analyses. Commission errors were normalized as the
percentage of commission errors divided by the total number of no-go trials as can be seen in
equation 1. Error awareness was calculated as the percentage of commission errors that were
followed by an error awareness click up to 1500ms after the error took place. Evidently error

awareness was not calculated during blocks where ‘0’ commission errors were made.

Outliers were defined in SPSS using the interquartile range (IQR). The interquartile range
is the 3" quartile (75" percentile) minus the 1% quartile (25" percentile). A value was identified as
an outlier if cither of the following conditions were met: if the value was <25" percentile -
1.5¥IQR or if the value was >75" percentile — 1.5¥IQR. These patticipants were then excluded
on the given performance measure from further analyses and the mean and SD were
subsequently recalculated. Given the sensitivity of tDCS to timing parameters, particularly in
older adults (Fertonani, Brambilla, Cotelli, & Miniussi, 2014), and given that elderly participants
have been shown to improve their performance on the SART over longer durations (Staub et al.

2015), the effects of stimulation were investigated per block. Changes in performance during
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stimulation were therefore assessed using repeated measures ANOVAs with “Intervention” (Real
vs. Sham tDCS) and “Time” (Block 1 vs. Block 2) as within subject factors. Significant main and
interaction effects were followed up with simple effects analyses. All statistical analyses were
performed using SPSS Statistics v21.0.0.1 (IBM) and all figures were designed using customized
scripts in MATLAB R2014a 8.3.0.532 (Mathworks, Natick, MA, USA). In all figures, the error

bars indicate the standard error of the mean (s.e.m).

#CommissionErrors 100

(#CommissionErrors + #CorrectWithholds)

Equation 1. Normalized Commission Errors

Simultaneous tDCS-Electroencephalogram (EEG) recordings

During experiment 1, continuous EEG data were acquired during both tDCS sessions,
concurrently with stimulation. The data were acquired using the ActiveTwo system (BioSemi,
The Netherlands) from 53 scalp electrodes, digitized at 512 Hz. EEG data were collected during
all of the task blocks simultaneously with tDCS. Resting state data were also collected pre and
post stimulation and will not be discussed in the current manuscript. A standard 64-channel
system was used but EEG was not recorded from the EEG scalp electrodes that were positioned
at the tDCS electrode locations, i.e., channels C1, Cz, C2, CP1, CPz, CP2 under the cathodal
tDCS electrode, and channels F2, F4, F6, AF4, FC4 under the anodal tDCS electrode (Fig. 1B).
EEG data were discarded for 3 participants on both tasks and for an additional 4 participants on

the SART

random

due to issues during data collection and excessive movement artefacts, resulting in

a total of N=23 and N=19 participants for the SART ,and SART EEG analyses,

random
respectively. Data were analysed using custom scripts and EEGLAB functions (Delorme and
Makeig 2004) in MATLAB. EEG data were re-referenced offline to the average reference using
the average of all available electrodes except electrodes over left prefrontal regions (AF3, F1, F3,
F5 and FC3) which were homologous to the missing right frontal EEG electrodes, and the

corresponding parietal electrodes (CP3, P1, P3, P5, P03, CP4, P2, P4, P6, P04). The data were

high-pass filtered above 0.03 Hz and low-pass filtered below 35 Hz offline using an optimum
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Butterworth infinite impulse response filter. The ‘filtfilthd” function in MATLAB was
implemented to allow for a non-causal zero-phase filtering approach to eliminate any nonlinear

phase distortion associated with using an infinite impulse response filter.

For the ERP analysis, EEG data were segmented into epochs centred on stimulus onset
using windows of -100 to 1100 ms relative to the onset of each digit. The epochs were then
baseline-corrected relative to the 100-ms interval prior to digit onset. Epochs were rejected if the

changes in amplitude of any scalp channel exceeded an absolute value 1001V during the epoch.

A notable strength of using the Sustained Attention to Response Task (SART) to
measure the effects of tDCS is that electrophysiological signatures of successful performance
have been previously established in both younger and older adults (Dockree, Kelly, Robertson,
Reilly, et al. 2005; O'Connell et al. 2009; Staub et al. 2015). Components were therefore selected
based on these prior studies (visual evoked P1, visual evoked N1, frontal P2, and frontal P3). In
order to ensure that the selection of electrodes and time windows for each of these components
was identified orthogonal to the effect of interest (real relative to sham tDCS), grand average
waveforms of the real and sham condition were combined, and collapsed across go and no-go

trials.

The electrode with the greatest peak amplitude for each of the components of interest
was identified from these grand average waveforms. For the visual evoked components (P1 and
N1) the peak amplitudes over a right parieto-occipital scalp region, electrode P08, 6.52uV and -
0.39uV, respectively. The P1 component peak amplitude was identified at 96 ms, which is within
the time-window of previous literature investigating this ERP in ageing (De Sanctis et al. 2008;
Zanto et al. 2011; Daffner et al. 2013). The N1 component peak was identified at 150ms, also in
line with previous work on the N1 in ageing (De Sanctis et al. 2008; Daffner et al. 2013; Wiegand
et al. 2014). Mean amplitude values for the P1 and N1 components were calculated over a 50ms
window, centered on the peak amplitude of interest (i.e., from 71-121ms for P1 and 125-175ms

for the N1). The frontal P2 peak amplitude was identified at 158ms (4.14uV), which is within the
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time-window previously reported for this component in older adults performing the SART
(Staub et al. 2015). Mean amplitude values for the fP2 were calculated over a 50ms window,
centred on this peak (1.1., 133-183ms). For the P1, N1 and fP2, electrode selection was
performed using the SART}, ., the task of predominant interest for this study. The fP3, however,

was identified using the SART as previous work has shown that this common marker of

random >

response inhibition (Bekker et al. 2005) is crucial to performance in the SART and of

random
minimal relevance to the SART ., (Dockree, Kelly, Robertson, Reilly, et al. 2005; O'Connell et al.
2009). Again, this component was selected using the grand average waveforms of real and sham

combined, collapsed over go and no-go trials. The fP3 component peak was at 488 ms (5.14uV),

and the component was measured over a 100ms window (438-538ms), centred on this peak.

ERPs were computed separately for Go-trials (digits 1, 2, 4, 5, 6, 7, 8, 9) and for the No-
Go trials (digit 3°). Only No-Go trials for which responses were correctly withheld by the elderly
were included in the analysis. Outliers were defined as described for the al performance measures

above. Separate repeated measures ANOVAs were calculated for the SART}, and the

fixe

SART

random

with Intervention (Real vs Sham tDCS) and Trial Type (Go Trials vs No-go Trials) as
within subject factors. To identify sources of significant main and interaction effects, follow-up
ANOVAs were calculated where appropriate. In the text the reported mean values are followed

by standard error (i.e., M £ SE).

Experiment 2
The Continuous Temporal Expectancy Task

During experiment 2, the Continuous Temporal Expectancy Task (O'Connell, Dockree,
Robertson, et al. 2009) was employed to measure sustained attention. This is a temporal
judgment task designed to elicit frequent lapses in attention. For example, O’ Connell et al.
reported average accuracy levels of 64% (§D=15, range 37-85). In this task, a patterned stimulus
was presented centrally and was constantly rotated at 90° angles (see Fig. 1.2). In the ‘standard’

trials (~90% of trials) the stimuli were presented for a temporal duration of 690 ms. The
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participant’s task was to identify the infrequent ‘target’ trials by a button press using their right
index finger, where the stimulus was presented for a longer temporal duration (1020 ms) as
compared to the standard trials. In contrast to the SART here target detection was indicated by a
button press, thus eliminating any response inhibition requirement. The CTET was designed
such that these temporal judgments were perceptually undemanding for participants but
challenging when asked to continuously perform the judgments over longer periods of time; thus
all participants were required to demonstrate 100% accuracy during an initial practice trial before
advancing to the experimental blocks. For the practice block, three targets were randomly
interspersed among 25 standard stimuli. Target stimuli were presented at the target duration of
1020 ms, i.e., 330 ms /47.83% longer than standard trials. If participants missed one or more
target stimuli, the practice was performed again. All participants demonstrated 100% accuracy on
two consecutive trials before commencing the experimental blocks. The pattern stimulus
consisted of a single 8 cm large square divided into a 10 x 10 grid of identical square tiles (0.8
mm %), each one diagonally split into black and white halves. The tile orientation shifted by 90° in
a random direction (clockwise or counter- clockwise) on each frame change yielding four distinct
patterns. All stimuli were presented on a grey background. Stimuli were pseudo-randomly
presented such that there were between 7 and 15 (average of 11) standard trials between each
target presentation. A target response was accepted if the participant responded up to 2070ms
(the length of three standard trials) post target onset. Participants completed 5 blocks of the task
and were given a rest break in between each block. Each block consisted of 225 stimulus
rotations with a total duration of approximately 3 min and 5 s. The number of targets varied
between 18 and 22 per block. Following tDCS, participants performed three blocks of the error
awareness task which won’t be discussed in the current thesis. Pupil diameter was recorded

during all tasks and was not analysed for the current thesis.
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Figure 1.2: Outline of the continuous temporal expectancy task and the tDCS procedure
for Experiment 2. A. During both sham and real tDCS sessions participants underwent
5 blocks of CTET. B. tDCS was delivered for the duration of each task block
(approximately 3 minutes, 5 seconds) and no tDCS was administered during the break
periods between blocks. The anodal electrode (in red) was placed over F4 and the
cathode (blue) over Cz. There were no simultaneous tDCS-EEG recordings during
Experiment 2. Participants received sham and real stimulation separated by a minimum of
6 days. The same tDCS electrode montage was used for both stimulation sessions.

Sustained attention changes occurring during tDCS were assessed via accuracy (%o
correctly identified targets) on the CTET. For three participants there were technical difficulties
recording data for one of the task blocks. For these participants, performance was calculated on
the average of the remaining four blocks and to facilitate the analysis within and across blocks,
the value for the missing block was filled in with the average of the other four blocks for that
participant, for the session in question. Outliers were defined on a per-block basis, as described
above. Changes in performance during stimulation were assessed using repeated measures
ANOVAs with “Stimulation” (Active vs. Sham tDCS) “Block” (across the five task blocks), and
“Quartile” (each block sub-divided into four quarters) as within subject factors. Significant main
and interaction effects were followed up with simple effects analyses. Greenhouse-geisser
corrected degrees of freedom are reported in cases where the assumption of sphericity was

violated. All statistical analyses were performed using SPSS Statistics v21.0.0.1 (IBM) and all
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figures were designed using customized scripts in MATLAB R2014a 8.3.0.532 (Mathworks,

Natick, MA, USA). In all figures, the error bars indicate the standard error of the mean (s.e.m).
1.3 Results

Experiment 1: Behavioural Performance changes during tDCS (SART)
Commission Errors (SARTixeq)

Consistent with our hypothesis that right PFC would constitute a viable target for
modulating sustained attention in aging there was a main effect of Intervention (F,,,=5.1,
p=.035, 77PZ: 0.2, Fig. 1.3A) on commission errors. Specifically, significantly fewer commission
errors were made during the SART}, during real (M=4.06% SD = 3.36), compared to, sham
stimulation (M=6.20% SD= 4.24). There was a trend towards a main effect of Time on the
SART, 4 (F)5,=4.00, p=.06, 77p2: .16), such that regardless of stimulation less errors were made
during block 2 (M=4.47%, §D = 2.56) as compared with block 1 (M=5.79%, SD = 4.19). There
was no interaction between Intervention and Time for commission errors during either the

SART ., (Fpo= .82, p=.38).
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Figure 1.3: The effect of right PFC tDCS during the SART,, ., SART, ;om, and CTET. For
clarity, the CTET Accuracy results were visualized here as the % missed targets (100-%
accuracy); thus for all tasks higher values on the y-axis denote worse performance (i.e.,
less accurate). Stimulation over the right prefrontal cortex reduces commission errors
during the SART}, 4 (A), reduces the amount of missed targets on the CTET (C) , and
does not alter accuracy during the SART,, ., (B). Noze. * denotes p=0.05, ‘ns’ denotes no
significant difference between real and sham stimulation. Circular markers in the boxplots
represent the median values.
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Error Awareness (SARTixed)

There was no main effect of Intervention (sham M=51.25, §D=36.59; real M=46.92,
SD=30.1), Time, or any interaction effect on Error Awareness during the SART 4 (all F, ;< .5,
»>.5). Note that the high accuracy levels of the SART, resulted in only 12 participants having

sufficient error trials for inclusion in this error awareness calculation.

Commission Errors (SART random)
In contrast to the SARTY, 4, tDCS did not reduce the percentage of commission errors

during the SART F) 5=.02, p=.88, Fig 1.3B; sham M= 20.27%, §D= 9.89; real M= 20.50%,

random (

SD= 10.35). There was a main effect of Time on the SART whereby the percentage of

random>
commission errors made during block 2 (M=18.91% 5D = 10.25) was less than during block 1
(M=21.86% SD=9.71; F, ,;=4.43, p< .05, 77p2: 0.15). There was no interaction between

Intervention and Time for commission errors during the SART,, 4, (F,5=.07, p=0.8).
Error Awareness (SART andom)

There was no main effect of Intervention (sham M=41.69, §D=3.65; real M=41.80,

SD=3.34), Time, or any interaction effect on Error Awareness during the SART (all F, <

random

29,p>.1).
Experiment 1: Modulation of ERP components during tDCS

The visual-evoked occipital P1 component

The P1 component is an early visual-evoked positivity, sensitive to manipulations of
attention (Hillyard and Anllo-Vento 1998; O'Connell et al. 2011). There was no effect of
Intervention (F,,, = 1.7, p = .21), or Trial Type (F,,, = 1.27, p = 0.27) on the P1 amplitude during
the SART,, 4 (Fig. 1.4 A and B; see Table 1.2 for ERP summary). There was, however, an
interaction between Intervention and Trial Type (F,,,=8.48 , p =.008, qp2:.29). During sham
stimulation, there was no difference in P1 amplitude between no-go (3.68 uV * .49) and go trials

(3.9 uV £ .51; F) 5= 1.06, p =.32). During real stimulation, the P1 showed a significantly lower
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amplitude for no-go (3.04uV £ .65) reative to go trials (3.66 uV * .54; F,,,=6.32, p=.02, 77p2:

23).

During the SART there was no effect of Intervention (F, ,;=2.3, p > .14), Trial Type

random

(Fi16= 0, p=.99), or any interaction effect (F, (< .83, p > .37) on the P1 amplitude (Fig. 1.4 C

and D; see Table 1.2 for ERP summary).
The visual-evoked occipital NT component

The N1 component is an early visual-evoked negativity involved in discrimination of
object features (Vogel and Luck 2000). TDCS was associated with a notably enhanced N1
amplitude during the SART},, as evidenced by the main effect of Intervention (F, ,,=8.07, p
=.01, /7PZZO.29), such that the average N1 amplitude was -4.82uV (£ .60) during real stimulation
as compared with -3.6uV (£ .6) during sham stimulation (Fig. 1.4 A and B). There was a main
effect of Trial Type (F) ,,=9.94, p=.005, 77p2:.33), with stronger N1 amplitudes for no-go (-4.71
uV £ .61) relative to go trials (-3.71 uV* .61). There was no interactions term for the N1

component during the SART, 4 (F, < 2.5, p>.12).

During the SART there was no difference in N1 amplitude during tDCS as signified

random
by no main effect of Intervention (F,,, = .64, p = .44; Fig. 1.4C). Stronger mean N1 amplitude
was noted for no-go (-5.67uV £ .64) compared to go trials (-4.05uV £ .78) during the random
version of the task, as illustrated by a main effect of Trial Type (F,,,= 33.26, p < .0005, 7,’= .7).

random

There was interaction term for the amplitude of N1 during the SART (Fi,,<.07, p>.78).
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Figure 1.4: The effect of tDCS on the visual evoked P1 and N1 components during the
SART;,q (A) and the SART,, ;... (B). ERP plots (left) illustrating the effect of
stimulation at electrode P08, and scalp plots (right) showing the topography of the
components of interest (P1, 71-121ms; N1 125-175ms) during sham stimulation
(collapsed across go and no-go trials).

The frontal P2 (P2f) component



The frontal P2 (fP2) component is a frontal positivity, proposed to contribute to greater
allocation of attentional resources during performance of the SART in older adults (Staub et al.
2014; Staub et al. 2015). During performance of the SART{, ., an enhanced P2f amplitude was
observed during real (3.85uV % .40) versus sham tDCS (2.9uV £ .45; Fig. 1.5 A and B) as
evidenced by the main effect of Intervention (F,, = 5.1, p=.035, /7p2:.2). There was no main
effect of Trial Type (F,,, = .09, p=.77) or any interaction between Trial Type and Intervention on

the SART, (all F, ,,< .58, p>.45.

There was no main effect of Intervention during the SART, .., (F 4= 3.72, p = .07; Fig.
1.5 C and D). There was no main effect of Trial Type (F, ;= 3.14, p = 0.1), or any interaction

term during the SART Fs<.04, p>.8).
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Figure 1.5: The effect of tDCS on the frontal P2 component during the SART,, ., (A) and
the SART,, 4. (B). ERP plots (left) illustrating the effect of stimulation on the P2
component at electrode Fz, and scalp plots (right) showing the topography of the frontal
P2 (fP2; 133-183ms) during sham stimulation (collapsed across go and no-go trials

The frontal P3 (P3f) component

The frontal P3 (fP3) component is a frontal positivity with established links to response
inhibition processes (Bekker et al. 2005; Dockree, Kelly, Robertson, and Reilly 2005; O'Connell
et al. 2009). There was no effect of Intervention (F,,= 1.66, p = .21) on the fP3 during the
SARTY, 4 (Fig. 1.6 A and B). There was a main effect of Trial Type (F), 5= 9.66, p =.005, 77p2:.32),
with greater fP3 amplitudes for go (2.44uV * .73) relative to no-go (.73uV £.58) trials. There was
no interaction term (F, 5, < .44, p > .51) on the mean amplitude between 438 ms to 538 (Fig. 1.6

A).

The frontal P3 (P3f) component during the SART

random

random

The fP3 was not modulated by tDCS during the SART as evidenced by a main effect
of Intervention (F, ;= 2.38, p = .14, 77p2: .13; Fig. 1.6 B and C). In direct contrast to the

SARTY,.4, a main effect of Trial Type (F;,= 10.61, p = .005, 77p2: 4) demonstrated that
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enhanced fP3 amplitudes were elicited for no-go (6.62uV £ 1.08) versus go trials (3.36uV * .67)

during performance of the SART There was no interaction effect (F, ,,< .02, p > .88).
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Figure 1.6: The effect of tDCS on the frontal P3 component during the SART ., (A) and
the SART,, 4. (B). ERP plots (left) illustrating the effect of stimulation on the frontal
P3 (tP3) component at electrode FCz, and scalp plots (right) showing the topography of
the P2 (133-183ms) during sham stimulation (collapsed across go and no-go trials).

Table 1.2: Summary of ERPs.
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ERP Selected Time Window Effect of Intervention

bonent Region (ms)
compone s
p (electrode) (p value)
SARTﬁxed SARTrandom

1 Occipo-parietal . ), ok X

(P08)

Occipito-
N parictal (P08) o1
P2f Frontal (Fz) 1133 - 183 * x
pag Fronto-central 438 _ 538 2 %

(FCz)

Note **p=0.001, ** p=0.01, *p=0.05, X p>0.055. a. Modulation of the visual-evoked P1
component during the SART,_, is specific to the No-Go trial (i.e., a significant interaction exists
between Trial Type and Stimulation).

Experiment 2: Behavioural Performance changes during tDCS (CTET)

The rate of false alarms was low during the CTET (M= 2.64 %, D = 1.99, range = 1-
9%) indicating that all participants were performing above chance level. A main effect of
Stimulation (F), ,,=4.67., p=.043,, 77p2:.19; Fig. 1.3C), indicated that accuracy was significantly
higher during active (M=91.4 %, §D=7.36), compared with sham, stimulation (M = 86.45%,
SD=10.43). A main effect of Quartile demonstrated that regardless of stimulation, accuracy
levels decreased within each block (F;4,=06.51, p=.001, 77p2: .25) as evidenced by the significant
linear contrast (F,,,=10.76, p=.004, 77p2:.350). More specifically the older adults showed a
significant drop in accuracy between the first and second (F, ,,=6.49, p=.01, /7p2:.25), second and
third (F,,,=7.22, p=.014, 7,°=.27), third and fourth (F),,=,11.12, p=.003, 7,’=.36) quarters of the
task blocks. A main effect of Block indicated that accuracy levels also changed significantly across
the five task blocks (F,4,=5.61, p=.005, 77p2: .22). This effect was best fit to a cubic contrast
(F,5=9.86, p=.005, 77p2:.33); a significant decrease in accuracy was noted between the first task

block and blocks 2 (F, ,=9.53, p=.006, 7,°=.32), 3 (F, ,,=10.34, p=.004, 5,’=.34), 5 (F,,,=,7.63,
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p=.01, 77p2:.28) but not block 4 (F, ,,=1.88, p=.19, qp22.09). There were no significant interaction

terms (all p>.07).

1.4 Discussion

This study showed in two independent cohorts using two very different task paradigms
that increasing activity in the right PFC improves sustained attention performance in older adults.
Of particular interest, simultaneous tDCS-EEG recordings revealed showed that these
behavioural improvements were supported by an increased visual evoked N1 component over
parieto-occipital scalp regions, as well as an enhanced frontally distributed P2f. These findings
suggest that tDCS induced an adaptive increase in attention and stimulus processing resources,

and may reflect early frontal engagement in concert with greater deployment of visual attention.

The visual evoked N1 is important for early visual attention processes and has been
associated with the discrimination of high level visual object features (Vogel & Luck, 2000).
Greater visual evoked neural responses are typically considered an adaptive compensatory
strategy of cognitively healthy older adults (Daffner et al., 2006; De Sanctis et al., 2008; Wiegand
et al., 2014) with emerging evidence to suggest that these signals may be driven by prefrontal
inputs in the aging brain (J. R. Gilbert & Moran, 2016). It has previously been shown that early
visual evoked responses in older adults are malleable in nature using al training, for example using
visual discrimination paradigms (Berry et al., 2010; Mishra et al., 2014). The results presented in
this chapter complement these earlier findings and show that early markers of visual attention can

also be potentiated via top-down control from the prefrontal cortex.

tDCS was associated with a reduced amplitude of the temporally earlier visual-evoked P1
component, exclusively during the predictable no-go trials on the SART}, .. The P1 is particularly
sensitive to color, motion and manipulations of spatial attention (Hillyard & Anllo-Vento, 1998;
C. E. Miller, Shapiro, & Luck, 2015; O'Connell, Schneider, Hester, Mattingley, & Bellgrove, 2011;

Zanto et al., 2011; Zhang & Luck, 2009). Some evidence suggests that a decrease in the amplitude
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of early visual attention components may represent the sharpening of tuning curves, reflected by
a decrease in EEG signals (e.g., Ding et al. 2003). Why tDCS exerts differential effects of the
visual P1 and N1 components is not clear. Further work will be necessary to understand the
unique effects of top down modulation from prefrontal regions on the distinct stages of early

visual processing.

The efficiency of the visual attention system is compromised with age (Salthouse 1996) and
certain aspects of visual attention, such as the speed at which older adults can process visual
information, are increasingly considered biomarkers of cognitive decline (Ritchie et al. 2014).
Whether increasing activity in the right PFC is associated with improvements in visual attention
capacity in older adults warrants investigation, as this would provide important information to

inform neurorehabilitation protocols.

A frontally distributed P2f was observed in the current study during tDCS. Stronger P2f
amplitudes during performance of the SART have been previously seen in older adults and have
been interpreted as greater mobilization of top-down attentional resources (Staub et al., 2014;
2015). Frontal regions are connected to visual occipital regions through long association white
matter pathways in the frontoparietal attentional networks (Chechlacz et al., 2015; Marshall et al.,
2015). Recent modelling work suggests that ageing is associated with an increase in prefrontal
inputs which in turn drive stimulus-evoked EEG signals emanating from visual regions (J. R.
Gilbert & Moran, 2016). Here, during tDCS over the prefrontal cortex, an adaptive increase in
early frontal activity in conjunction with enhanced early visual evoked responses was observed,
thus supporting Gilbert and Moran’s proposal that a functional pathway exists to support this

top-down modulatory effect from prefrontal regions.

The current chapter supports previous behavioural and neurophysiological evidence

regarding a distinct role of response inhibition for successful performance of the SART and

random
not the SARTY, 4 (Dockree et al., 2005a; O'Connell, Dockree, Bellgrove, et al., 2009a) Previous
work has shown that during response inhibition tasks with repeated stimulus-response mappings
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(as in a go/no-go paradigm like the SART), a shift towards bottom-up automated inhibition
processes is progressively observed while top down modulation from frontal control regions is
gradually decreased (Shiffrin & Schneider, 1977; Verbruggen & Logan, 2008). Consistent with the
automatic-inhibition hypothesis (Shiffrin & Schneider, 1977; Verbruggen & Logan, 2008)
whereby automatic processes develop over practice, in the current cohort of older adults’

performance on the SART was significantly better during the second block relative to the

random

first block, regardless of stimulation. Further evidence that response inhibition processes are

predominating during performance of the SART is the highly prevalent frontally distributed

random
P3 component that has been conceptualized by many as a marker of effective response inhibition
(e.g., Bekker, Kenemans, Hoeksma, Talsma, & Verbaten, 2005). In line with previous ERP
investigations of the SART, this was more pronounced during no-go relative to go trials.
(O'Connell, Dockree, and Bellgrove 2009) In support of different mechanisms performing the
two version of the SART, during performance of the SART_,, a more pronounced fP3 was
observed for go relative to no-go trials. Older adults have been previously noted to exhibit
stronger P3 amplitudes to non-targets on the SART (Staub et al. 2015), relative to younger

controls, which the authors interpret as the implementation of controlled, effortful processing by

older adults, irrespective of stimulus type.

In the current study, tDCS targeting the right DLPFC reduced the number of attentional
lapses on the two tasks (SARTj, 4 and CTET), which heavily rely on the capacity for sustained

attention. In contrast, lapses on the SART was not altered by tDCS, and tDCS did not

random
enhance any of the electrophysiological signals of interest. Manuel and colleagues (2010) have
shown that training related improvements in response inhibition during a go/no-go task are

marked by early electrophysiological changes in sensory processing, specific to the no-go trial,
suggesting a bottom up enhancement of response inhibition processes with training (Manuel,

Grivel, Bernasconi, Murray, & Spierer, 2010). Neuromodulation of regions of the so-called

cognitive control network (Aron, Behrens, Smith, Frank, & Poldrack, 2007; Chambers, Garavan,
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& Bellgrove, 2009) involved in stopping a motor response (e.g., inferior frontal cortex or the pre-

SMA) might be employed to enhance processes of response inhibition at play during SART

random*

Conclusions & Future Directions

This chapter demonstrated that tDCS targeting the right dorsolateral prefrontal cortex in older
adults enhanced neural markers of frontal control and early sensory processing and improved to
sustained attention. These findings suggest the right DLPFC is a viable target area to mitigate
age-related decrements in sustained attention. Improvements in sustained attention were
observed in older adults who presented with suboptimal attention performance, relative to
normative data based on over 5000 individuals. The current findings therefore place the right
prefrontal cortex as a promising target region to improve sustained attention in clinical
populations whose capacity for sustained attention is compromised (e.g., following right

hemisphere stroke (Robertson et al. 1997).
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Empirical Chapter 2: Plasticity of the
Right-Lateralised Cognitive Reserve
Network in Ageing.

2.1 Introduction

Empirical Chapter 1 demonstrated that tDCS targeting the right dorsolateral prefrontal
cortex in older adults temporarily improved sustained attention. Of particular interest, strong
amplitude modulation of EEG markers of top-down frontal control and eatly visual attention
processes over occipito-parietal scalp regions was observed, elucidating a potential mechanisms
for improvements via long-range frontoparietal pathways that connect fronto-parietal and
occipital regions (Chechlacz et al., 2015; Marshall et al., 2015). Empirical Chapter 2 will assess

whether this tDCS protocol can be employed to enhance behavioural aspects of visual attention.

It is well-established that hemisphere asymmetries observed in younger adults during many
cognitive operations, including visual attention, become more balanced with age, particularly
within the prefrontal cortex (PFC; Cabeza, 2002a; 2004; Reuter-Lorenz, Jonides, & Smith, 2000).
However, it is still unclear whether this pattern is due to a more bilateralised activation of the two
hemispheres (Cabeza, 2002b), or a more pronounced unilateral decline of the right hemisphere (J.
W. Brown & Jaffe, 1975). The functional implications of hemisphere asymmetries may be better
understood by taking inter-individual differences in cognitive reserve into account. Specifically,
changes in hemispheric asymmetries reported in previous studies may, at least partly, result from
stronger activation of the right FPN in older adults with higher levels of cognitive reserve (Fig.

12).
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A hallmark of ageing, closely related to functional and structural changes of the FPN, is a
decline in visual attention capacity (Kerchner et al., 2012; Madden et al., 2007). Of interest is the
speed at which visual information is processed. This is associated with functional impairments
experienced by older adults in everyday life (Wood & Owsley, 2014), and is increasingly
considered a promising biomarker for cognitive decline (Ritchie et al., 2014). Furthermore, visual
short-term storage capacity, the amount of information that can be perceived at one moment in
time and will be available for conscious processing, decreases with age (Espeseth, Vangkilde,

Petersen, Dyrholm, & Westlye, 2014; McAvinue et al., 2005).

As with many cognitive processes, visual attention capacity does not decline at the same
rate, even in healthy aging (e.g. McAvinue et al., 2012; Wiegand et al., 2014). Accumulating
evidence suggests that individuals brains’ differ in their potential to compensate for a reduced
capacity of early sensory regions to process visual information by increasing recruitment of

prefrontal areas (Cabeza, 2004; Davis et al., 2008).

The Theory of Visual Attention (TVA, Bundesen, 1990) is a formal model that provides a
method to measure these two core components of visual attention as two mathematically
independent parameters processing speed C and storage capacity K. In line with the “biased
competition” view of visual attention (Desimone & Duncan, 1995), TVA assumes that presented
items are processed in parallel and compete for selection, which in this case equals conscious
representation. Visual objects are processed in a “race”, with those items processed most quickly
entering the capacity-limited short-term memory. The two parameters can be quantified for an
individual based on performance in a simple psychophysical task. Specifically, using a lateralised
whole-report paradigm (Duncan et al., 1999), processing speed C and storage capacity K can be

computed separately for the left and right visual hemifields.

Recent work combining electrophysiological recordings with the parametric assessment
of visual attention based on the TVA (Bundesen, 1990) in ageing has shown differential
involvement of the FPN in older adults with high visual processing speed and high storage
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capacity, relative to their lower performing peers (Wiegand et al., 2014). Whether the right FPN
can be targeted to increase parameters of visual attention capacity in ageing, and whether the

visual attention system is mediated by cognitive reserve remains unexplored.

TVA has been used to quantify visual attention decline in healthy aging (Espeseth et al.,
2014; McAvinue et al., 2012) as well as under pathological conditions (Bublak et al., 2011; Bublak,
Redel, & Finke, 20006). The TVA framework provides several distinct advantages when assessing
visual attention capacity in ageing. Firstly, processing speed and storage capacity are quantified
within a highly specified framework (Duncan, Bundesen, Olson, Humphreys, Chavda, & Shibuya,
1999b) with a tractable biological basis (Bundesen, Habekost, & Kyllingsbak, 2005; 2011).
Secondly, the TVA assessment is based purely on the accuracy of a verbal report, thus unbiased
by age-related motor slowing. Finally, the use of short, individualised, exposure durations of the
visual stimuli presented to participants during testing, minimises the likelihood of task difficulty
(due to individual differences in perceptual thresholds) or task strategy affecting the

measurements of visual attention capacity.

The current chapter utilises TVA to investigate the relationship between distinct
functions of visual attention capacity, hemisphere asymmetries, and cognitive reserve in ageing.
The mathematically independent parameters processing speed C, and storage capacity K were
measured for each individual based on performance in a lateralised whole-report paradigm
(Duncan, Bundesen, Olson, Humphreys, Chavda, & Shibuya, 1999b), which permits C and K to
be computed separately for the left and right visual hemifields. Given that visual input elicits
strongest activity in the contralateral cortical hemisphere (Heinze et al., 1994; Mangun,
Buonocore, Girelli, & Jha, 1998; Schiffer et al., 2004), this approach provides a psychophysical

measure of hemisphere asymmetries in visual attention in ageing.

A question of pressing interest is whether the networks underpinning cognitive reserve
show plasticity in older adults, so that reserve may be cultivated later in life. To test this,
transcranial Direct Current Stimulation (tDCS) was employed during the whole report task, to
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increase neuronal excitability in a causal manner. The right lateralised FPN was targeted to
explore (a) whether plasticity of the right FPN can be harnessed in ageing to enhance visual
attention and (b) whether this plasticity is related to individuals’ levels of cognitive reserve. This
was explored separately for processing speed C and storage capacity K, to test whether the
mechanisms in the FPN underlying these two functions could be targeted, separately, supporting

the distinctiveness of these two aspects of visual attention in ageing.

2.2 Materials and Methods

Participants

A total of 31 older adults aged between 65 and 85 (M = 71.55, §D=5.43) completed the
current study. All participants were right handed, had no history of neurological illness and no
personal or family history of seizures. This study was approved by the Trinity College Dublin

School of Psychology Ethics Committee, and written consent was obtained prior to the study.

Study Procedure

Participants in the study attended four testing sessions. During the initial test session
participants were screened for cognitive impairment using the Montreal Cognitive Assessment
(MoCA), and a neuropsychological battery and cognitive reserve assessment were administered
(described below). All participants were familiarized with the TVA task during this first session,
and individual exposure durations were identified by a calibration procedure (described below).
This was to ensure that each individual’s exposure duration spanned from close to their
perceptual thresholds to a duration that allowed the participant enough time to reach their full
storage capacity, thereby allowing for accurate modelling of the TVA parameters. Following this
session, all cognitive healthy older adults (scoring > 23 on the MoCA) were invited to attend
three TVA-tDCS sessions, where they received right prefrontal, right parietal, and sham

stimulation in a pseudo-random, counter-balanced order.

The Theory of Visual Attention (TVA)
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TVA whole report task

In each of the three TVA-tDCS sessions, participants completed a TVA whole report
experiment divided into 10 blocks, each lasting approximately 3 min (Fig. 2.1). The task was to
verbally report as many letters as possible from a briefly presented letter array. In masked trials,
the display was terminated by pattern masks presented for 900 ms on all possible stimulus
positions. In unmasked trials, a blank screen with the fixation dot was presented instead. A
question mark then appeared on the screen, which indicated to the participants to verbally report
the letters seen. The letters could be reported in any order and without any emphasis on speed,

and were entered by the experimenter.

Trial

?

Lmm

1510 - 1760 ms individual varying  g9og ms 3000 ms
exposure duration

before block feedback

|
I
|
attend left I
|
|
|
! after block

v

Figure 2.1: TVA whole report task. Experimental procedures used for TVA parameter
assessment. Four equidistant letters arranged in a half circle were presented in red, on the
left or right side of the display and 5 isoluminant scrambled filler blue letters were always
presented in the opposite hemifield. Participants were informed before the beginning of
the blocks whether the letters would appear to the right or left. Letters were presented at
5 different individually adapted exposure durations. Feedback was presented visually after
each block, and participants were advised to maintain accuracy levels between 80 and
90%, which was visualized as a central green ball in a coloured bar; performance below
and above this range was visualized as a yellow ball below and above the centre of the
bar, respectively.

Participants were sitting in a comfortable chair with a distance of 47cm to the screen. The
experiment was run on a HP Compaq dc5750 Microtower computer with a 100Hz refresh rate.
The stimuli were arranged in a circle around a fixation dot. Participants were instructed to fixate
the dot throughout the whole trial. On each trial, four red letters (Arial font bold) were presented
briefly either on the left or right side of a fixation dot. The letters of a given trial were randomly

chosen, without replacement, from a pre-specified set (ABDEFGHJKLMNOPRSTVXZ). Four
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isoluminant scrambled filler blue letters were always presented in the opposite hemifield in order

to balance sensory stimulation in the two hemifields.

At the beginning of each block, participants were informed about whether letters would
be presented in the left or right hemifield. The side on which the letters were presented was
constant within one block and systematically alternated between blocks (see (Cooreman,
Wiegand, Petersen, Vangkilde, & Bundesen, 2015)). Participants were instructed to report letters
they were “fairly certain” to have seen and refrain from pure guessing. To control for the level of
guessing, feedback was displayed after each block showing the accuracy of the reported letters
(i.e. the percentage of correct answers out of all given answers) and participants were advised to

adhere to a level of 80-90% correctly reported letters.

Both masked and unmasked letter displays were presented, resulting in seven different
effective exposure durations, which were individually determined in a pre-test (see below). Owing
to visual persistence, exposure durations are effectively prolonged in unmasked- compared to
masked-array conditions (Spetling, 1960). The variation in exposure durations was intended to
generate a broad range of performance, specifying the whole probability distribution of the
number of correctly reported elements as a function of the effective exposure duration. The
whole report experiment contained 15 trials of each condition (5 masked and 2 unmasked display
conditions for both left and right hemifields), resulting in a total amount of 210 trials. Conditions
were balanced across blocks and each subject was presented with the same displays in random

order, balanced across blocks.

During the initial testing session, participants performed a pre-test to familiarize them
with the task and determine the individual distribution of exposure durations. Four practice
blocks consisting of 12 trials each were run. As in the experiment, blocks with letters presented in
the left and right hemifield alternated. In the practice blocks, three trial types were randomly
intermixed: Two “easy” practice trial types with relatively long exposure durations (one 250 ms

masked display, and one 200 ms unmasked display) and a calibration trial type to determine the
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individual lowest exposure duration. Calibration trials always had masked displays and constituted
2/3 of the trials (32 trials) in the practice session. The initial exposure duration of the calibration
trials was set to 100 ms. When the participant reported one or more letter correctly in a pair of
calibration trials, the exposure duration was lowered 10 ms. If no letter was reported correctly in
a pair of calibration trials and an adjustment of exposure duration was just made on the basis of
the previous pair of calibration trials, the exposure duration remained. If no letter was reported
correctly in a pair of calibration trials and no adjustment of exposure duration was just made on
the basis of the previous pair of calibration trials, the exposure duration was increased for 10 ms.
The final lowest exposure duration for both masked and unmasked displays was chosen 10 ms
lower than the lowest exposure durations determined in the calibration procedure. The final
lowest exposure duration could not be less than 10 ms or higher than 200 ms. The long exposure
duration for the unmasked displays was always 200 ms. The remaining four exposure durations
for the masked displays were chosen such that they were equally spaced on a logarithmic scale
starting from the final lowest exposure duration to a maximal exposure duration of 190 ms + the
final lowest exposure duration. (e.g., if the final lowest exposure duration was found to be 10 ms
then 10, 20, 40, 90 and 200 ms were used as exposure duration for the masked displays, whereas

10 and 200 ms were used for the unmasked displays).

TVA parameter estimation

Individual parameter estimates for the left and right hemifield were derived separately by
using a maximum likelihood procedure described in detail by (Dyrholm, Kyllingsbak, Espeseth,
& Bundesen, 2011). Based on the basic equations of TVA (see (Bundesen, 1990; Bundesen et al.,
2005; Kyllingsbzek, 20006) a participant’s accuracy of letter report was modeled by an exponential
growth function as function of the effective exposure duration (Fig. 2.2). The function is defined
by four parameters: (1) parameter C, the visual processing speed (elements processed per

second); (2) parameter K, the storage capacity (maximum number of elements in vSTM); (3)
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parameter #, the minimal effective exposure duration (in ms), below which information uptake
from the display is assumed to be zero; and (4) parameter y, the persistence of the iconic memory
trace (in ms) in unmasked conditions. The model fitted to the data from each hemifield had 6
degrees of freedom (df): K, 3 df (the K value reported is the expected K given a particular
distribution of the probability that on a given trial K= 1, 2, 3, or 4); to, 1 df; C, 1 df; u, 1 df.
Items were presented at a variety of exposure durations, controlled with a mask (Fig. 2.1) For
those participants whose t0 was fit below 0, the data were re-fitted again fixing t0 to 0. In the
present study, parameters 7, and # were estimated to obtain valid estimates of the two parameters

of main interest, C and K, and will not be discussed.

Exponential Function
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Figure 2.2: Schematic of the exponential distribution resulting from the TVA modelling
procedure. Here parameter # represents the minimal effective exposure duration (in ms),
below which information uptake from the display is assumed to be zero. Parameter C
represents the speed at which items can be processed and is illustrated as the slope of the
curve at %, Parameter K represents storage capacity of vSTM and is illustrated as the
asymptotic level of the curve.

Assessment of hemifield asymmetries in visual attention capacities

To measure the differences in visual attention capacity between hemifields, the data were
modelled separately for trials with letters presented in the left and right hemifield (Duncan et al,,
1999). The difference in parameters for right and left hemifields was compared for each
parameter separately using paired-samples ~tests. In order to explore the hemifield asymmetries

in visual attention capacity, laterality indices were computed for both C (C)) and K (K)) as the
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ratio G/ (G~ Cgn) a0d K/ (K - Ky, respectively. Accordingly, an index of .5 would
indicate balanced processing, an index > .5 would denote a leftward processing asymmetry, and
an index <.5 would denote a rightward processing asymmetry. Overall visual attention capacity
for the C and K parameters were calculated as the average of (- Cyypand Kig - Ky

respectively.

Cognitive Reserve and Neuropsychological Assessment

During the initial testing session, the following neuropsychological test battery was
administered to all participants. The Montreal Cognitive Assessment (MoCA, (Nasreddine et al.,
2005) was included as a standardized cognitive screening for age-related cognitive decline. The
Cognitive Failures Questionnaire (CFQ) (Broadbent, Cooper, FitzGerald, & Parkes, 1982) a self-
report measure of everyday absent-mindedness and attentional failures was administered to
participants. This was complemented by an informant-report of the CFQ, completed by a partner
or relative of the participant in order to create a discrepancy score (CFQ-D) to assess the
participants’ awareness of absent-mindedness and attentional failures (as used by (Harty et al.,
2013)). Levels of premorbid intelligence were assessed via the National Adult Reading Test
(NART (H. E. Nelson, 1982)). Finally, cognitive reserve was measured using the Cognitive
Reserve Index questionnaire (CRIq (Nucci, Mapelli, & Mondini, 2012)). This is a validated
measure of day-to-day engagements which may contribute to an increased cognitive reserve with
age. The index is comprised of the three subscales measuring educational attainment,

professional complexity, and leisure activities.

tDCS targeting the right hemisphere

TDCS was employed to increase excitability of prefrontal and parietal regions of the right
hemisphere in a single-blind sham controlled, within-subject crossover design. Each participant
attended three stimulation sessions. Stimulation was administered using a battery-driven DC
Brain Stimulator Plus (NeuroConn) with two 5x7cm electrodes used with high-chloride

electroencephalography (EEG) gel (Abralyt HiCl, EasyCap). Electrodes were placed according to
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the 10-20 international EEG system (NA, 1991) and kept in place using an EEG cap (Bio-Semi).
Stimulation targeting the right prefrontal and right parietal cortical regions was delivered with the
center of the anodal electrodes placed over 4 and P4, respectively. The position of the anode

was alternated between F4 and P4 across participants during sham stimulation. In all conditions,

the cathodal electrode was placed over Cz (vertex).

During active stimulation, ImA of tDCS was delivered continuously during the
petformance of each block, with a ramp-up/ramp-down petiod of 20s, resulting in a current
density of 0.02857 mA/cm?2 at the scalp. Duting sham stimulation, tDCS was administered at
1mA for 15s at the beginning of each block with ramp-up/ramp-down periods of 20s. This is a
commonly used sham procedure to ensure that the sensations regularly experienced during the
onset of tDCS are kept constant during real and sham sessions (Gandiga et al., 2006). At the end
of both testing sessions, participants were asked to rate the sensations experienced during
stimulation using a five-point likert scale questionnaire for 8 separate sensations (e.g., itchiness,
pain, pinching see (Fertonani, Rosini, Cotelli, Rossini, & Miniussi, 2010)). Please note this
questionnaire was added to the study design half way through testing, therefore only N=18
participants completed this questionnaire. The results of the sensations questionnaire were
assessed with repeated measures ANOVAS with “Stimulation” (Prefrontal, Parietal, Sham) as a
within subject factor and revealed no differences in the sensations experienced between sham,

prefrontal, and parietal tDCS (all p>.05).

Statistical Analysis
(a) Cognitive Reserve Analysis

In order to rule out the confound of age on levels of cognitive reserve (see (Nucci et al.,
2012)), participants were classified to their corresponding age class using the computational
approach described by Nucci and colleagues. Three linear models were used where the raw scores
of the three subscores (CRI-Education, CR1- WorkingActivity, CRI-LeisureTime) were set as

dependent variables, with age as the independent (or predictor) variable. The three CRIq
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subscores were the residuals of the relative linear models. This allowed all participants to be
systematically classified according to their corresponding age class. Lastly, the total CRI score
(CRIq) was the average of the three subscores. The higher the CRIq score, the higher the

estimated cognitive reserve.

To examine the baseline relationship between cognitive reserve and the parameters of
visual attention capacity and asymmetry was investigated using data from the sham stimulation
session. In order to test relationship between cognitive reserve and the distinct visual attention
indices described above, an across-participant linear regression analysis was conducted (two-tailed
Pearson’s product—-moment correlations) between the CRIq and TVA parameters of interest (C,
G, Kand K)), Bonferroni corrected for multiple comparisons. In order to verify the specificity of
any associations between TVA parameters and cognitive reserve, significant correlations were
followed up with a partial correlation analysis, controlling for the parameter of disinterest (i.e.,
relationship between C, and cognitive reserve was assessed controlling for K)). In the text all

reported mean values are followed by standard error (i.e., M & SE).

(b) TVA-FPN Stimulation Analysis

The effects of right prefrontal and right parietal stimulation on the TVA parameters were
assessed using repeated measures ANOVAs with “Stimulation” (Prefrontal, Parietal, Sham) and
“Hemifield” (Right, Left) as within subject factors. Significant main effects and interaction effects
were followed up with simple effects analyses. All statistical analyses were performed using SPSS
Statistics v21.0.0.1 (IBM) and all figures were designed using customised scripts in MATLAB
R2014a 8.3.0.532 (Mathworks, Natick, MA, USA). In all figures, the error bars indicate the
standard error of the mean. In the text all reported mean values are followed by standard error

(i.c., M £ SE).

To further elucidate the relationship between stimulating the right prefrontal cortex and
improvements in processing speed in ageing, the following follow-up analyses were employed; an

across-participant linear regression analysis (two-tailed Pearson’s product—-moment correlations)
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was conducted between the changes in C parameter during tDCS and (a) levels of cognitive
reserve (CRIq) and (b) baseline hemifield processing asymmetries (C,). Indices of the tDCS-
related change of the C parameter were calculated as the difference between real and sham tDCS
for each hemifield separately (€.g.., AC | onut sight hemifield = [C prefrontat sight hemifield = C sham right hemifield])+ 718
there was no significant main effect of stimulation for the K parameter, no follow-up analyses

were performed.

2.3 Results

Demographic and Neuropsychological Profile

A total of 31 cognitively healthy (= 23 of the MoCA) older adults completed the four
testing sessions (see Table 2.1 for neuropsychological profiling and demographic information).
As expected, the cognitive reserve index questionnaire (CRIq) was strongly associated with the
number formal years in education (=.70, p<.0005), and premorbid intelligence as estimated from
the NART (r=.38, p=.04). Interestingly, the CRIq was correlated with the CFQ-D (r=.47, p=.01)
such that lower levels of reserve were associated with less awareness of everyday lapses in
attentional control (relative to informant reports). The CRIq was not significantly correlated with

scores on the MoCA in this healthy older sample (r=.28, p=.13).

Table 2.1: Demographic and Cognitive Characteristics of the Sample.

Participants (IN=31)

Age (yrs)  MoCA  Education (yrs) PFSIQ*  CFQ-D* CRlIq

71.55 26.97 16.00 121.45 10.94 128.19

(5.43) (1.62)  (3.58) (3.84) (17.36) (15.68)

Note MoCA denotes Montreal Cognitive Assessment (MoCA; (Nasreddine et al., 2005)), a
validated cognitive screening tool. PFS IQ) denotes predicted full scale IQ as estimated from the
National Adult Reading test (NART; (H. E. Nelson, 1982) ), a measure of premorbid intelligence.
CFQ-D denotes Cognitive Failures Questionnaire Discrepancy Score, the difference between the
self (CFQ) and informant (CFQ-other) report of everyday lapses in attention (Broadbent et al.,
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1982). *Note calculation based on N=29 as two informant reports and two NART
questionnaires were not returned/completed. CRIq denotes the total score of the Cognitive

Reserve Index questionnaire (Nucci et al., 2012). Values denote mean and standard deviations, M
(SD).

Table 2.2: TVA parameters (C and K) and laterality indices at baseline

TVA parameters

C Ci K K
Mean 18.65 A48 2.42 49
SD 9.43 .09 .57 .04
Range 6.82-54.41 .29-.70 1.26-3.53  .42-56

Note ) denotes laterality indices as described in text. SD denotes standard deviation.

Cognitive Reserve and Visual Attention
Relationship between Processing Speed and Cognitive Reserve

The mean processing speed for the older adults in the current sample was 18.65 (* 1.69)
items per second (see Table 2.2). There was no significant difference between processing speed
for items in the right (M= 19.08 £ 1.74) versus left hemifield (M=18.21 £ 1.87; A30) = 0.7, p=
49). Cognitive Reserve (CRIq) was not related to overall processing speed capacity (C; r=.04,
»=.83). However, a leftward processing asymmetry was predicted by higher levels of cognitive
reserve, as indicated by a positive relationship between the C, and CRIq (r=.52, p= .003; Fig. 2.3).
This relationship remained significant when controlling for K, via a partial correlation (r=.49,

P=.024).
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Figure 2.3:: The relationship between processing speed hemifield asymmetry and
cognitive reserve. Y Axis denotes the Laterality index (C)), whereby values greater than
0.5 indicate a leftward asymmetry. X axis denotes the Cognitive Reserve Index
questionnaire (CRIq) where greater values indicate higher levels of cognitive reserve.

Relationship between Storage Capacity and Cognitive Reserve

The mean storage capacity for the current ageing sample was 2.42 (* .57), as estimated
from the K parameter (see Table 2.2). There was a trend for higher storage capacity for items in
the right (M= 2.48 = .11) versus left hemifield (M= 2.35 * .11). However this failed to reach
conventional levels of significance (#30) = 1.93, p= .06). There was no relationship between the
CRIq and overall storage capacity (K; 7= .28, p=.19), or the degree of hemifield asymmetry in

storage capacity (K, r=-.2, p=.29)

The effects of tDCS to the right FPN for each TVA parameter
Processing Speed C

There was a significant main effect of Stimulation on processing speed (F, ;,=4.02, p=.02,
%2: .21, Fig. 2.4). Participants were significantly faster at processing visual information during
right prefrontal stimulation (M= 20.60 £ 1.76), in comparison to right parietal (M= 17.47 = 1.41,

p=.01) and sham stimulation (M= 18.65 * 1.69, p=.05 Fig. 2.3). There was no difference
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between processing speed during right parietal stimulation relative to sham (p=.33). Regardless of
stimulation, there was no difference in processing speed for items in the right (M= 19.75 = 1.78)
versus left hemifield (M= 18.06 * 1.37), as evidenced by a non-significant main effect of
Hemifield (F) ;,=2.47, p=.13, /7p2=.08). There was no interaction between Stimulation and
Hemifield (F, 4= .78, p=.40, /7p2=.03).

25 | ns |

Processing Speed (letters/s)

Sham Frontal Parietal

Figure 2.4: The effect of right prefrontal and right parietal stimulation on processing
speed. Processing speed was significantly faster during stimulation of the right prefrontal
cortex as compared with during right parietal and sham stimulation. Noze ns denotes not
significantly different.

Storage Capacity K

There was no difference in Storage Capacity during right prefrontal (M= 2.38 £ .11), right
parietal (M= 2.37 * .10), and sham stimulation (M= 2.42 £ .10) as evidenced by a non-significant
main effect of Stimulation (F,,,= .34, p=.71, 7]p2:.01; Fig. 5). Storage Capacity was higher for

items presented to the right (M= 2.51 £ .10) versus left hemifield (M=2.27 £ .10) as
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demonstrated by a main effect of Hemifield (F) 5,=49.95, p<.0005., 77p2=.61). There was further a
significant interaction between Stimulation and Hemifield (F,;,=3.91, p=.025., 77p2=.12; Fig. 2.5).
During sham stimulation there was no significant difference between storage capacity for items in
the right (M= 2.48 = .11) versus left hemifield (M= 2.35 * .10, p= .006). In contrast, during both
right prefrontal and right parietal stimulation storage capacity was significantly higher for items in
the right than in the left hemifield (prefrontal stimulation: right hemifield M= 2.55 * .12, left
hemifield M= 2.21 £ .10, p<.0005, parietal stimulation: right hemifield M= 2.51 % .10, left
hemifield M=2.24 + .11, p<.0005). Planned comparisons testing effects of tDCS in each
hemifield revealed that within the right hemifield there was no significant difference for storage
capacity during right prefrontal relative to sham tDCS or during right parietal stimulation relative
to sham stimulation (both p<.3). Within the left hemifield, storage capacity during right
prefrontal stimulation was reduced relative to sham (p=.02). There was no significant difference

in storage capacity during parietal relative to sham stimulation, for items in the left hemifield

(p=11).
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Figure 2.5: The effect of right prefrontal and right parietal stimulation on storage
capacity. During sham stimulation, the difference in storage capacity for items in the
right (lighter shades) relative to left hemifields was just short of significance. During both
right prefrontal and right parietal stimulation, there was a significant difference in storage
capacity for the right relative to left hemifield. Noze 1 denotes p =.06, * denotes, p<.05.

The relationship between cognitive reserve and responsiveness to right prefrontal tDCS

Lower levels of cognitive reserve were associated with greater tDCS-related
improvements in processing speed to items in the left (r = -.36 p < .05) hemifield (Fig. 2.7).
Similarly, a stronger rightward processing speed asymmetry was associated with greater tDCS-
related improvements in processing speed for items in the left (r = -.64, p <.0005) hemifield (Fig.
2.0). Importantly, these associations were not observed for items in the right hemifield either for

cognitive reserve (r = .04, p =.83) or processing asymmetries (r = .11, p =.56, Fig. 2.7 & Fig. 2.0).
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Figure 2.6: The relationship between baseline processing speed asymmetry and tDCS
related improvements per hemifield. A=prefrontal-sham tDCS
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74



2.4 Discussion

This chapter provides evidence that high levels of cognitive reserve are associated with
stronger involvement of the right hemisphere during the processing of visual information, as
evidenced by a leftward processing speed asymmetry in these individuals. Correspondingly, when
cortical activity in the right PFC was increased using tDCS, processing speed capacity improved.
Older adults with lower levels of cognitive reserve showed tDCS-related benefits to items in the
left but not right hemifield such that tDCS temporarily altered their processing speed asymmetry

to mimic that of their high reserve peers.

A role of the right hemisphere in cognitive reserve

The current findings support the recently proposed hypothesis (Robertson, 2014) that the
right hemisphere plays a particularly strong role in cognitive reserve in ageing. Firstly, older adults
with higher levels of cognitive reserve showed a processing speed asymmetry towards the left
side of space. Recent, unpublished data from the Centre for Visual Cognition, University of
Copenhagen using a similar lateralised TVA whole-report task has shown that younger adults
display significantly more asymmetries in their processing speed capacity to items in the right

versus left hemifield (see supplementary Fig. 2.8, Appendix B).

The current data thereby suggests that, while elderly individuals with lower levels of
cognitive reserve continue to show the same rightward asymmetry as younger adults, older adults
with higher levels of cognitive reserve demonstrate functional reorganization involving the right
hemisphere. This is in line with previous functional neuroimaging findings that mild cognitive
impairment and Alzheimer’s Disease patients with higher levels of cognitive reserve show
reorganization of several brain areas, even within preserved cognitive domains that are unaffected
by the disease (Bosch et al., 2010). Secondly, lower levels of cognitive reserve were associated

with less awareness of day-to-day lapses in attentional control (relative to an informant report).

75



Previous work has demonstrated strong associations between awareness of cognitive functioning
and the right prefrontal cortex in healthy ageing (Harty, Robertson, Miniussi, Sheehy, Devine,
McCreery, & O'Connell, 2014a), Alzheimer’s Disease (Harwood, 2005; Starkstein et al., 1995),
and frontotemporal dementia (Mendez & Shapira, 2005) and there is strong evidence to suggest
that error awareness is a core cognitive process related to cognitive reserve (Robertson, 2014).
These findings therefore support the recent proposal that particularly the right hemisphere plays

a prominent role in cognitive reserve (Robertson, 2014).

A causal role of the right prefrontal cortex in processing speed capacity in ageing

This chapter demonstrated that increasing excitability of the right prefrontal enhanced
processing speed C in older adults. This improvement was location specific and not observed
during stimulation of the right parietal cortex. This finding augments previous indirect evidence
implicating a role of the right prefrontal cortex in the processing speed parameter of the TVA
from several lines of previous research including: the assessment of patients with right prefrontal
lesions (Habekost & Rostrup, 2006), neuroimaging work examining the hemispheric lateralization
of white matter tracts connecting frontal and occipital lobes (Chechlacz et al., 2015), and

experimental manipulations of alertness (Matthias et al., 2009).

With age, increased recruitment of the frontal cortices coupled with pervasive under-
activation in more posterior sites in the occipital lobes during the processing of visual
information is considered an adaptive compensatory mechanism of frontal regions in response to
a reduced capacity for sensory processing (Davis et al., 2008). In line with this, recent work
combining TVA-based assessment with EEG provided more direct evidence for the prefrontal
cortex being particularly important for processing speed in older age. Specifically, older adults
with higher processing speed levels showed a preserved amplitude of an early electrophysiological
marker over frontal scalp regions (i.e., of similar magnitude as younger adults), whereas this
marker was markedly reduced in those older individuals whose speed of information processing

was considerably slower compared to younger individuals (Wiegand et al., 2014). The results
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from the current chapter demonstrate that increasing the availability of the right prefrontal cortex
with tDCS in older adults supports faster information uptake. This adaptive mechanism
presumably helps to engage control processes governed by the right prefrontal cortex that
contribute to the speed of visual information processing specifically in ageing (Cabeza, 2004;

Davis et al., 2008).

Of note, while the contralateral organisation of the visual processing stream is established
(Corbetta & Shulman, 2002; Ungerleider, 2000), there is also evidence for an involvement of the
right PFC for processing stimuli both contra (left hemifield)- and ipsilaterally (right hemifield)
(Duncan, Bundesen, Olson, Humphreys, Chavda, & Shibuya, 1999a; Sheremata et al., 2010;
Shulman et al., 2010), in accordance with a right-hemispheric dominance for visual attention
(Corbetta and Shulman, 2011). The current results support the bilateral influence of the right
PFC for visual attention, as increasing activity in the right PFC by tDCS was associated with

improvements in processing speed in both the left and the right hemifield.

Preserved plasticity of the right prefrontal cortex in ageing

Although preliminary evidence suggests it may be possible to increase cognitive reserve in
later years (Lenehan et al., 2016), whether the right-lateralised fronto-parietal network postulated
to underlie cognitive reserve (Robertson, 2014) can be strengthened in older adults is unclear.
Here evidence is provided that the right PFC demonstrates preserved levels of plasticity in
ageing. Firstly, increasing activity in this brain area in older adults improved visual processing
speed, a fundamental cognitive process that is strongly correlated with age-related decline (Deary
et al., 2010; Gregory et al., 2008; Ritchie et al., 2014). This finding is of relevance as the basic
speed of perceptual processing constitutes a limiting factor on higher level cognitive abilities
(Salthouse, 1996) and ameliorating deficits in early perceptual processing in ageing may show
advantages that cascade throughout the cognitive hierarchy (see (Mishra et al., 2014)) and
improve performance on day-to-day tasks (Ball et al., 2010; Rebok et al., 2014). Secondly, while

the overall effect of processing speed enhancement by tDCS was not dependent on the
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individuals’ level of cognitive reserve, those older adults with lower levels of cognitive reserve
showed tDCS-related speeding of information processing for visual items in the left and not right
hemifield. Increasing activity in the right prefrontal cortex, therefore temporarily shifts the
processing asymmetry leftward in older adults with lower levels of reserve, to resemble that of
their high reserve peers. These results therefore provide support that plasticity of the right PFC
may be harnessed in later life, and most importantly, that lower levels of cognitive reserve do not
limit plasticity of the right prefrontal cortex. This supports the right PFC as a viable target brain
region for mitigating processing speed deficits in ageing using neuromodulatory techniques such
as fMRI neurofeedback (deBettencourt, Cohen, Lee, Norman, & Turk-Browne, 2015a; Habes et
al., 2016), methods of non-invasive brain stimulation, or by combing neuromodulatory
approaches with computerised speed training paradigms (e.g., (Rebok et al., 2014)) or
pharmacological approaches (e.g., Newhouse, 2004). Moreover, these findings suggest the right
PFC may, in fact, play a causal role in cultivating levels of cognitive reserve thus providing
support for the first cognitive neuroscientific theory of cognitive reserve to have been proposed

in the literature (Robertson, 2013; 2014).

Separate neural underpinnings for visual processing speed and storage capacity

A major strength of the TV A-based approach is that effects on distinct parameters of
visual attention capacity, processing speed and storage capacity, can be independently assessed
within one test. In the current sample, the association between visual attention and cognitive
reserve was selective to the hemifield asymmetry in processing speed; neither the absolute
individual limit nor hemifield asymmetries of visual storage capacity were associated with levels
of cognitive reserve. Furthermore, tDCS targeting the right dorsolateral prefrontal cortex was
associated with improved processing speed across both hemifields, while a concurrent reduction
in storage capacity was observed during stimulation for items in the left hemifield. Our findings
therefore are further evidence for a critical assumption of NTVA that at least partially distinct
brain networks underlie the two TV A parameters of visual attention capacity (see (Habekost &

STARRFELT, 2009), and that they are differently affected by aging (Wiegand et al., 2014).
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Several studies utilizing behavioural or pharmacological approaches to target the
efficiency of the visual attention system have successfully modulated processing speed C while
storage capacity K remained unaffected by experimental manipulations (Bublak et al., 2011;
Matthias et al., 2009; Vangkilde, Bundesen, & Coull, 2011), suggesting that processing speed may
be a relatively more malleable capacity measure within individuals. Furthermore, although most
studies report age-related declines in both processing speed and storage capacity (see Habekost,
2015 for a review) there is evidence to suggest that processing speed declines at a more dramatic
rate with age (Habekost et al., 2013; Nielsen, 2015) and may be more richly associated with
general cognitive decline. For example, in a cohort of patients with mild cognitive impairment
and AD both storage capacity K, and processing speed C were related to standardised
neuropsychological tests involving visual material, whereas only C was additionally correlated
with measures of verbal memory (Bublak et al., 2011). The current results demonstrate another
neural dissociation of the functions, specifically, that they are selectively sensitive to plasticity in

the attention network induced by tDCS.

One possible explanation for the disruptive effect of tDCS on storage capacity in the left
hemifield could be that neuronal activity in the contralateral frontal eye field regions, located
posterior to the DLPFC and close to the cathodal electrode, was disrupted by the stimulation.
Previous work has demonstrated topographic organisation within the frontal eye fields with a
strong bias towards the contralateral hemifield during short-term memory tasks such as memory-
guided saccades (Kastner et al., 2007) and face working-memory tasks (Hagler & Sereno, 20006).
However, this can only be a speculation based on the present results. To shed further light on
this, testing with a more focal and spatially specific neuromodulatory technique, such as TMS,

would be needed.

Future Avenues
Of note, the asymmetries of visual attention capacity described in the present study assess

overall levels of visual capacity are not akin to spatial bias measures that measure the relative
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distribution of processing resources. The task paradigm employed in the current chapter requires
participants to report visually presented letters, and has been shown to produce a rightward
asymmetry in both processing speed and storage capacity in younger individuals (Kraft et al.,
2015 and supplementary material, Appendix B), which likely reflects the left-hemisphere

dominance for processing verbal stimuli (Gross, 1972).

In contrast, spatial bias measures assess the relative allocation of attentional weights
across both hemifields. Parameter estimates of spatial bias have been shown to mark slight
leftward bias (pseudo-neglect, Bowers and Heilman 1980; Dronkers et al., 2007) in healthy
younger adults (Bowers & Heilman, 1980; Nicholls, Bradshaw, & Mattingley, 1999; D. Voyer,
Voyer, & Tramonte, 2012), and account for visual neglect following right hemisphere damage
(Finke et al., 2012), likely resulting from the right hemisphere dominance underpinning spatial
attention processes (Corbetta and Shulman, 2011). Interestingly, changes in spatial bias (w4, in
the TVA framework) have been shown to occur in early as well as severe stages of Alzheimer’s
Disease (AD; Redel et al., 2012; Sorg et al., 2012), independent of asymmetries in processing
speed resources. In light of the present findings, it would be an interesting question for future

studies to further explore and distinguish the relationship between spatial bias and asymmetries in

processing speed capacity with regard to cognitive reserve and the development of AD.
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Empirical Chapter 3: The Temporal
Dynamics of Attentional Engagement
following RH Stroke.

3.1 Introduction

The work presented in Empirical Chapters 1 and 2 extends previous reports that the right
hemisphere in a particularly important contributor to attentional function (Corbetta & Shulman,
2002; Posner & Petersen, 1990; Robertson, 2014) by showing how increasing activity in this
network via stimulation of the PFC improves facets of attention in older adults. Although it is
well documented that the right hemisphere (RH) plays a privileged role in supporting sustained
attention (cf (Langner & Eickhoff, 2013a; Robertson, 2014), the temporal dynamics of this
relationship, i.e. how the right hemisphere contributes to the maintenance of attention over time,
are less well understood. The current chapter addresses how the capacity to maintain attentional

engagement over short time-scales is affected by damage to the right hemisphere.

Aspects of attentional function, particularly the capacity to sustain attention are predictive
of rehabilitation outcomes following stroke (Bennett et al., 2002; Blanc-garin, 1994; Robertson,
Ridgeway, Greenfield, & Parr, 1997c; van Zandvoort, Kessels, Nys, de Haan, & Kappelle, 2005).
In a recent study, we assessed domain-general cognitive deficits in a large sample of sub-acute
stroke patients (IN=0682) and observed that 36% of the patients presented with deficits in
sustaining attention over time (King, Brosnan, Humphreys, & Demeyere, Appendix A). In a sub-
sample of 230 patients, who were re-assessed at 9-months post-stroke, impaired sustained
attention at the sub-acute stage significantly predicted functional status at follow up, even when
accounting for stroke severity and age. Importantly, this prognostic prediction was specific to the

performance decrement in sustained attention over the course of the task, and was not observed
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for overall levels of accuracy on the task, or for working memory. These findings thus point to
the relevance of taking the temporal dynamics of sustained attention deficits into account post-

stroke.

An intact sustained attention system impacts post-stroke cognitive recovery in at least
two ways. Firstly, lapses in sustained attention compromise the ability to engage with the task at
hand (Smilek et al., 2010), (Whirley et al., 2016). Therefore, sustained attention deficits in stroke
patients limit the extent to which they can engage with, and accordingly benefit from
rehabilitation programmes. Secondly, the deployment of attention is known to be critical for
gating plasticity processes (Polley et al., 2006; Recanzone et al., 1993) which underlie cortical
remapping and functional reorganisation of the brain that are characteristic of good post-stroke
recovery (Di Lazzaro et al., 2010; Fu & Zuo, 2011; Hallett, 2001). Thus, sustained attention

deficits may also hinder the extent to which functional restoration can occur at the neural level.

Several studies in neurologically healthy participants have suggested that the sustained
attention network is supported by a predominantly right-lateralised neural network (Johannsen et
al., 1997; Langner & Eickhoff, 2013a; Singh-Curry & Husain, 2009; Warm et al., 1980;
Whitehead, 1991). Consistent with this, pronounced sustained attention deficits have been
reported in patients with damage to the RH (Malhotra et al., 2009; Robertson, Ridgeway,
Greenfield, & Parr, 1997¢; Rueckert & Grafman, 1996; 1998; Wilkins, Shallice, & McCarthy,
1987). Despite this, little is known about how the precise temporal dynamics of sustained
attention are affected following insult to the RH (Malhotra et al., 2009; Rueckert & Grafman,
1996; 1998). It has been shown that when RH stroke patients are asked to respond to just one
target stimulus (e.g., letter X), presented at irregular intervals over periods of 8-10 minutes, a
performance decrement is not observed (Malhotra et al., 2009; Rueckert & Grafman, 1996; 1998).
However, when such a target is interspersed between non-targets, such as other letters in the
classic continuous performance test (Rosvold, Mirsky, Sarason, Bransome, & Beck, 1956), a

decrement in performance accuracy is observed (Rueckert & Grafman, 1996; 1998). One
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limitation of these traditional Continuous Performance Tasks is that the distinct perceptual
features of the target and non-target stimuli may exogenously engage attention such that
successful performance on the task is not uniquely contingent on endogenous deployment of
attentional control, thus this task may fail to identify decrements in attentional engagement
occurring over shorter time scales. In the current study, this limitation is circumvented by
employing a paradigm (Continuous Temporal Expectancy Task, CTET (O'Connell, Dockree,
Robertson, et al., 2009b) in which targets and non-targets differ only in temporal duration and are
otherwise perceptually homogeneous. This eliminates the attentional capture due to target onset
and participants are required to deploy attention to the time domain. In the CTET, participants
monitor a continuous stream of patterned stimuli that are presented centrally and make a button
press when they detect a longer-duration stimulus. The CTET is sensitive to within block
performance decrements (over approximately 3 minute windows) in neurologically healthy
individuals and using electroencephalography signatures of attentional engagement lapses of
attention have been shown to evolve over a period of 20 seconds (O'Connell, Dockree,

Robertson, et al., 2009b)

In the current study, aspects of sustained attention that are susceptible to damage after
RH stroke are investigated. By using a task in which target detection is not influenced by
exogenous perceptual features, a more precise measure of the endogenous processes

hypothesized to underpin deficits of sustained attention following RH stroke is expected.

3.2 Methods

Participants

Fourteen chronic stroke patients with unilateral damage to the RH were recruited
through the Cognitive Neuropsychology Centre, Department of Experimental Psychology,
Oxford University. All patients were >1 year post stroke (M=2.15, SD=1.07; note this data was
not available for one self-referred patient). Twenty three healthy older adults were recruited as

control subjects at Trinity College Institute of Neuroscience, The University of Dublin, Trinity
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College, as part of the sham stimulation condition for the non-invasive brain stimulation study

(Empirical Chapter 1, Experiment 2).

Demographics

All participants provided their age, gender, level of education, and were assessed using the
Cognitive Reserve Index Questionnaire, CRIq (Nucci et al., 2012), as described in Empirical
Chapter 2 (see Table 3.1).. The CRIq was not collected for 2 of the healthy older adults, and for 3
of the stroke patients, due to time-constraints. Differences in demographical factors between
healthy older adults and the stroke patients were assessed using one way between subject
ANOVAs with ‘Group’ as the between subject factor. The stroke patients and healthy older
adults did not differ in age (F, ;;=.81; p=.37). Binomial tests conducted separately for the healthy
older controls and the stroke patients indicated that the proportion of male to female participants
did not differ significantly from the expected .50 (p>.4 for both groups). The RH stroke patients
had spent fewer years in formal education (F, ;,=4.93, p=.03, nPZZ.lZ). The stroke patients had
significantly lower cognitive reserve scores, as measured via the CRIq total score (F, 5, =11.12,
»=.002, np2:.27)‘ Follow-up analyses on the three sub-sections of the CRIq (Education, Working
Activity, and Leisure), revealed that the stroke patients showed lower cognitive reserve in relation
to education (F, 5,=9.74, p=.004) and leisure (F,;,=8.59, p=.0006), but not working activity

(F51=1.3, p=.20).

Table 3.1: Demographic information for the healthy older adults and RH stroke patients

Controls Patients
(N=23) (N=14)
Age (yrs) 72.70 (5.93) 70.71 (7.32)
60-82 58-84
Gender 11 male 9 male
(47.83%) (64.29%)
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*Education (yrs) | 15.91 (3.66) 13.23 (3.54)

10-25 8-21
*CRIq 136.52 (20.70)  113.18 (14.29)
95-169 88-145

Note Years in education was not available for one stroke participant, CRIq was not available for 5
participants (IN=2 healthy, N=3 stroke patients). * indicates a significant difference between

patients and controls

Lesions

Lesions were manually delineated by a highly trained research technician from the best
available scan from either chronic MRI (N= 06), or clinical acute CT (N=6), depending on
availability. For two patients, lesions were not yet visible on the Acute CT scan (which is taken
upon admission and infarctions do not show up until 6-8 hours post stroke onset) but in both

cases the medical presentation and diagnosis indicated RH stroke. An overlay for the 12 patients’

lesions is given in Fig 3.1.

Figure 3.1: Lesion overlay for the right hemisphere stroke patients. Conjunction maps were
created from each patients’ delineated lesion mask (IN=12) registered to a template space
(MNI152 T1 1mm). Intensity values represent the number of subjects with overlapping
lesion affected anatomy.

Task Battery
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The Continuous Temporal Expectancy Task (CTET)

The Continuous Temporal Expectancy Task (O'Connell, Dockree, Robertson, et al.
2009) employed in Experiment 2, Empirical Chapter 1 (Fig. 1.2A) was adapted for some of the
stroke patients such that all participants demonstrated 100% accuracy during an initial practice
trial before advancing to the experimental blocks. As mentioned in Experiment 2, Empirical
Chapter 1, the healthy older adults, all participants identified the target stimuli at 100% accuracy
during the practice trials at the target duration of 1020 ms, i.e., 330 ms /47.83% longer than
standard trials. For the stroke patients, N=7 identified the target stimulus at a duration of 1020
ms at 100% accuracy. For the other 7 patients, the duration of the target stimulus was adapted as
follows such that all participants demonstrated 100% accuracy on two consecutive practice trials:
If the patient did not achieve 100% accuracy during the first three practice trials, the duration of
the target stimulus was increased to 1140ms. Participants were then given two practice trials with
this target duration. If 100% accuracy was achieved during these trials, then this target duration
was set for the rest of the experiment. If the patient did not exhibit 100% accuracy at this
duration, the target duration was subsequently increased again to 1500ms, and following this to
1800ms. In order to ensure the stroke patients fully understood the task requirements all patients
were required to complete two consecutive practice trials at 100% accuracy before proceeding to
the experimental trials. For the experimental trials, the target durations for the stroke patients
were either 1020ms (N=7), 1140ms (IN=2), 1500ms (IN=4), or 1800ms (IN=1). This ensured that
baseline performance was matched for all participants such that differences investigated during
the experiment could be attributed to attention. Participants completed 5 blocks of the task and
were given a break (~ 1 minute) in between all blocks. Each block consisted of 225 stimulus

rotations with a total duration of between 3 min and 5 s and 3 min and 30 s.

Sustained attention changes were assessed via accuracy (% correctly identified targets) on
the CTET. A target was considered correctly identified if a participant responded within 2.07
seconds (i.e. three standard trials) of a target trial. One stroke patient presented with working

memory problems, identified by a previous study in the centre using the Oxford Cognitive Screen
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(Demeyere, Riddoch, Slavkova, Bickerton, & Humphreys, 2015) . In an effort to exclude the
possibility that these deficits were contributing to performance on the task, this patient was
required to recall the task instructions at the end of each block. Outliers were described as in

Empirical Chapter 1, Experiment 1.

Given that the purpose of the current study was to assess the temporal evolution of the
vigilance decrement following RH stroke, accuracy decrements were assessed both across blocks
and across four epochs within each block. Differences in accuracy between the stroke patients
and healthy elderly were evaluated using a repeated measures mixed ANOVA with “Vigilance
Decrement Across Blocks’ (five blocks) and “Vigilance Decrement Within Blocks’ (within four
quartiles of each block) as within subject factors. ‘Group’ (RH stroke, healthy ageing) was
included as a between subject factor. In order to assess the effect of task break on performance,
the average of the 4" quartile computed across blocks 1, 2, 3, and 4 was compared against the
average of the 1% quartile across blocks 2, 3, 4, and 5 using a repeated measures ANOVA with

group as a between-subjects factor.

In order to rule out the possibility that the extent of damage or the differences in formal
education between the two groups could be associated with any observed effects, all significant
ANOVAs were repeated with lesion size (total number of voxels affected) and years in formal
education included as covariates. Note two stroke patients were excluded for these ANCOVAs

because their lesion size could not be determined (see above).

3.3 Results

Overall Target Detection (Accuracy)
The rate of false alarms was low on the CTET (M=3.85, §D=2.36, range = 0-9.4%)

indicating that all participants were performing well above chance level and had correctly

understood the instructions. In line with previous reports, a main effect of Group (F, ;;=19.20,
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£<.0005, 1,°=.37, see Fig. 3.2) indicated that the RH stroke patients were significantly less

accurate at identifying target stimuli, compared with the healthy older controls.
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Figure 3.2: Overall accuracy levels for stroke patients and neurological healthy older
adults. Stroke patients with unilateral RH damage show less accuracy on the CTET as
compared with healthy older adults. Noze *** denotes p<.0005

Time on Task Decrements: Within Block Effects

A main effect of Quartile (F; ,=14.87, »<.0005, Y]p2:.31) demonstrated that regardless of
group, accuracy on the task decreased within each block (see Fig. 3.3), as confirmed by the
significant linear contrast (F, ;;=32.84, p<.0005, /7p2: .5). Critically, this was qualified by a Group
X Quartile interaction (F;9=3.62, p=.016). Follow up one-way ANOVAs conducted separately
for the neurologically healthy older group and the RH stroke patients. For the healthy group the
effect of Quartile was significant (F;;,=3.16, p=.03) but planned difference contrasts revealed no

significant differences between quartiles (all p>.05). For the RH stroke patients, there was a
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highly significant main effect of Quartile (F;;,=11.19, »<.0005, 77p2:.46). In contrast to the
healthy older controls, a significant drop in performance was noted between Quartile 2 and 1
(F,15=5.81, p=.03), Quartile 3 and the previous two quartiles (F, ;;=12.293, p<.004), and Quartile
4 and the previous three quartiles (F, ;;=16.29, p=.001)). Thus the significant Group X Quartile

interaction was driven by a stronger within-block decrement in the stroke patients.
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Figure 3.3: Performance decrements over time on the CTET.

RH stroke patients showed a significantly steeper performance decrement within the duration of
the task blocks, relative to neurologically healthy older adults.

A main effect of Break was observed (F, ,=20.78, p<.0005, np2:.27), which crucially was
qualified with a significant Break x Group interaction effect (F, ,=9.02, p=.004, n,’=.14). For
the healthy older adults, the main effect of Break was not significant (FF, ,;=1.59, p=.22),
demonstrating no difference in performance between the fourth (M=86.57%, $D=13.12) and
first (M=90.26%, §D=8.32) quartiles. In contrast, for the RH stroke patients, accuracy during the

fourth quartile (M=58.45%, $D=23.78) was significantly lower than during the first quartile
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(M=T74.79, SD=21.23; F, ;;=24.9, p<.0005, np2:.66), thus demonstrating the capacity for the

stroke patients to revive their performance decrement during the rest period between blocks.

Time on Task Decrements: Across Block Effects

There was a main effect of Block reflecting a decline in accuracy over time (F,,=5.70,
p=.002, Y]PZZJS). Planned comparisons revealed that accuracy performance during Block 2 was
lower than during Block 1 (F, ;,;=4.37, p=.04), performance during Block 3 was lower than Block
1 (F)3=7.26, p=.01), performance during Block 4 was not significantly lower than Block 1
(F,33=3.54, p=.07) and performance during Block 5 was significantly lower than Block 1
(F,5=11.97, p=.002). There was no Group x Block interaction (F,,,=.9, p=.44), or any other
interaction terms (both p>.63). Thus, despite RH stroke patients showing a significantly greater
vigilance decrement within each block compared to neurologically intact older adults, the

decrements exhibited at the coarser time scale (i.e. across blocks) did not differ between the

groups.

When years of education and lesion size were controlled for, the main effects of Quartile
(F;4,=.09, p=.97, nPZZ.OO?)), Break (F, ;4=.001, p=.98, nPZZ.OO, and Block (F,,,=.87, p=.49,
nPZZ.O?)) were no longer significant. Crucially, however the main effect of Group (F, ,,=14.84,
p=.001, np2:.34), Group x Break (F, ;4=6.3, p=.02, Y]P2:.12). and Group x Quartile interaction

(F;4,=3.97, p=.01, nPZZ.lZ) remained significant.

3.4 Discussion

The current chapter provides novel evidence that deficits in maintaining attention
following damage to the RH are within much shorter time periods than previously noted in the
literature. Despite the stroke patients demonstrating steep within-block performance declines,
they also exhibited the capacity to temporarily revive their sustained attention following the brief

within-block rest periods. This observation is supported by significantly higher performance
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during the first quartiles of blocks 2,3,4, and 5 as compared with the last quartiles of blocks 1,2,3

and 4.

In line with previous research, RH damage was associated with an overall deficit in
accuracy relative to age-matched controls (Robertson, Ridgeway, Greenfield, & Parr, 1997c;
Rueckert & Grafman, 1996; 1998). RH stroke patients did not differ from the neurologically
healthy controls in their performance decrement over the course of the five task blocks. In
contrast, differences in performance between the RH stroke patients and healthy older adults
were driven by sharp drops in attentional engagement occurring within a shorter time window (a
linear decline in performance within ~ 3 %2 minutes). The sharp within block performance
decrement observed in the current study is much shorter than has previously been reported in the
literature (Rueckert & Grafman, 1996; 1998), suggesting that the CTET (O'Connell, Dockree,
Robertson, et al., 2009b) is a sensitive tool to detect vigilance decrements in sustained attention

occurring within a very short temporal window.

There are several aspects of the task that make it appealing for assessing attentional
deficits, particularly in patient populations: Firstly, the task is not perceptually demanding — the
target stimulus is adapted such that 100% accuracy is exhibited during the practice trials
preceding the experimental blocks, thus the task is not confounded by an overall deficit at
detecting targets. Secondly, unlike many sustained attention tasks, accuracy on the CTET does
not depend on the identification of a visual ‘target’ stimulus (Malhotra et al., 2009; Manly et al.,
2003; Rueckert & Grafman, 1996; 1998). This is potentially very advantageous in facilitating a
vigilance decrement as visual-search processes, such as stimulus-driven attentional capture, which
may help with the identification of target stimuli are eliminated on the CTET, thus placing

greater demands on the sustained attention system.

In the current study, the within-block performance decrement observed in the RH stroke
patients did not get worse with time (i.e., there was no interaction between this effect and the

overall performance decrement over the course of the experiment). This suggests that the
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sustained attention system of RH stroke patients can be revived within intervals as short as the
between block breaks of approximately one minute. This is in line with literature suggesting the
sustained attention system can be manipulated by increasing levels of alertness through the
volitional control over biophysiological markers of arousal (O'Connell, Bellgrove, Dockree, &
Lau, 2008a; Robertson et al., 1995), or by presenting salient sensory stimuli which act as external

alerting cues (Robertson et al., 1998).

One likely explanation for these sharp decreases in arousal following RH damage is
dysfunction of the noradrenergic system. Noradrenaline (norepinephrine), a neurotransmitter
emanating from the Locus Coeruleus with widespread projections throughout the cortex plays a
well established role in maintaining arousal (for a recent review see Sara, 2009). Pharmacological
upregulation of noradrenaline is associated with increased BOLD activation, exclusively within
the RH (Grefkes, Wang, Eickhoff, & Fink, 2010b), and preliminary evidence suggests
noradrenergic agonists may be utilised to improve sustained attention deficits associated with
damage to the RH (Malhotra et al., 20006; Singh-Curry et al., 2011). Future work should directly
explore whether noradrenergic dysfunction underlies the pronounced decrements in sustained
attention observed in the current study, and whether pharmacological manipulation of the system

may ameliorate these performance decrements.

Although specific functional impairments resulting from a stroke have often been
considered in the context of modular damage (e.g., (Broca, 1865), there is a growing consensus
that is not only damage to specific regions but rather disruptions to inter-connected neural
networks which are associated with functional impairments (e.g., (Forkel et al., 2014), cf
(Baldassarre, Ramsey, Siegel, Shulman, & Corbetta, 2016; Corbetta & Shulman, 2011). With
regards to the sustained attention system, recent multivariate analyses of fMRI data have
identified a widespread network of cortical, sub-cortical and cerebellar regions underlying the
capacity to maintain attentional engagement (deBettencourt, Cohen, Lee, Norman, & Turk-

Browne, 2015b; Rosenberg et al., 2016). Rosenberg and colleagues recently showed that only
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27% of an MVPA-derived network which successfully predicted the ‘high’ attention state both in
healthy younger adults, and children and adults with attentional deficits (ADHD symptoms)
included prefrontal and parietal nodes. These findings do not discount the fronto-parietal
networks contributions to maintaining sustained attention (Rueckert & Grafman, 1996; 1998;
Wilkins et al., 1987) but rather demonstrate the role of these regions within a widespread
network. The heterogeneity of the lesions in the current cohort support these findings and
suggest damage to widespread cortical regions within the right-lateralised noradrenergic-network
results in deficits maintaining arousal over time (Corbetta & Shulman, 2011). The current
findings hold important practical information for informing inform cognitive assessment and

rehabilitation strategies for individuals who have experienced RH stroke
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Empirical Chapter 4: Right Prefrontal
tDCS Disrupts Sustained Attention
Performance in Chronic Right
Hemisphere Stroke Patients with
Persisting Sustained Attention Deficits:
A Pilot Study

4.1 Introduction

The prevalence of sustained attention deficits during the subacute stages of stroke (<3
months) has been estimated at 36% (King, Brosnan, Humphreys, & Demeyere, in prep;
Appendix A). These impairments are particularly evident following unilateral damage to the right
hemisphere (Malhotra et al., 2009; Rueckert & Grafman, 1996; 1998; Wilkins et al., 1987) and, as
demonstrated in Empirical Chapter 3, are driven by decrements in attentional engagement over
very short time periods. Impaired capacity for attentional engagement during the first few
months following stroke is predictive of future motor and functional recovery (Robertson,
Ridgeway, Greenfield, & Parr, 1997¢); King, Brosnan ,Humphreys, & Demeyere, Appendix A),
likely due to both a reduced ability for patients to maintain attentional engagement during
rehabilitation along with impaired attention-gated plasticity processes which are necessary to
promote functional reorganization post-stroke (Polley et al., 2006; Recanzone et al., 1993).
Despite this, interventions to ameliorate sustained attention deficits post-stroke have remained

relatively unexplored.

Following stroke, changes in brain activity can be coarsely categorised into two patterns;
restoration of the original networks (for example, through functional remapping in adjacent

perilesional tissue) and reorganization (via the recruitment of alternative compensatory networks).
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Although still a contentious issue, considerable evidence from the last two decades suggests that
optimal recovery post-stroke is associated with restoration of original functional pathways
(Baldassarre et al., 2016; Fu & Zuo, 2011; Ramsey et al., 2016; Rehme, Eickhoff, Rottschy, Fink,
& Grefkes, 2012; Ward, Brown, Thompson, & Frackowiak, 2003), which may present the best
trade-off between metabolic costs and network efficiency (Bullmore & Sporns, 2012). The
restoration of functional networks supporting post-stroke recovery depends largely on processes
of plasticity (Fu & Zuo, 2011), therefore techniques that can promote brain plasticity hold

promise for rehabilitation.

tDCS has been shown to increase cortical excitability (Nitsche & Paulus, 2000) and
reduce local inhibition (Stagg et al., 2009). Following stroke, ipsilesional anodal tDCS produces
significant improvements in behaviour that are associated with increased activity within the
damaged region and functionally connected networks (Meinzer, Lindenberg, Antonenko, Flaisch,
& Floel, 2013; Stagg, Bachtiar, O'Shea, Allman, & Bosnell, 2012). Consequently, recent evidence
suggests that anodal tDCS over the damaged hemisphere over multiple sessions enhances the
stroke recovery process through modulation of the underlying neural networks, for example by
restoring dysfunctional interhemispheric connectivity (Marangolo et al., 2016), and increasing
cortical grey matter in the ipsilesional cortex (Allman et al., 20106), particularly when combined
with rehabilitation protocols such as physiotherapy and language training (Allman et al., 2016;

Marangolo et al., 2010).

To our knowledge, tDCS has never been employed to potentiate sustained attention
recovery post stroke. The prefrontal cortices play a prominent role in maintaining attentional
engagement (Sturm & Willmes, 2001a). Previous pharmacological interventions have pointed to
the potential for guanfacine, a noradrenergic agonist that modulates cognitive function, most
likely via receptors in the prefrontal cortex (Avery, 2000; Jakala et al., 1999) to ameliorate
sustained attention deficits in selected stroke patients with right hemisphere damage (Malhotra et

al., 2006; Singh-Curry et al., 2011), thus suggesting the prefrontal regions as a viable target for
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rehabilitation of sustained attention post-stroke. It has been shown in three separate cohorts of
neurologically healthy older adults (Empirical Chapter 1, Empirical Chapter 2) that tDCS can be
employed to increase excitability of the right prefrontal cortex and enhance aspects of top-down
attentional control and improve attention. This gives rise to the tantalising possibility for tDCS

over right PFC to ameliorate sustained attention deficits that occur following stroke.

In this chapter, the same tDCS protocol that was associated with enhanced sustained
attention performance in neurologically healthy adults was employed to assess whether sustained
attention deficits could be improved in a small sample of right hemisphere stroke patients. It was
hypothesized that increasing excitability in the right PFC would activate perilesional and residual

areas of the damaged hemisphere to improve sustained attention performance.

4.2 Material and Methods

Study Outline

Stroke patients (IN=6) who had experienced unilateral damage to the RH, at least one year
before testing, were recruited to test the effects of tDCS over the right PFC on sustained
attention performance. The experimental set-up was identical to that employed in Empirical
Chapter 1, Experiment 2 except for the following alterations: Firstly, the target stimulus was
adapted such that detection was 100% during the practice trials (see procedure described in
Empirical Chapter 3). Secondly, in order to minimize Time of Day effects which can be more
pronounced following stroke the patients were always tested at the same time of the day. Third,
the stroke patients were recruited and tested in the Cognitive Neuropsychology Centre (CNC), at
the University of Oxford, whereas the neurologically healthy participants in Empirical Chapter 2,
Experiment 2) were recruited and tested at Trinity College Institute of Neuroscience, The
University of Dublin, Trinity College. Finally, except for one patient (patient 1) whose data was
collected as an initial pilot participant, the tDCS administration was double blinded for the stroke
patients: a research assistant at the CNC, who was not presented for testing or otherwise

involved in the study, selected the real/sham conditions as outlined from a randomization
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procedure which was carried out by a member of the research team (ND) who was also not

involved in the testing.

Participants

All stroke patients with unilateral RH damage who participated in Empirical Chapter 3
that had no personal or family history of seizures, and no pacemakers or brain stents, were
invited to partake in this tDCS study (see Table 4.1 for overview of participants’ demographics
and clinical characteristics). In order to assay sustained attention capacity all participants were
administered the fixed version of the Sustained Attention to Response Task (SARTY,.4;
Robertson, Manly, et al. 1997; O’Halloran et al. 2013; Fig. 1.1.A), as described in Chapter 1,
Experiment 1. A participants’ performance on the task was classified with reference to normative
data as measured by commission errors (from unpublished observations on 5470 older adults
who participated in The Irish Longitudinal Study of Aging, TILDA), according to their age,
gender, and level of education. ‘Please note, this normative data from TILDA was available as
quantiles (more specifically into the 5%, 10, 25", 50®, 75", 90®, and 95" percentiles), and as a

result sustained attention capacity in Experiment 1 was classified based on these quantiles.’

Demographic Information

The stroke patients and healthy older adults (IN=23) did not differ in the number of
formal years in education (F), =2.42, p=.13; stroke M = 13.17, §D=4.63; healthy older M=15.91,
SD=3.65). Stroke patients were slightly younger than the healthy older adults, as evidenced by a
marginally significant main effect of group (F, ,,=4.16, p=.051, stroke M=67.17, §D=5.85;
healthy older M=72.70, §D=5.93). The stroke patients had lower levels of cognitive reserve
(F,5=5.32, p=.03, as measured via the Cognitive Reserve Index questionnaire (Nucci et al.,
2012) stroke M=114.83, §D=18.69; healthy older M=136.52, §D = 20.70). Binomial tests

conducted separately for the healthy older controls and the stroke patients indicated that the
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proportion of male to female participants did not differ significantly from the expected .50 (p>.68

for both groups). The right hemisphere lesions can be visualised in Fig. 4.1 and Fig. 4.2.

Table 4.1: Demographic and Cognitive Characteristics of the RH stroke patients.

Patient Age (yrs) Gender Education CRIq Sustained ~ Time Since Stroke
(yrs) Attention %ile (years)

1 69 M 10 110 50 2

2 62 M 15 123 25 missing

3 73 M 21 145 50 2

4 70 F 11 113 50 3

5 58 M 14 110 50 5

6 71 F 8 88 90 3

Figure 4.1: Lesion overlay for stroke patients. Conjunction maps were created from each
patients’ delineated lesion mask (IN=5) registered to a template space (MNI152 T1 1mm).
Intensity values represent the number of subjects with overlapping lesion affected
anatomy.
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Figure 4.2: Individual lesion masks for the stroke patients. Noz. lines represent patients 1, 2,
3, 4, and 6. No scan was available for patient 5.

The Continuous Temporal Expectancy Task

As in Empirical Chapter 1, Experiment 2, sustained attention changes occurring during
tDCS were assessed via accuracy (% correctly identified targets) on the CTET. As an additional
sustained attention measure, sensitivity to targets was also explored using D-Prime, a signal-
detection measure (Macmillan & Creelman, 2004). Given the small number of patients,
stimulation-induced changes in within-block and across-block accuracy were not explored, and
parametric inferential statistics were not implemented for the patient group. In order to assess
whether damage to the right hemisphere was associated with a differential response to

stimulation as compared with neurologically healthy older adults, the healthy older adults sample
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from Empirical Chapter 1, Experiment 2 was employed as a control group. The effect of
stimulation on accuracy and D-Prime for the healthy older adults was assessed using a one way
within subject ANOVA with ‘Stimulation’ as a factor. Outliers were defined on a per-block basis,
as described in Chapter 1. Changes in performance during stimulation for the 6 patients included
in this pilot study were described and visualised. All figures were designed using customized
scripts in MATLAB R2014a 8.3.0.532 (Mathworks, Natick, MA, USA). In all figures, the error

bars indicate the standard error of the mean (s.e.m).

4.3 Results

Behavioural Performance changes during tDCS
Accuracy

As noted in Empirical Chapter 2, Experiment 1, there was a main effect of Stimulation

2
(F, ,,=4.67., p=.043., 7p =.19) for the older adults, demonstrating that accuracy was significantly

20
higher during active (M=91.4 %, §D=7.36), compared with sham stimulation (M = 86.45%, §D=

10.43). For the stroke patients, five out of the six patients were descriptively worse during real

relative to sham stimulation (Fig. 4.3).
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Figure 4.3: The effects of tDCS on accuracy during performance of the CTET. A. The
tDCS-induced change in accuracy for each of the individual patients with damage to the
RH. Note. A denotes change in performance (real-sham). B. The effects of tDCS on
Accuracy visualized for the healthy older adults (improved performance) and right
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hemisphere stroke patients (impaired performance). Noze There was no change in accuracy
for patient 5.

D-prime

For the neurologically healthy older adults, sensitivity to targets was increased during real
(M=3.7, §D = .43) relative to sham stimulation (M=3.3, SD=.44; F, ,,=8.8, p=.008, npzz 31).
Five out of the six stroke patients exhibited lower sensitivity to targets during real relative to

sham stimulation.
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Figure 4.4: The effects of tDCS on sensitivity to targets (d-prime) during performance of
the CTET. A. The tDCS-induced change in D-Prime for each of the individual patients

with damage to the RH. Noze. A denotes change in performance (real-sham). B. The
effects of tDCS on D-Prime visualized for the healthy older adults (improved
performance) and right hemisphere stroke patients (impaired performance).

4.4 Discussion

The current pilot study assessed the feasibility of increasing excitability of the right
prefrontal cortex (PFC) to ameliorate sustained attention deficits following right hemisphere

stroke.

Increased perilesional activity typically parallels improvement
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An abundance of evidence suggests that following stroke, optimal recovery of motor
functioning, language capacities, and hemispatial neglect, is associated with the restoration of
networks within the damaged hemisphere (Baldassarre et al., 2016; Bullmore & Sporns, 2012; Fu
& Zuo, 2011; Ramsey et al., 2016; Rehme et al., 2012; Ward et al., 2003). This is believed to occur
through the recruitment of perilesional tissue where available, or the remapping of functions onto
adjacent regions (Ramsey et al., 2016). Capitalising on these findings, non-invasive brain
stimulation techniques targeting plasticity processes of the damaged networks, for example
through anodal tDCS over perilesional areas, have been shown to normalize network activity
normalize network activity and improve rehabilitation outcomes in many domains (Allman et al.,
2016; Ladavas et al., 2015; Marangolo et al., 2016). However, contrary to our hypothesis that right
prefrontal tDCS over the damaged hemisphere would temporarily ameliorate sustained attention
deficits there was no evidence of improved sustained attention, and descriptively five out of six

stroke patients were more severely impaired during stimulation.

One explanation for why tDCS could have disrupted performance is if the homologous
contralateral left hemisphere network was recruited to perform the task, and there are at least two
indications that the stroke patients in the current study may have been recruiting the left,
contralesional prefrontal cortex during performance of the CTET. Firstly, recruitment of the
contralesional hemisphere following stroke has been noted in severely impaired patients typically
shifts back to the ipsilesional hemisphere in parallel with recovery (Anglade, Thiel, & Ansaldo,
2014; Johansen-Berg et al., 2002; Rehme et al., 2012; Ward et al., 2003; Xerri, Zennou-Azogui,
Sadlaoud, & Sauvajon, 2014). However, persisting deficits are often accompanied with increased
activity in the contralesional networks (Johansen-Berg et al., 2002; Ward et al., 2003), which in
turn exerts inhibitory influences on the damaged hemisphere (Grefkes, Nowak, Wang, Dafotakis,

Eickhoff, et al., 2010a; Murase, Duque, Mazzocchio, & Cohen, 2004; Nowak et al., 2008).

In the current study, sustained attention was assessed in the stroke patients using the

fixed version of the Sustained Attention to Response Task (O'Halloran et al., 2011; Robertson,
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Manly, Andrade, Baddeley, & Yiend, 1997a), an established sustained attention measure which
correlates with day-to-day lapses in attention (Smilek et al., 2010). Five out of the six patients
tested scored in the 50" percentile or lower on this test, relative to their age, gender, and
education-matched peers, suggesting persisting impairments of sustained attention in this cohort.
It is quite possible these patients, presenting with sustained attention impairments in the chronic
stages of stroke, recruited the contralesional left hemisphere network to perform the task. In
support of this it is worth noting that the only patient (patient 6) whose performance improved
during right prefrontal tDCS, in the same direction as the neurologically healthy older adults, was

the patient whose normative sustained attention performance was in the 90" percentile.

Secondly, the flexible, adaptive neural coding within prefrontal cortex (Duncan, 2001;
2013) places this cortical region in an ideal position to compensate for unilateral damage. For
example, in healthy individuals, low frequency repetitive trains of TMS, employed to create a
‘virtual lesion’ over the PFC has been shown to disrupt working memory performance (T. G. Lee
& D'Esposito, 2012). Importantly, Lee and D’Esposito noted that the degree of increased activity
in this homologous (non-stimulated) PFC region was directly associated with resilience against
the virtual lesion, i.e., less performance disruption as measured on a working memory task, thus
suggesting beneficial involvement of the contra-‘Tlesional” hemisphere to functionally compensate.
Similarly in patients with acquired brain injury, compensatory activity of the homologous
prefrontal cortex is observed and positively associated with working memory performance
(Rosen et al., 2000; Turner, McIntosh, & Levine, 2011). Finally, Voytek et al. (2010) showed that
following unilateral prefrontal damage, chronic stroke patients exhibit dynamic compensation

within the intact prefrontal cortex during an attention task.

Of relevance, it is not the increased involvement of the intact prefrontal regions in
isolation that has been associated with performance restoration following lesions (either
artificially induced through rTMS or stroke), but rather the degree of activation in the prefrontal

regions in concert with ipsilesional activity within the task-relevant network such as higher visual
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areas (T. G. Lee & D'Esposito, 2012; Voytek et al., 2010). This suggests that it may be the
capacity of the intact prefrontal region to recruit the relevant ipsilesional network that supports

the adaptability of these prefrontal regions following damage.

Although a clear right lateralised network subserves the capacity to sustain attention,
many studies also note activation, albeit weaker in left hemisphere regions during sustained
attention tasks (Langner & Eickhoff, 2013a; Rosenberg et al., 2016), suggesting a less active
functional left hemisphere network. It is possible that stroke patients with damage to right
hemisphere nodes within the widespread sustained attention network may recruit the intact
contralesional network, via the PFC, in situations demanding sustained engagement. As observed
in Empirical Chapter 3, the CTET places high demands on the sustained attention system, as
evidenced by pronounced vigilance decrements in patients with RH damage. Thus, it is plausible
to suggest that chronic stroke patients with persisting sustained attention deficits following
unilateral right hemisphere damage may take advantage of the dynamic nature of the DLPFC

regions and recruit left hemisphere networks.

If indeed the stroke patients with persisting impairments in the current study were
engaging the left hemisphere to perform the CTET, increasing activation in the right prefrontal
cortex is likely to have disrupted performance by exerting interhemispheric inhibitory processes
over the homologous contralateral network (Grefkes, Nowak, Wang, Dafotakis, Eickhoff, et al.,
2010a; Murase et al., 2004; Nowak et al., 2008), thus interrupting dynamic compensatory
functions of the intact left hemisphere. In complement to this hypothesis, Bradnam and
colleagues (Bradnam, Stinear, Barber, & Byblow, 2012) showed that cathodal tDCS over the
contralesional motor cortex, employed to facilitate activity in the ipsilesional network, worsened
upper limb control for moderately to severely impaired chronic stroke patients, but improved
performance for mildly affected patients. In light of Bradman et al.’s findings, the preliminary
data presented in this chapter suggests that facilitating ipsilesional networks post-stroke (either

through ipsilesional anodal stimulation, or contralesional cathodal stimulation) may only be

104



beneficial for mildly impaired patients who hold preserved capacity to recruit ipsilesional

networks.

Limitations and Future Directions

Evidently, a substantial limitation of this report is the small sample size, as the availability
of suitable chronic patients was limited during the period of testing. Nevertheless, the current
data provides preliminary pilot data to suggest that stimulating the right prefrontal cortex in
patients with persisting sustained attention deficits following unilateral right hemisphere damage
does not aid, and potentially disrupts performance. This preliminary data suggests that right
prefrontal tDCS may not be a viable technique to ameliorate sustained attention deficits in these
patients. This hypothesis warrants further investigation not just from a cognitive neuroscience
perspective to further our understanding of natural compensatory processes following stroke, but
also from a rehabilitation perspective. Future work will benefit from a larger sample, combining
tDCS with neuroimaging to directly address the compensatory function of the contralesional
prefrontal cortex, and, most importantly, from a more extensive examination of tDCS protocols
by exploring whether anodal tDCS over the contralesional prefrontal cortex or cathodal

stimulation over the ipsilesional (right) hemisphere would preferentially improve performance.
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Discussion

D.1 Contributions

A major aim of this thesis was to investigate the contribution of right hemisphere
networks to attentional function in healthy ageing and stroke. This was mainly motivated by the
proposal that repeated activation of the right FPN underpinning facets of attention may be a key
contributor to cognitive reserve, the neuroprotective buffer that older adults with more
cognitively stimulating environments hold against cognitive decline in the face of
neuropathology. The experiments in this thesis were designed with the following specific
purposes:

e to assess the contribution of the right hemisphere to cognitive reserve in healthy ageing

e to understand whether the right prefrontal node of this right-lateralised network can be
upregulated in older adults to improve aspects of attentional function

e to explore how the capacity to maintain attentional engagement over time is impaired in
right hemisphere stroke patients

e to probe the feasibility of increasing excitability of the right PFC in patients with
unilateral damage to the right hemisphere.

The conclusions of these investigations along with suggestions for future research are

discussed below.

D.1.1 Right prefrontal contributions to sustained attention in ageing

The ability to sustain attention is integral to healthy cognition in ageing (O'Halloran et al.,
2011; O’Halloran et al., 2013; Robertson, 2014). This capacity is fundamental to maintaining

engagement with the task at hand (Smilek et al., 2010), and optimising the impact of brain
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plasticity processes that likely support cognitive reserve (Fritz, Elhilali, David, & Shamma, 2007b;
Polley et al., 2006; Recanzone et al., 1993; Robertson, 2014). The two experiments presented in
Empirical Chapter 1 were designed to investigate the contributions of the right PFC to sustained
attention in older adults. The results presented in Empirical Chapter 1 demonstrated in two
independent cohorts of older adults, using two very different task paradigms, that increasing
activity in the right PFC temporarily improves sustained attention performance. In Experiment 1,
simultaneous tDCS-EEG recordings revealed that stimulation was associated with enhanced
electrophysiological signals of frontal engagement and early visual attention, suggesting that
attentional improvements were achieved via the modulation of long-association frontoparietal

pathways.

These findings present a novel contribution to the literature signifying a causal role for
this region in sustained attention processes in ageing. The results demonstrate that upregulation
of the right PFC is feasible in the ageing brain. It has recently been shown that increasing
excitability of the right prefrontal cortex enhances error awareness in older adults (Harty et al.
2014). Empirical Chapter 1 therefore corroborates previous evidence that the right PFC can be
directly targeted in older adults (Harty et al. 2014), and suggests that the well-documented links
between sustained attention and error awareness in both healthy and pathological ageing
(McAvinue et al. 2005; O'Keeffe et al. 2007; Harty et al. 2013) may be subserved, at least in part,
by the right prefrontal cortex. Moreover the results in Empirical Chapter 1 suggest that
upregulating the right PFC is a promising approach to enhance aspects of cognition in older

adults that have been proposed to cultivate cognitive reserve (Robertson, 2014).

D.1.2 The right hemisphere role in cognitive reserve

The recent proposal that the right lateralised noradrenergic system underpins cognitive

reserve (Robertson, 2013; 2014) was addressed in Empirical Chapter 2. It is well established that
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visually presented stimuli produce strongest activation in the contralateral hemisphere (Heinze et
al., 1994; Mangun et al., 1998; Schiffer et al., 2004). Capitalising on this, a TVA whole report task
with lateralised stimulus displays (Duncan, Bundesen, Olson, Humphreys, Chavda, & Shibuya,

1999a) was used as a psychophysical assessment of hemisphere asymmetries.

In line with previous experiments showing a reduction in hemisphere asymmetries with
age (Cabeza, 2002b; 2004; Reuter-Lorenz et al., 2000), older adults did not show an asymmetry in
processing speed capacity, at the group level. However, older adults with higher levels of
cognitive reserve showed greater leftward asymmetry in the speed at which they process visual
information, suggesting dominant right hemisphere activation in these individuals. Interestingly,
younger healthy adults, tested in The University of Copenhagen using a similar lateralised
paradigm exhibited a rightward processing speed asymmetry on this task. Therefore, the results in
Empirical Chapter 2 suggest functional reorganisation involving the right hemisphere occurs in

high reserve individuals.

Error awareness is another core cognitive process proposed to contribute to cognitive
reserve, given the links between awareness, noradrenaline, and the right FPN networks
(Robertson, 2013; 2014). In Empirical Chapter 2 it was observed that older adults with higher
levels of reserve exhibited higher awareness of their everyday lapses of attention, which was
assessed via the discrepancy between an individual’s subjective report, and the report of a close
relative (Broadbent et al., 1982). This link between cognitive reserve and awareness provides

further indirect support for a right hemisphere contribution to cognitive reserve.

A recent study assessed older adults annually for several years (5.8 on average) on an
extensive cognitive battery (R. S. Wilson et al., 2013) and examined the integrity of the brainstem
aminergic nuclei post-mortem. Brain autopsies revealed that higher neuronal density within the

locus coeruleus was associated with less cognitive decline, a phenomenon that was not the case
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for any of the other brainstem aminergic nuclei. The locus coeruleus is the only source of
noradrenaline in the brain (Foote & Morrison, 1987; Sara, 2009). The results from Wilson et al.
therefore demonstrate that greater availability of noradrenaline in the ageing brain is associated
with less cognitive decline, an association that may be mediated by strengthened activation within
the right FPN (Robertson, 2013). In Empirical Chapter 2, the right hemisphere dominance of
older adults with higher levels of cognitive reserve extend these findings by exemplifying how
cognitive reserve, presumably accompanied with increased noradrenergic activity, is represented

in the forebrain.

Right prefrontal contributions to processing speed in ageing

Processing speed capacity shows linear decrements with age (McAvinue et al., 2012), with
recent work demonstrating a robust association between the decline of processing speed and
higher order cognitive abilities in ageing (Ritchie et al., 2014). Large-scale interventions, where
older adults are trained to increase processing speed, have shown favourable results, including
lasting benefits (Rebok et al., 2014) and generalisation of training to real life domains such as
reduced motor-collision accidents (Ball et al., 2010), and improved health-related qualify of life
(Wolinsky et al., 2006). However, the neural basis for such benefits has not been shown.
Empirical Chapter 2 demonstrated that tDCS over right PFC temporarily increases processing
speed in older adults. These results substantiate previous reports providing indirect evidence for
the right PFC in processing speed capacity (Chechlacz et al., 2015; Matthias et al., 2009).
Furthermore, these findings suggest the right PFC is a viable target region to improve the speed
of information processing in older adults and indicate that this area may contribute to the

promising benefits of processing speed training in older adults (Rebok et al., 2014).

The stimulation results in Empirical Chapter 2 demonstrated that for older adults with
lower levels of cognitive reserve, increasing excitability of the right PFC temporarily shifted this
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asymmetry leftward such that it resembled the high reserve older adults. This finding, that older
adults with lower levels of cognitive reserve show preserved capacity for plasticity in the right
PFC holds enthusing societal implications as it suggests that the potential to increase cognitive
reserve in older adults may not be restricted to those who have engaged in cognitively stimulating
activities throughout their lifetime. This is in line with recent approaches aimed at increasing
cognitive reserve in middle-aged adults ('Sending your Grandparents to University Increases

Cognitive Reserve'; Lenchan et al., 2010)

D.1.3 Preserved plasticity of the right prefrontal cortex in ageing

The findings from Empirical Chapter 1 and 2 indicate that right prefrontal tDCS
temporarily improves aspects of attention in ageing. It would be interesting to understand how
tDCS is affecting the brain at the cellular level. Emerging animal studies suggest that tDCS exerts
its effects, at least on stimulus processing, through an increase in noradrenergic drive (Monai et
al., 2016). The work presented in this thesis suggests that tDCS in humans can also enhance
stimulus processing: right PFC tDCS was associated with a markedly enhanced amplitude of the
visual-evoked N1 component (Empirical Chapter 1) and with improvements in the speed at
which perceptual information in the environment can be processed (Empirical Chapter 2). One
mechanism by which noradrenaline is proposed to enhance stimulus processing is through an
increasing stimulus-evoked neural activity while correspondingly decreasing spontaneous firing,
i.e. by increasing the signal to noise ratio (cf Hurley et al., 2004; Waterhouse, Ausim Azizi, Burne,
& Woodward, 1990). Whether tDCS is increasing noradrenaline and enhancing the naturally
adaptive nature of the prefrontal cortices to selectively increase relevant inputs while decreasing
irrelevant inputs (Duncan, 2001) will be an avenue for future work. Pupil diameter has been
identified as a noninvasive proxy of noradrenergic activity (Murphy, O'Connell, & O'Sullivan,

2014; Sara, 2009), and could be used as a marker of noradrenaline in future work with human
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participants, to assess whether the effects of tDCS over right PFC are mediated by noradrenergic

activity (Murphy et al., 2014; Sara, 2009).

D.1.4 The temporal dynamics of sustained attention deficits following right hemisphere

stroke

Aspects of attention, particularly the capacity to sustain attention are predictive of
rehabilitation outcomes following stroke (Bennett et al., 2002; Blanc-garin, 1994; Robertson,
Ridgeway, Greenfield, & Parr, 1997c; van Zandvoort et al., 2005). Empirical Chapter 3 provides
novel evidence that sustained attention deficits experienced by patients with damage to the right
hemisphere represent an impaired capacity to maintain engagement over short temporal
durations (3-3.5 minutes), shorter than those previously reported (Malhotra et al., 2009; Rueckert
& Grafman, 1996; 1998). This holds important practical information regarding the cognitive
benefits of frequent rest periods for right hemisphere stroke patients. These findings also
contribute to the methods by which sustained attention deficits are assessed. Previous task
paradigms have demonstrated a deficit in overall sustained attention performance in right
hemisphere stroke patients (Malhotra et al., 2009; Rueckert & Grafman, 1996; 1998), and a
decline in performance over an 8-10 minute window under certain task conditions (Rueckert &
Grafman, 1996; 1998). However, decrements in attentional engagement over shorter time scales

have not previously been identified.

Traditional sustained attention tasks using visual target stimuli hold one critical limitation
such that perceptual features of the target stimulus may exogenously capture attention, thus
aiding task performance and potentially masking decrements in the capacity to endogenously
maintain attentional engagement. The continuous temporal expectancy task (O'Connell, Dockree,
Robertson, et al., 2009b) employed to assess sustained attention in the right hemisphere stroke

patients in Empirical Chapter 3 provides distinct advantages for the assessment of performance
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decrements, such that target detection is independent from the visual components of the task and
rather relies on the temporal domain. These characteristics reduce the ease at which automated
bottom-up processes can govern task performance, thereby providing a ‘purer’ measure of
sustained attention decrements. This task is also sensitive to performance decrements over short
time windows in healthy younger individuals, with sufficient error rates such that
electrophysiological signatures of sustained attention can be examined (O'Connell, Dockree,
Robertson, et al., 2009b). A direct comparison of the deployment of attention to the time, as
opposed the visual domain is necessary to confirm a superiority of the former approach for
detecting fluctuations in attention over short time windows. However, in light of previous work
literature assessing vigilance decrements (Malhotra et al., 2009; Rueckert & Grafman, 1996; 1998),

the work presented in Empirical Chapter 3 suggests this is the case.

D.1.5 The feasibility of right prefrontal tDCS in stroke patients

Heeding the results from the two experiments presented in Empirical Chapter 1,
Empirical Chapter 4 was designed to assess whether the tDCS protocol that temporarily
improved sustained attention performance in both cognitive healthy older adults, and older adults
with suboptimal sustained attention performance, could be employed to temporarily remediate
sustained attention deficits in chronic stroke patients with unilateral RH damage. Contrary to the
hypothesis that tDCS would increase excitability of the right PFC and improve sustained
attention, no significant difference was observed between real and sham, and descriptively tDCS
temporarily impaired performance in five out of the six right hemisphere patients. The small
sample size for these preliminary results hinders any conclusive interpretations from this data.
Notwithstanding these limitations, these findings hold important information for the design of
future interventions aiming to ameliorate sustained attention deficits in right hemisphere stroke
patients. Of interest, the only patient who responded to tDCS in the same direction as the
healthy older adults, was the only patient who did not present with persisting, chronic sustained

attention deficits (as compared with age, gender, and education-matched normative data). Hence,
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all five patients whose sustained attention performance did not improve, or was potentially
disrupted via right PFC tDCS, showed persisting deficits at maintaining attention in the chronic

stages of stroke.

One explanation for why tDCS may have impaired performance in Empricial Chapter 4
is if the contralesional left prefrontal cortex exerted inhibitory influences over the right
hemisphere in a manner which aided sustained attention capacity (Grefkes, Nowak, Wang,
Dafotakis, Eickhoff, et al., 2010a; Murase et al., 2004; Nowak et al., 2008). This poses the
interesting question of whether chronic stroke patients with unilateral damage to the right
hemisphere presenting with severe and persistent sustained attention deficits show an adaptive
increase in left hemisphere network activity. This would suggested by neuroimaging studies
assessing compensatory involvement in chronic stroke patients within the motor domain
(Bradnam et al., 2012; Johansen-Berg et al., 2002; Ward et al., 2003). Adaptive left hemisphere
compensatory involvement in RH stroke patients may have been overlooked by previous studies
because, as demonstrated in Empirical Chapter 3, these patients still show impaired performance
relative to healthy older adults at baseline (during the sham condition). However, the preliminary
tDCS results presented in Empirical Chapter 4 suggest that without the left hemisphere
involvement this impairment might be even more severe. An intriguing approach to shed light on
this hypothesis would be to combine tDCS with functional neuroimaging (Meinzer et al., 2013).
Firstly, this would clarify how the activation of right hemisphere pathways versus the
compensatory involvement of left hemisphere networks contributes to sustained attention
performance in chronic stroke. Secondly, the use of multiple tDCS protocols to exogenously
increase and decrease excitability of both the right and left prefrontal regions during concurrent
fMRI recordings, would enable a more thorough understanding of how baseline functional
network activation contributes to the effects of tDCS. Specifically it would be interesting to see
whether the benefits of anodal right PFC tDCS are dependent on right lateralisation of the
sustained attention networks recruited at baseline.
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D.2 Limitations and Future Directions

D.2.1 Limitations of tDCS

A promising application for tDCS is its potential to enhance learning in healthy
individuals (Nitsche & Paulus, 2000) and to augment the benefits of interventions for
pathological conditions such as stroke (Allman et al., 2016; Marangolo et al., 2016), through its
facilitation of brain plasticity (Fritsch et al., 2010; Nitsche et al., 2006; Podda et al., 2016). It has
been demonstrated in Empirical Chapter 1 and 2 that when cortical excitability of the right PFC
is increased in older adults using tDCS, attentional engagement is increased. There is some
evidence to suggest that tDCS may improve cognition when combined with relevant behavioural
interventions (Ditye, Jacobson, Walsh, & Lavidor, 2012; Kadosh, Soskic, Tuculano, Kanai, &
Walsh, 2010). Thus, an inviting avenue for future work may be to decipher whether right PFC
tDCS over multiple sessions could be combined with emerging behavioural interventions
(Milewski-Lopez et al., 2014; Rebok et al., 2014). This might be hypothesised to enhance
cognitive outcomes in ageing and strengthen activation within the right lateralised cognitive
reserve network to help cultivate the neurocognitive buffer against diseases such as Alzheimert’s.
However, tDCS holds several limitations that should be addressed in advance of research
ventures aiming to apply this technique to improve current interventions, and even more
importantly before advocating this technique as a commercially available tool for cognitive

remediation (Steenbergen et al., 2015).

Arguably, the most substantial limitation of tDCS is the large variability observed in inter-
individual responsiveness to stimulation (Li, Uehara, & Hanakawa, 2015; Wiethoff, Hamada, &
Rothwell, 2014). For tDCS to be realised and optimised as an applicable tool to ameliorate
cognitive deficits, it is essential that advances are made towards understanding these sources of

variability. The distribution of current flow under the tDCS electrodes is affected by neuro-
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anatomical factors such as skull thickness, gyral depth, cerebrospinal fluid, and the integrity of
white matter structures within the relevant network (Bradnam et al., 2012; Laakso, Tanaka,
Koyama, De Santis, & Hirata, 2015; Opitz, Paulus, Will, Antunes, & Thielscher, 2015). Moreover,
unlike stimulation methods such as transcranial magnetic stimulation, where direct modulation of
action potentials takes place (Terao & Ugawa, 2002), tDCS modulates the underlying neuronal
activity by interacting with simultaneously active neuronal populations in either an excitatory or
inhibitory manner (Nitsche et al., 2008; Stagg & Nitsche, 2011). Thus the underlying neural
network is also of importance to the effects of stimulation (Benwell, Learmonth, Miniussi,
Harvey, & Thut, 9999; Berryhill & Jones, 2012; Learmonth, Thut, Benwell, & Harvey, 2015).
Computational modelling of current flow will facilitate a richer understanding of both the inter-
individual variability in response to tDCS and the mechanistic effects of the technique (Berker,
Bikson, & Bestmann, 2013; Bestmann, de Berker, & Bonaiuto, 2015). Moreover, the
identification of biomarkers to predict responsiveness will optimise the application of this

technique to cognitive rehabilitation in the future.

In addition to understanding sources of variability, identifying stimulation protocols that
show replicable effects at the group level is relevant to studies aiming to ascribe a causal role of
specific brain areas to particular cognitive functions. This thesis describes three separate
experiments (Empirical Chapter 1, Empirical Chapter 2), using a tDCS montage designed to
upregulate the right DLPFC, where aspects of attentional function were enhanced during active

relative to sham stimulation.

Using an identical electrode montage (current strength, electrode size, adhesion, and
placement), Harty et al (2014) showed that, in two separate cohorts of older adults, right anodal
PFC tDCS improved error awareness, a cognitive process reliant on the same right lateralised
network (Robertson, 2014). Collectively, these five experiments suggest that the right PFC
stimulation protocol used throughout this thesis is a promising electrode montage to increase
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activity in the right PFC in healthy older adults. Importantly, similar performance benefits were
not observed for anodal left PFC (Harty, Robertson, Miniussi, Sheehy, Devine, McCreery, &
O'Connell, 2014a), anodal right parietal (Empirical Chapter 2), or cathodal right PFC tDCS
(Harty, Robertson, Miniussi, Sheehy, Devine, McCreery, & O'Connell, 2014a). Nonetheless,
future work should address the replicability of these findings and affirm the right-lateralisation of

the effects presented in this thesis by also assessing the effects of left prefrontal tDCS.

D.2.2 Future directions for upregulation of PFC
In light of these limitations it is imperative that future work exploring the efficacy of
tDCS over right PFC to improve facets of attention is compared with other techniques used to

directly manipulate brain activity.

Firstly, there are several other transcranial electrical stimulation (TES) techniques
available. For example, transcranial random noise stimulation (tRNS) is an oscillatory form of
brain stimulation where the frequency of the current varies in a rapid, randomized manner
(Kadosh, 2015). The impact of tRNS is therefore polarity independent, which can give rise to
facilitatory effects at both electrode sites (Kadosh, 2015). tRNS over right prefrontal and parietal
regions may thereby constitute a means for creating a distributed impact of stimulation
throughout the FPN. Transcranial alternating current stimulation is another TES approach that
can be used to entrain specific cortical oscillations (Helfrich et al., 2014). This presents the
potential of targeting specific frequency bands, that are known to fluctuate with attentional

engagement (O'Connell, Dockree, Robertson, et al., 2009b).

Finally, a technique for modulating brain activity that is particularly compelling for it’s
spatial specificity is fMRI neurofeedback (deCharms et al., 2005). This technique enables
individuals to gain volitional control over highly specific brain areas (Habes et al., 2016; Linden,

2016; Linden et al., 2012, Christopher deCharms, 2008), by learning to modulate the BOLD
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response in real-time. Clinically relevant improvements have been observed following fMRI
neurofeedback training for patients with Parkinson’s Disease, suggesting that this technique is
feasible for age-related neurodegenerative conditions (Subramanian et al., 2016; 2011). Moreover,
it has recently been demonstrated that during fMRI neurofeedback from a distributed network,
identified using multivariate pattern analysis, sustained attention lapses in healthy younger adults
can be reduced (deBettencourt, Cohen, Lee, Norman, & Turk-Browne, 2015b). Superior
improvements in attention were observed when feedback contained information from the FPN,
thereby suggesting that fMRI neurofeedback could be a viable tool for targeting the right FPN in

older adults.

D.2.3 The bigger picture

The focus of this thesis has been to enhance the understanding of attention networks in
healthy ageing and stroke in an effort to inform future approaches towards mitigating cognitive
loss. However, techniques to successfully enhance attention may also be associated with benefits
beyond the cognitive domains in aspects of affect and emotional well-being. For example, in the
influential ‘flow” model, Csikszentmihalyi reports how peoples’ most enjoyable and positive
experiences are frequently accompanied by high degrees of attentional engagement, task
absorption, or ‘flow’ (Abuhamdeh & Csikszentmihalyi, 2011; Csikszentmihalyi, Abuhamdeh, &
Nakamura, 2005; Csikszentmilhalyi et al., 1982). A recent large study (IN=2250) probed healthy
younger individuals at random intervals throughout the day using a smartphone application and
assessed self-reported mind-wandering, and subjective affect (happiness). The results
demonstrated that low levels of attentional engagement with the task at hand (mind wandering)
across a wide range of daily activities were associated with lower subjective happiness ratings
(Killingsworth & Gilbert, 2010). The identification of a target area to enhance attentional
engagement in older adults (Empirical Chapter 1 and 2) may thereby be of relevance, not solely

for cognitive function in ageing, but may also have implications for improving affect. In line with
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this, stimulation of the prefrontal regions is emerging as a promising intervention for depression
(Kalu, Sexton, Loo, & Ebmeier, 2012; Nitsche, Boggio, Fregni, & Pascual-Leone, 2009). In older
adults, compromised emotional wellbeing (e.g., depression) increases the risk of Alzheimer’s
Disease (R. S. Wilson et al., 2002; 2007), and predicts worse functional outcomes following stroke
(Ayerbe, Ayis, Wolfe, & Rudd, 2013). Thus, it would be noteworthy for interventions targeting

attention in ageing to explore associations with emotional wellbeing.

It is important to acknowledge that the work presented in this thesis has focused
exclusively on enhancing aspects of attentional function through training the underlying
networks, with a specific interest on the right-lateralised ‘alerting’ system given its proposed
relation with cultivating cognitive reserve (Corbetta & Shulman, 2002; Posner & Petersen, 1990;
Robertson, 2014). Tang and Posner describe the training of specific networks that underpin
executive functions as a ‘western’ approach to improving attention (Tang & Posner, 2009).
However, ‘eastern’ methods provide an alternative school of thought. For example, with
mindfulness meditation, the focus is based on self-regulation of the attentional state rather than
training the networks identified during attention-tasks (Tang & Posner, 2009). Longterm
meditators show superior performance on attention tasks (Prakash et al., 2012; van Leeuwen,
Miiller, & Melloni, 2009) and preliminary evidence suggests that expert meditators may hold a
protective effect against age-related cognitive decline (see Gard, Holzel, & Lazar, 2014 for a
review; Sperduti, Makowski, & Piolino, 2016). Such studies are limited by potential confounding
variables between expert- and non-meditators. However, intensive meditation interventions in
younger adults have been shown to improve aspects of attention (Tang et al., 2007), including
sustained attention and perceptual discrimination abilities (MacLean et al., 2010). Meditation-
based interventions have also been shown to improve emotional responses in younger adults
(Tang et al., 2007; cf Tang & Posner, 2009), thus warranting the investigation of these techniques

to ameliorate attention deficits in both healthy and pathological ageing.
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Appendix A

Post-stroke deficits in attention and working
memory: prevalence and impact on subacute
and long term functional status.

King, R. L., Brosnan, M., Humphreys. G. W. & Demeyere, N.
Abstract: British Neuropsychological Society Autumn Meeting, London, UK, October 2016.

In the UK there are approximately 1.2 million stroke survivors. Of that population over half will
experience disability and over a third will be dependent on others in their daily lives (State of the
Nation, 2016). It is important to understand what types of disability are experienced and how
deficits can influence functional recovery. For example, domain general cognitive impairments
have been linked with wider spread cognitive deficits (Massa, Wang, Bickerton, & Demeyere,
2015) and poorer functional recovery (Robertson, Ridgeway, Greenfield, & Parr, 1997c;
Schoenmakers, 2016). This study aims to explore the prevalence of domain general deficits in
attention and working memory, the relationship between these impairments and other cognitive
problems (< 100 days) and finally the impact of deficits on long term (>9 months) functional
recovery. In a large sample of 682 stroke patients, 53% had impaired selective attention, 36% had
impaired sustained attention and between 25% and 33% had impaired working memory. These
impairments were significantly correlated with poorer performance on multiple cognitive
domains and functional status at the subacute phase of recovery. Furthermore, in a sample of 230
patients assessed at follow-up, impaired sustained attention during the sub-acute

stage significantly predicted functional status at 9 months post stroke, even when taking stroke

severity and age into consideration. The results highlight not only the prevalence of these deficits,
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but also the short and long term influence they may play on cognitive and functional
recovery. These findings indicate the importance of successful integration of cognitive

assessment and rehabilitation into the stroke pathway.
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Appendix B

Supplementary information for Empirical Chapter 2.
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Supplementary Figure 2.8: The difference in Processing Speed Hemifield Asymmetry
between right and left hemifields in younger and older adults.

Y Axis denotes the Laterality index (C;3), whereby values greater than 0.5 indicate a leftward
asymmetry. Younger adults (mean age 24.8 years, SD=3.1, range = 20-306), show a
significant rightward asymmetry in Processing Speed C towards items in the right
hemifield. There is no significant difference in processing speed capacity for right vs left
hemifields for the older Irish participants who participated in the current study. Noze *
denotes p<.05, #s denotes no significant difference between right and left hemifields.
Data for the younger adults was collected by Bart Cooreman and colleagues at the Centre
for Visual Cognition, Copenhagen University.
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Appendix C

The Dorsolateral Prefrontal Cortex, a
Dynamic Cortical Area to Enhance Top-Down
Attentional Control

Brosnan, M. & Wiegand, I. Journal Club article (Journal of Neuroscience).
Original Article Citation

Gbadeyan O, McMahon K, Steinhauser M, Meinzer M. 2016. Stimulation of Dorsolateral Prefrontal
Cortex Enhances Adaptive Cognitive Control: A High-Definition Transcranial Direct Current Stimulation

Study. J. Neurosci. 36:12530-12536.

Article

The dorsolateral prefrontal cortex (DLPFC) is part of a domain-general network of frontal,
parietal, and insular brain regions activated in response to a wide range of de- manding task conditions
(Duncan, 2013). Both animal electrophysiology and human neuroimaging suggest that, within the DLPFC,
flexible neuronal tuning supports top-down modulation of task-relevant pro- cesses (Freedman et al.,
2001; Duncan, 2013; Erez and Duncan, 2015). Neuroimaging work has demonstrated that the DLPFC
implements cognitive control adjustments, contingent on the detection of conflict (Egner and Hirsch,
2005). In complement with these correlational findings, Gbadeyan et al. (2016) assessed whether
exogenously increasing the neuronal excitability of the DLPFC using tDCS was associated with an

increase in cognitive control.

The authors used a double-blind, sham- controlled approach to investigate the ef- fects of high-
definition (HD) transcranial direct current stimulation (tDCS). A total of 120 healthy young participants
received HD tDCS over right DLPFC, left DLPFC, or right or left primary motor cortex (M1). The aims
were to ascribe a causal role of the DLPFC to cognitive control and to assess hemispheric differences in

this function. Participants performed a visual flanker task, in which they had to respond to a centrally
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presented target (arrow) surrounded by dis- tractor stimuli that were associated with ei- ther the same
(congruent, arrow pointing in the same direction) or a different (incon- gruent, arrow pointing in the
opposite di- rection) response to the target stimulus. In this task, slower response times (RT's) are
observed for incongruent compared with congruent trials (Eriksen and Eriksen, 1974). A measure of
cognitive control in this task is the magnitude of the “conflict adap- tation effect” (Botvinick et al., 2001),
ac- cording to which the flanker effect is markedly reduced after incongruent trials and increased after

congruent trials.

Gbadeyan et al., 2016 found both a ro- bust flanker effect (faster RT's for congruent trials than for
incongruent trials) and a con- flict adaptation effect (a larger flanker effect after congruent trials than after
incongruent trials). Crucially, the conflict adaptation ef- fect was enhanced when activity in the DLPFC
was exogenously increased using tDCS. There were no differences in the effect of right and left DLPFC
stimulation on the conflict adaptation effect, and stimulation of M1 over either hemisphere did not alter

this measure of cognitive control.

These findings corroborate previous fMRI work, which has shown increased DLPFC activity
during cognitive control (MacDonald et al., 2000; Egner and Hirsch, 2005), and they provide novel
evidence sug- gesting that the prefrontal cortex plays a causal role in enhancing conflict adaptation. One
caveat to the study, however, is that participants who received tDCS over right DLPFC had significantly
slower RT's than those who received tDCS over left DLPFC. tDCS is known to interact with already ac-
tive neuronal populations (Fertonani and Miniussi, 2016). Baseline differences in task performance are
therefore of potential im- portance, calling into question the interpre- tation that lateralization of the
DLPFC did not play a role in cognitive control processes in the present study. This is of particular rel-
evance given discrepancies in the neuroim- aging literature regarding lateralization of the DLPFC in
cognitive control (MacDon- ald et al., 2000). One aspect contributing to the diversity of findings might be
differences in the type of stimulus material and tasks used in the studies. Paradigms that are sen- sitive to
lateralization of cognitive functions, such as tasks with laterally presented stimuli often used in the
assessment of visual pro- cesses (Habekost and Rostrup, 2007), might be better suited to detect potential

hemi- spheric asymmetries in cognitive control.

An important question arising from the causal role that the DLPFC plays in cognitive control
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adjustments, as demonstrated in the present study, regards the neural mechanisms behind this effect.
Previous neuroimaging work (Egner and Hirsch, 2005) has suggested that cognitive control adjustments
are associated with an increase in DLPFC activity in concert with enhanced activation in target-specific
processing re- gions in higher-order visual areas. We sug- gest that the enhanced conflict adaptation effect
during stimulation of the DLPFC ob- served in the present visual flanker task is likely achieved via
increased top-down at- tentional modulation over early visual pro- cesses, thus facilitating the deployment
of attentional resources to the relevant change in the presented stimulus (i.e., to the target following
incongruent trials and the distrac- tor following congruent trials). Anatomical and functional connections
among fron- tal, parietal, and occipital regions exist (Chechlacz et al., 2015; Marshall et al., 2015), and
increased activity in visual occip- ital areas are often observed concurrently with enhanced prefrontal
activity (Erez and Duncan, 2015). Furthermore, evidence from correlational neuroimaging studies suggests
that the DLPFC exerts top-down modulatory control over eatly visual atten- tion processes (Zanto et al.,
2011). Specifi- cally regarding conflict adaptation, previous imaging work (Egner and Hirsch, 2005) has
identified increased functional coupling be- tween a subregion of the DLPFC and extra- striate visual
regions during processing of the target stimulus (i.e., activity in the fusi- form face area during the
processing of target face stimuli). However, whether stim- ulation of the DLPFC indeed increases the
conflict adaptation effect via the modula- tion of visual attention processes remains to be explored. Future
work combing HD tDCS with neurophysiological techniques such as simultaneous tDCS-EEG recordings
will shed light on this issue, for example by assessing whether stimulation of the DLPFC is associated with

enhanced visual evoked potentials to the task-relevant stimuli.

Gbadeyan et al. (2016) have demon- strated the feasibility of HD tDCS to effec- tively upregulate
the DLPFC in cognitively healthy younger adults. Whether this tech- nique could be used to enhance the
excit- ability of prefrontal regions in individuals with suboptimal cognitive capacities to re- mediate
performance is an exciting avenue for future research. The DLPFC is a flexible cortical region, which
makes it an attractive target region for neurorehabilitation of cog- nitive function. The cortical region has
a ca- pacity for adaptive compensation following unilateral stroke (Voytek et al., 2010). Simi- latly,
enhanced recruitment of the DLPFC in older adults is considered an adaptive re- sponse to age-related
declines in early sen- sory regions to process visual information (Davis et al., 2008). Of significance, the
DLPFC plays a crucial role in the speed at which visual information is processed (Ha- bekost and Rostrup,
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2007; Chechlacz et al., 2015). Visual processing speed is impaired in many clinical populations (Habekost,
2015) and is increasingly considered a bio- marker of cognitive aging (Ritchie et al., 2014). Future studies
should extend the work presented by Gbadeyan et al. (2016) and assess whether prefrontal tDCS can

ameliorate cognitive deficits occurring in both healthy and pathological aging.
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