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Abstract

Declines in cognitive and motor functions as a result of ageing have an adverse
impact on the quality of life. One such decline takes the form of poorer psychomotor
performance, which involves both cognitive and motor processes in terms of
perceiving and processing external stimuli, and executing motor responses. Recent
research using transcranial direct current stimulation (tDCS) has shown that priming
the corticospinal system by lowering the threshold for the induction of long-term
potentiation facilitates subsequent motor performance. Here we utilised this priming
approach in a double-blind sham-controlled experiment to investigate the efficacy of
the application of tDCS to the dorsolateral prefrontal cortex (DLPFC) in improving
the psychomotor performance of older adults. A group of 10 healthy older
individuals (mean age 71.60 years; 5 males and 5 females) participated in 2 sessions
on separate days, with 1 session involving a 10-minute cathodal tDCS followed by a
20-minute anodal tDCS (C-A), and the other involving a 10-minute cathodal tDCS
followed by sham stimulation (C-S) over the left DLPFC. Psychomotor
performance was determined through the accuracy and response speeds on a task
measuring sustained, selective, and divided attention. The accuracy scores for
divided attention were significantly higher in the C-A condition compared with the
C-S condition, suggesting that anodal tDCS primed with cathodal tDCS is effective
in improving divided attention, and shows promise as a clinical intervention for
improving psychomotor function in older adults.

Keywords: transcranial direct current stimulation, tDCS, dorsolateral prefrontal

cortex, DLPFC, attention, psychomotor speed, ageing
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Effects of Primed Anodal Transcranial Direct Current Stimulation on the
Psychomotor Function of Older Adults

With increases in life expectancies and declines in fertility rates, populations
worldwide are ageing at a substantial rate: the United Nations estimates that the
number of people in the world over the age of 60 will increase by 56% between 2015
and 2030 (United Nations Department of Economic and Social Affairs, 2015). The
most prevailing consequence of ageing is the deterioration of functional capabilities
(Yoshihara, 2012), which usually manifests in the decline of psychomotor
performance (llamkar, 2014). Psychomotor performance involves both cognitive
and motor processes in terms of perceiving and processing external stimuli, and the
initiation and execution of motor responses (llamkar, 2014). An example of a
psychomotor activity is driving, with cognitive processes such as paying attention to
traffic signs and other vehicles, and motor responses such as applying the brakes and
turning the steering wheel (Moskowitz & Burns, 1990). While declining
psychomotor performance is an inevitable consequence of ageing, any way of
alleviating or slowing this deterioration is advantageous as it can improve the quality
of life for older adults. For example, improving the functional abilities of older
individuals can reduce their need and dependence on intensive medical and clinical
interventions (Harvey & Thurnwald, 2009). Age-related declines in psychomotor
functions should also be addressed because they bring about potential dangers such
as a higher risk of falls and accidents (Di Fabio et al., 2005; Shanmugaratnam, Kass
& Arruda, 2010). Furthermore, research into finding ways of ameliorating age-
related decline for healthy populations can contribute towards the development of

potential interventions for the pathological psychomotor decline present in
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conditions such as dementia (Bailon, Roussel, Boucart, Krystkowiak & Godefroy,
2010).

Transcranial direct current stimulation (tDCS), a non-invasive brain
stimulation technique, presents as an attractive treatment option for alleviating age-
related deterioration. By inducing the transmembrane neuronal potential, tDCS
influences the level of cortical excitability (Nitsche et al., 2008; Zaghi, Acar,
Hultgren, Boggio & Fregni, 2010). It is thought that the neuronal changes associated
with the persisting effects of tDCS are analogous to activity-dependent synaptic
plasticity, i.e., long-term potentiation and long-term depression (Fritsch et al., 2010;
Rroji, van Kuyck, Nuttin & Wenderoth, 2015). Recent reviews (Hsu, Ku, Zanto &
Gazzaley, 2015; Summers, Kang & Cauraugh, 2016) have found tDCS to be
effective for improving cognitive and motor functions in healthy older individuals.
However, a problem facing many tDCS studies is the inter-individual variability of
responses to tDCS (e.g., Strube, Bunse, Malchow & Hasan, 2015; Wiethoff, Hamada
& Rothwell, 2014). The differences in individual response to stimulation, with some
individuals not showing the expected effects of tDCS, must be addressed in order for
tDCS to be a more viable option for clinical interventions (Wiethoff et al., 2014).

To address this problem, a novel tDCS priming technique was recently
developed and demonstrated to reduce the inter-individual variability in responses to
tDCS (Fujiyama et al., in press). Using a double-blind sham-controlled experiment,
this thesis is a follow-up study to explore the effectiveness of this tDCS protocol on
improving the psychomotor performance of older individuals.

The following sections will begin with an overview of the age-related
deterioration in response speed and attention, which is an important component of

psychomotor functioning. The use of tDCS as a way of alleviating age-related
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declines, including its mechanisms and how it is conducted, will also be outlined.
The involvement of the dorsolateral prefrontal cortex (DLPFC) in psychomotor
performance, and previous research investigating the effects of tDCS to the DLPFC
will also be reviewed. This is followed by an explanation of homeostatic
metaplasticity, which is the underlying principle behind the novel tDCS protocol that
would be used to reduce inter-individual variability in responses to tDCS.
Age-related Declines in Psychomotor Performance

Psychomotor performance involves both cognitive and motor processes
(llamkar, 2014), and a cognitive function that plays an important role in
psychomotor functioning is attention (Kallus, Schmitt & Benton, 2005). There are
three attentional functions as proposed by Posner and Petersen (1990): sustained,
selective, and divided. Sustained attention refers to the process of achieving and
maintaining attention on a particular target, selective attention refers to the process
of directing attention to sensory stimuli, and divided attention refers to the ability to
task-shift and resolve conflict between multiple stimuli (Drag & Bieliauskas, 2010;
Posner & Petersen, 1990). These three types of attention are important for daily
activities and for ensuring safety. For instance, sustained and selective attention is
crucial for being alert and vigilant to potential hazards when walking or driving.
Divided attention is required when there are various stimuli to simultaneously attend
to, such as driving safely while navigating and trying to locate a building in an
unfamiliar place.

Sustained attention appears to be preserved or even improved with old age,
with recent studies finding higher accuracy rates on sustained attention tasks for
older participants when compared with younger participants (Brache, Scialfa &

Hudson, 2010; Carriere, Cheyne, Solman & Smilek, 2010; Jackson & Balota, 2012;
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Staub, Doignon-Camus, Bacon & Bonnefond, 2014). The research on the two other
types of attention, on the other hand, largely show that selective and divided
attention decline with age, with older adults having poorer performance than their
younger counterparts (e.g., de Ribaupierre & Ludwig, 2003; Getzmann, Golob &
Wascher, 2016; Maurits, Renken, Lorist, Saliasi & Geerligs, 2014).

Apart from declines in cognitive abilities, the psychomotor performance of
older individuals is also affected by the slowing in response speeds (Forstmann et al.,
2011; llamkar, 2014). With slower psychomotor speed being a significant predictor
of falls (Chen, Peronto & Edwards, 2012), it is thus important for age-related
psychomotor slowing to be addressed as well.

Much of age-related functional decline has been associated with cerebral
ageing, such as through the decrease in synaptic connectivity (Morrison & Baxter,
2012), as well as through neuronal loss and changes in white matter (Jellinger &
Attems, 2013). Notably, structural changes in brain regions such as the DLPFC have
been shown to underlie age-related declines in psychomotor function (Fujiyama et
al., in press).

However, the central nervous system is highly plastic and is able to reorganise
its structure, function, and connections in response to environmental stimuli: a
concept known as neuroplasticity (Cramer et al., 2011). The induction of
neuroplasticity is seen as a key strategy in alleviating age-related declines in
functional capabilities (Jellinger & Attems, 2013). Neuroplasticity in older
individuals can be induced through the use of non-invasive brain stimulation such as
tDCS (Nitsche & Paulus, 2011).

Transcranial Direct Current Stimulation (tDCS)
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The application of tDCS involves placing electrodes on the scalp for the
delivery of small currents that induce changes in cortical activity (Nitsche et al.,
2008). Whether tDCS increases (upregulates) or inhibits (downregulates) cortical
excitability depends on the placement of the electrodes (Nitsche et al., 2008).
Anodal tDCS increases cortical excitability, and occurs when the anode (a
positively-charged electrode) is placed over the intended brain region to be
stimulated and the cathode (a negatively-charged electrode) on a reference site
(Nitsche & Paulus, 2000). Cathodal tDCS has an inhibitory effect, and occurs with
the cathode placed over the targeted brain region and the anode on a reference site
(Nitsche & Paulus, 2000).

The effects of anodal and cathodal tDCS resemble that of long-term
potentiation (LTP) and long-term depression (LTD) respectively (Fritsch et al., 2010;
Rroji et al., 2015). LTP refers to the increase in the rate of neural firing (synaptic
strength) as a result of experiences, and LTD refers to the converse situation when
synaptic strength is weakened (Bliss, Collingridge & Morris, 2003; Bliss & Lomo,
1973). Both LTP and LTD are forms of synaptic plasticity: the ability of neuronal
synapses to adapt to environmental changes and experiences (Abbott & Nelson,
2000).

While the underlying mechanisms of tDCS remain unclear, it is thought that
the generated currents act to modulate cortical activity by altering neuronal resting
membrane potential to change the likelihood that neurons will fire (Nitsche &
Paulus, 2000). It was also suggested that tDCS also modifies the synaptic
microenvironment, such as through changing the concentration of gamma-
aminobutyric acid (GABA), a neurotransmitter that is involved in inhibiting and

reducing neuronal activity (Stagg et al., 2009).
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The effects of tDCS on cortical excitability persist beyond the stimulation
duration (Nitsche & Paulus, 2000), and the duration of these after-effects depends on
factors such as the current intensity, the number of sessions administered, the
duration of stimulation, and the brain region that is being stimulated (Nitsche et al.,
2008). Single sessions of tDCS have been found to induce changes in cortical
excitability lasting up to an hour (Ardolino, Bossi, Barbieri & Priori, 2005; Nitsche
et al., 2008). The well-documented safety and cost-effectiveness of tDCS makes it
an attractive treatment option (Nitsche et al., 2008; Williams, Imamura & Fregni,
2009). The most commonly reported sensations associated with tDCS are tingling
and itching that are usually experienced in the initial stage of stimulation (Brunoni et
al., 2011), with other side-effects such as nausea and headaches being rare and
minimal (Poreisz, Boros, Antal & Paulus, 2007). Moreover, an advantage of using
tDCS over other forms of non-invasive brain stimulation such as transcranial
magnetic stimulation (TMS) is that it allows for double-blinding through the use of
sham stimulation (Gandiga, Hummel & Cohen, 2006; Nitsche et al., 2008).

During sham stimulation, electrodes are placed on the participant’s head as in a
real stimulation protocol, except that currents are passed through the electrodes for
only a brief period of time, such as 30 seconds (Gandiga et al., 2006). This brief
stimulation provides the tingling and itching sensations that are usually experienced
at the beginning of real stimulations, and most individuals are unable to distinguish
sham from real tDCS (Ambrus, Al-Moyed, Chaieb, Sarp, Antal & Paulus, 2012).
Sham stimulation does not appear to alter brain function (Nitsche et al., 2008), and
thus serves as an active control condition. If the tDCS device is programmed by
another researcher not carrying out the stimulation, double-blinding can be carried

out, with both the participant receiving tDCS and the researcher administering the
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tDCS treatment effectively blinded to whether real or sham stimulation is occurring
(Nitsche et al., 2008). This reduces confounds caused by experimenter and
participant expectations (Whitley & Kite, 2013).
The Dorsolateral Prefrontal Cortex (DLPFC) and Previous tDCS Studies
Located on Brodmann areas 9 and 46 (refer to Figure 1; Berntson & Cacioppo,
2009; Brodmann, 1909), the DLPFC has been found to be involved in cognitive
functions such as attention (Gladwin, den Uyl, Fregni & Wiers, 2012; Johnson,
Strafella & Zatorre, 2007; MacDonald, Cohen, Stenger & Carter, 2000), working
memory (Mottaghy et al., 2000; Sauseng et al., 2004), and decision-making (Cho et
al., 2012). The DLPFC was also found to be recruited by older adults when
performing complex motor coordination tasks that require the cognitive control of
motor actions (Heuninckx, Wenderoth, Debaere, Peeters & Swinnen, 2005).
Notably, age-related declines in psychomotor function have been associated with

microstructural changes in the DLPFC (Fujiyama et al., 2016).

The dorsolateral
prefrontal cortex

Figure 1. The DLPFC is located on Brodmann areas 9 and 46 (image adapted from
Catani & de Schotten, 2012).
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The application of anodal tDCS over the DLPFC has led to significant
improvements in sustained attention (Mclintire, McKinley, Goodyear & Nelson,
2014), selective attention (Gladwin et al., 2012), and psychomotor speed (Mclntire et
al., 2014). While no studies have yet investigated the effects of anodal tDCS to the
DLPFC for divided attention, Johnson et al. (2007) found significant declines in the
performance on a divided attention task when the DLPFC was temporarily disrupted
with TMS. This not only demonstrates the involvement of the DLPFC in divided
attention, but also presents the corollary that upregulating the cortical excitability of
the DLPFC—such as with anodal tDCS—uwould lead to an improvement in divided
attention.

Homeostatic Metaplasticity and Inter-Individual Variability

Despite the promise that tDCS shows, a major impediment to it becoming a
truly effective treatment option is the inter-individual variability in responses to
tDCS and other forms of non-invasive brain stimulation techniques (e.g., Lopez-
Alonso, Cheeran, Rio-Rodriguez & Fernandez-del-Olmo, 2014; Strube et al., 2015;
Wiethoff et al., 2014). For instance, Lopez-Alonso et al. (2014) found that only 45%
of their participants had the expected increase in corticospinal excitability in
response to anodal tDCS. Similarly, only 36% of participants in Wiethoff et al.’s
(2014) study exhibited the expected facilitatory response to anodal stimulation and
inhibitory response to cathodal stimulation.

It was posited that the inter-individual variability in responses to tDCS can be
attributed to differences in the history of synaptic activity preceding stimulation
(Ridding & Ziemann, 2010). This can be explained by homeostatic metaplasticity,
which is based on the Bienenstock-Cooper-Munro (BCM) theory (Bienenstock,

Cooper & Munro, 1982). The BCM theory proposes that synaptic plasticity is
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bidirectional, and can result in either LTP or LTD (Bienenstock et al., 1982). The
likelihood of an induction of LTP or LTD depends on the history of post-synaptic
activity: low levels of previous post-synaptic activity lower the synaptic
modification threshold, favouring the subsequent induction of LTP over LTD. The
converse holds for high levels of post-synaptic activity, with an increase of the
synaptic modification threshold to favour the induction of LTD over LTP
(Bienenstock et al., 1982). Homeostatic metaplasticity thus serves to stabilise neural
activity and prevents extreme neural states in the form of uncontrolled LTP or LTD
in which excessive neural firing or complete inactivity might occur (Karabanov et
al., 2015).

As aforementioned, non-invasive brain stimulation such as tDCS induces
LTD- and LTP-like changes in the brain. Following the BCM theory of homeostatic
metaplasticity, an individual’s response to tDCS would depend on his/her history of
post-synaptic activity (Fujiyama et al., in press; Ridding & Ziemann, 2010). An
individual with low levels of previous post-synaptic activity is more likely to
experience LTP-like activity in response to anodal tDCS compared with another
individual with higher levels of post-synaptic activity (Ziemann & Siebner, 2008).
As illustrated in Figure 2, low levels of previous post-synaptic activity (as
represented by the gray ball) result in the lowering of the synaptic modification
threshold, thus favouring the induction of subsequent LTP-like activity (as

represented by the black ball) when anodal tDCS is applied.
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Figure 2. The synaptic modification threshold is lowered by a history of lower post-
synaptic activity (presented by the gray ball) to favour the subsequent induction of
LTP-like activity (presented by the black ball) upon the application of anodal tDCS.
A Novel tDCS Priming Protocol

Harnessing the principle of homeostatic metaplasticity, studies have shown
that the use of a “priming” stimulation can increase responses to subsequent “test”
stimulation if the priming stimulation has an opposite effect from the test stimulation
(Karabanov et al., 2015). In other words, an inhibitory priming stimulation such as
cathodal tDCS would boost the effect of an excitatory test stimulation such as anodal
tDCS. The cathodal tDCS will downregulate post-synaptic activity, which lowers
the synaptic modification threshold to favour the induction of subsequent LTP-like
activity (Ziemann & Siebner, 2008). This increases the likelihood of higher cortical
excitability resulting from a subsequent application of anodal tDCS, thus reducing
inter-individual variability since more individuals will exhibit the expected response
(higher cortical excitability to anodal tDCS).

To demonstrate this in the primary motor region (M1), Fujiyama et al. (in
press) employed two experimental groups: one received cathodal tDCS as a priming
stimulation while the other group was primed with sham tDCS. Both groups

received anodal tDCS for the subsequent test stimulation, and their corticospinal
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excitability and performance on a motor task was measured. Fujiyama et al. found
that participants who had received cathodal tDCS as the priming stimulation had
significantly greater corticospinal excitability and a greater improvement in task
performance compared with those who received sham tDCS as the priming
stimulation. The number of individuals exhibiting the expected increase in
corticospinal excitability in response to anodal tDCS was significantly larger for the
cathodal priming group compared with the sham priming group, and the inter-
individual variability of responses was significantly lower when anodal tDCS was
primed with cathodal tDCS than when it was primed with sham tDCS.

The current experiment aimed to investigate the effectiveness of this novel
protocol—preceding anodal tDCS with a priming stimulation of cathodal tDCS—on
improving psychomotor performance when applied to the DLPFC. It could be
argued that the increase in excitability and task performance for Fujiyama et al.’s (in
press) study was due entirely to the cathodal priming stimulation rather than due to
the anodal tDCS applied. In view of this, the current experiment employed a control
condition in which cathodal tDCS was also used for priming, but with a test
stimulation of sham tDCS instead of anodal tDCS. This would examine if any
effects that the experimental protocol might have on psychomotor performance could
be attributable to the anodal tDCS applied instead of the priming cathodal tDCS.
Aims and Hypotheses

While the deterioration of psychomotor performance is an inevitable part of the
ageing process, much can be done to alleviate this decline and improve the well-
being and safety of older adults. Furthermore, research into the alleviation of age-

related declines that are associated with normal and healthy ageing will contribute to
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the development of potential interventions for age-related pathological conditions
such as dementia.

Previous studies have found that the application of anodal tDCS over the
DLPFC led to improvements in sustained attention, selective attention, and response
speeds (Gladwin et al., 2012; Mclintire et al., 2014). Moreover, the involvement of
the DLPFC in divided attention indicated a likelihood that upregulating the DLPFC
would improve divided attention as well (Johnson et al., 2007). In line with the
BCM theory of homeostatic metaplasticity, the use of a cathodal priming stimulation
to precede anodal tDCS was also demonstrated to boost the effect of the anodal
stimulation (Fujiyama et al., in press). As such, it was hypothesised that compared
with sham tDCS, the application of anodal tDCS to the DLPFC after priming it with
cathodal tDCS will improve the psychomotor performance—specifically, the
sustained attention, selective attention, divided attention, and psychomotor speed—
for healthy older adults.

Method
Participants

Following the sample sizes used in previous research that investigated the
effects of tDCS on older adults (e.g., Hummel et al., 2010; Zimerman et al., 2013),
10 right-handed participants (5 males and 5 females) were recruited through flyers
(refer to Appendix A) placed at supermarkets, community centres, libraries, and
retirement villages. Their demographic details are presented in Table 1. Thirteen
participants were initially recruited, but one individual was not able to return for the
second session due to personal reasons, and two left-handed participants had to be
excluded because responses to tDCS have been found to be influenced by

handedness (e.g., Vines, Cerruti & Schlaug, 2008). Handedness was determined



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 20

with the Edinburgh Inventory (refer to Appendix B): scores lower than -40 indicate

left-handedness while scores above 40 indicate right-handedness (Oldfield, 1971).

Table 1

Demographic Details of the Participants

M SD
Age (years) 71.60 5.10
Years of education 14.35 5.19
received
Handedness score? 89 14.49
MoCAP score 28.9 1.43

Note. 20On the Edinburgh Inventory. "MoCA: Montreal Cognitive Assessment.

Potential participants were screened to determine their eligibility for
participation, with exclusion criteria including a history of epilepsy or seizures,
migraines, metal in the brain or skull, cardiac pacemakers, and the use of
neuropsychoactive medications such as antidepressants (Nitsche et al., 2008). The
screening questionnaire can be found in Appendix C. All the participants were
cognitively healthy according to their scores on the Montreal Cognitive Assessment
(MoCA; see Appendix D); a score of 26 points or more indicated normal cognition
(Nasreddine et al., 2005).

Informed consent was obtained prior to participation, and participants were
advised of their right to withdraw from the study. All participants were requested to
attend two sessions; each session lasted around 2.5 hours. Each participant was

involved in both experimental conditions: the C-A condition, in which anodal tDCS
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was primed with cathodal tDCS, and the C-S condition, in which sham tDCS was
primed with cathodal tDCS. A reimbursement of $15 was given for each session to
cover time and travel costs.

The study was approved by the Murdoch University Human Research Ethics
Committee (2016/021). The summary of project is presented in Appendix E.
Materials and Apparatus

Transcranial direct current stimulation (tDCS). Transcranial direct current
stimulation was applied via two 4 x 6 cm conductive rubber electrodes that were
connected to a battery-driven stimulator (Chattanooga lonto™ Dual Channel
lontophoresis System; refer to Figure 3). The electrodes were placed in saline-
soaked sponges applied with conductive gel before being secured with bandages on

participants’ heads as shown in Figure 3.

Figure 3. The tDCS was delivered using the Chattanooga lonto™ Dual Channel
lontophoresis System and 4 x 6 cm conductive rubber electrodes as shown in the left
image. The right image shows the electrodes placed in saline-soaked sponges and
secured on participants’ heads with bandages.

The tDCS device usually gives off a beeping alert at the end of stimulation,

and the device used to deliver the test (sham or anodal) stimulation had its beeping
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alert deactivated to ensure that participants and the researcher carrying out the
experiment were blinded to whether anodal or sham stimulation was being applied.

A constant direct current of 1.5 mA was used for the cathodal, anodal, and
sham stimulations. The stimulation durations were 10 minutes for cathodal tDCS,
20 minutes for anodal tDCS, and 30 seconds for sham tDCS. Each stimulation
began with a ramp-up of the current from 0 to 1.5 mA and ended with a ramp-down
from 1.5 to 0 mA; this ramp-up and down lasted 30 seconds. To ensure double-
blinding, the tDCS device was calibrated for the sham and anodal stimulations by
another researcher who was not directly involved in data collection and analysis.

The Attention Network Test (ANT). The Attention Network Test (ANT) is a
choice reaction task that measures performance with regards to the three types of
attention (Fan, McCandliss, Sommer, Raz & Posner, 2002), and a modified version
was used in the current experiment as a measure of psychomotor performance.

The ANT in this experiment consisted of two blocks with 64 trials per block.
Figure 4 shows an example of a trial. An initial screen with a fixation cross was
presented for a variable duration of 0.4 to 1.6 seconds, and it was followed by a
screen lasting 0.1 seconds with either no cue, a centre cue, double cues, or a spatial
cue (see Figure 5 for these cue conditions). The screen with a fixation cross was
presented again for 0.4 seconds, and it was succeeded by the target screen for which
participants were required to respond to the direction of the central arrow in a row of
arrows. The target screen was presented until the participant provided a response; a
time limit of 1.7 seconds was given. Figure 6 shows the possible stimuli for the
target screen. The left arrow key should be pressed if the central arrow pointed to
the left, and the right arrow key should be pressed if it pointed to the right. The

central arrow could be flanked by arrows that were in a direction congruent or
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incongruent with that of the central arrow. In the example shown in Figure 4, the
correct response would be to press the left arrow key. The stimuli could appear
above or below the fixation cross. On certain trials, spatial cues would indicate the
position of the stimuli. The example trial in Figure 4 contains a spatial cue to inform
the test-taker that the stimuli will appear below the fixation cross in the target screen.

Each ANT took around 4 minutes to complete.

Fixation

screen
+
*

Cue
screen

Fixation
In this screen
example,
the correct
response
would be to
press the left

arrow key:

Figure 4. An example of an ANT trial. A spatial cue is shown on the cue screen as
an asterisk below the fixation cross. This indicates that the stimuli (row of arrows)
will appear below the fixation cross as shown on the target screen. Participants
needed to respond to the central arrow by pressing the left or right arrow. Here, the
central arrow is pointing towards the left, hence the correct response would be to
press the left arrow key.

Target
screen

Fixation
screen for
next trial
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No cue Centre cue Double cues Spatial cues

Figure 5. The four different cue conditions.

>>>2>2> <<><<L

<KLLLL >><>>

Congruent flankers [ncongruent flankers

Figure 6. The four different stimuli. Flankers to the central arrow could be in a
congruent or incongruent direction.

To enable direct comparison with previous relevant studies (e.g., Heinze et al.,
2014), participants were to respond with only the right hand by pressing the left
arrow key with the index finger and the right arrow key with the middle finger.
They were also advised to keep their gaze directed at the fixation cross at all times,
and to respond as quickly and as accurately as possible to the target stimuli.

Through the use of cues and flankers, the ANT enabled the assessment of each
type of attention. As with Eriksen and Eriksen’s (1974) flanker task, divided
attention could be assessed by comparing the trials with congruent flankers with

those that have incongruent flankers; this provided a measure of the ability to ignore



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 25

distractors and resolve conflict between competing stimuli (Fan et al., 2002).
Selective attention could be assessed from trials with centre cues and trials with
spatial cues: both of these cue conditions provided alerting cues for participants to
direct their attention towards (Fan et al., 2002). Sustained attention could be
assessed from the trials with double cues and those with no cues because these cue
conditions kept attention diffused between two possible target locations before the
presentation of the target stimuli (Fan et al., 2002).

Measuring psychomotor speed. As designed by Fan et al. (2002), the divided
attention reaction time (RT) index was calculated by subtracting the mean RT of all
congruent conditions from that of all incongruent conditions. The selective attention
RT index was derived by subtracting the mean RT of all spatial cue conditions from
that of all centre cue conditions, and the sustained attention RT index was calculated
by subtracting the mean RT of all double-cue conditions from that of all no cue
conditions. These indices served as measures of psychomotor speed.

Measuring accuracy for divided, selective, and sustained attention. The
accuracy indices were calculated in a similar fashion, with the accuracy of responses
used in place of RTs. The accuracy percentage was calculated as the percentage of
correct responses for a specific condition out of the total number of trials with that
condition. The divided attention accuracy index was calculated by subtracting the
mean accuracy percentage of all congruent conditions from that of all incongruent
conditions. The selective attention RT index was derived by subtracting the mean
accuracy percentage of all spatial cue conditions from that of all centre cue
conditions. The sustained attention accuracy index was derived by subtracting the

mean accuracy percentage of all double-cue conditions from that of all conditions
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with no cues. These indices served as measures of accuracy performance for each
type of attention.

Proof of principle: The 2-back task. As the effectiveness of anodal tDCS
applied to the DLPFC on improving working memory has been demonstrated in
various studies (e.g., Berryhill & Jones, 2012; Fregni et al., 2005; Zaehle,
Sandmann, Thorne, Jancke & Herrmann, 2011), working memory was also assessed
in the current experiment as a proof of principle for the effectiveness of anodal tDCS
primed with cathodal tDCS. Assessment was conducted with the 2-back task, which
is a form of n-back task. The n-back task is a valid and reliable assessment of
working memory (Jacola et al., 2014; Kearney-Ramos et al., 2014). The n-back task
is commonly used in tDCS studies to assess working memory (Jantz, Katz & Reuter-
Lorenz, 2016), and it was hence used in this experiment to aid in the comparability
of results across studies. During the task, a series of letters or images are presented
one at time, and test-takers have to respond to any letter or image that has appeared
“n” steps before the current letter or image presented (Jacola et al., 2014).

The 2-back task for this experiment consisted of a series of letters presented
one letter at a time (refer to Figure 7). Participants were to respond by pressing the
spacebar to any letter that was presented two letters before. In the example shown in
Figure 7, the correct responses would be to press the spacebar during the
presentation of the second “X” and the second “R”. Each letter was presented for a
maximum of 1.5 seconds during which participants had to decide if a response
(pressing the spacebar) was required. Upon response or expiry of the 1.5 seconds of
presentation, there was an interval of 0.5 seconds before the next letter was

presented. Each 2-back task consisted of two trials with 24 letters presented for each
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trial. It took around 2 minutes to complete a 2-back task. To ensure that participants
do not
remember or memorise the sequence of letters in each trial, eight different sequences

were developed and administered in a counterbalanced fashion.

]

Spacebar -

should be A total of 24
pressed letters were

presented for

- each trial

A

1
Spacebar
should be
pressed

Figure 7. The 2-back task. The spacebar should be pressed upon the presentation of
a letter that was presented two letters before. In this example, the spacebar should be
pressed when the second “X” and the second “R” was presented.

Performance on the 2-back task was assessed through d prime (d”) scores,
which were calculated as the z-scores for the false alarm rates subtracted from the z-
scores for the hit rates (Macmillan & Creelman, 1991). A hit referred to a correct
response: the spacebar was correctly pressed for a letter that had been presented two
letters before. A false alarm was committed when the participant incorrectly pressed
the spacebar for a letter that was not presented two letters before. The d’ statistic

was used because it provided a more accurate assessment of performance: for

example, participants could achieve perfect hit rates just by pressing the space bar
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for every single letter that was presented, but this would not take into account the
high number of false alarms committed (Swets, Tanner & Birdsall, 1961). By taking
into account both the hit rate and the false alarm rate, the d” statistic hence provided
a more accurate assessment of performance on the 2-back task compared with just
using the hit rate as a measure of performance (Swets et al., 1961).

Both the ANT and 2-back task were programmed using PsychoPy (version
1.83.04), and administered through a computer with the monitor elevated to eye-
level.

Control measures. All participants had to complete a sleep questionnaire (see
Appendix F) as used in Vancleef, Meesen, Swinnen and Fujiyama’s (in press) study.
It asked for the quality and amount of sleep they have had on the night prior to the
experimental session. Sleep quality was rated on a scale of one to 10, with one being
extremely poor and 10 being extremely well. The questionnaire also asked for the
number of units of caffeine and alcohol consumed within the 12 hours prior to the
experimental session. The purpose of such information was to assess if performance
on the ANT and 2-back could have been influenced by variables other than the tDCS
received.

As recommended by Brunoni et al. (2011), participants were asked to report
any adverse sensations that they might have experienced during tDCS (refer to
Appendix G for the questionnaire used). This also provided an indication of whether
the participants were able to discern sham stimulations from anodal stimulations.
Procedure

All the experimental sessions were held at a quiet laboratory in Murdoch
University. As neuroplasticity has been found to be influenced by circulating

cortisol levels which vary according to the time of day (Sale, Ridding & Nordstrom,
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2008), the timing of the day during which sessions were conducted were
counterbalanced across C-A and C-S conditions. Participants were first briefed on
the purpose of the study, potential risks and side-effects, as well as what
participation would entail. These details were also included in the information letter
(refer to Appendix H) provided to every participant before informed consent was
obtained. They were also informed of their right to withdraw from the study at any
point. The screening questionnaire was then administered to determine their
eligibility before written informed consent was obtained (see Appendix | for the
consent form). This was followed by practice sessions for the ANT and 2-back task
to ensure that the participants understood the instructions and were familiar with the
response formats.

Figure 8 shows the experimental protocol for each session. The ANT and 2-
back task were administered before (Prel) and after (Pre2) the 10-minute priming
stimulation over the DLPFC using cathodal tDCS. A 20-minute test stimulation of
either sham or anodal tDCS was then administered. Again, it should be noted that a
direct current of 1.5 mA was only applied for 30 seconds for sham tDCS, and for the
entire 20 minutes for anodal tDCS. The current strength and stimulation durations
followed the parameters used in Fujiyama et al.’s (in press) study as the effectiveness
of the test protocol was demonstrated based on these parameters.

Participants performed the ANT and 2-back task at three more times:
immediately (Post0), 30 minutes (Post30), and 1 hour (Post60) after the cessation of
the 20-minute test stimulation. The administration of the ANT and 2-back task was
counterbalanced both within and between participants to prevent order effects.
Assessment was conducted at several time points as the effects of anodal tDCS have

been found to manifest over a longer time period for older individuals compared
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with younger adults: in Fujiyama et al.’s (2014) study, older participants exhibited

significant increases in corticospinal excitability only after 30 minutes post-

stimulation while younger participants exhibited significant potentiation immediately
post-stimulation. Conducting assessments at various time points thus ensured that
the effects of tDCS on the current sample of older adults do not go undetected.

The Edinburgh Inventory, sleep questionnaire, and tDCS questionnaire were
completed in the interval between Post0 and Post30, and the MoCA was

administered in the interval between Post30 and Post60.

Pre01 Pre02 Post0 Post30 Post60
ANT ) ANT ) ANT ANT ANT
and 10-minute and 20-minute and and and
7. = Priming = 7. = Test » 7. =» 5. = 2.
Back Stimulation Back Stimulation Back Back Back
Cathodal tDCS For C-A: Anodal tDCS

For C-S: Sham tDCS

Figure 8. The experimental protocol. A 10-minute priming stimulation with
cathodal tDCS was applied for both C-A and C-S conditions. For the C-A condition,
participants underwent a 20-minute test stimulation with anodal tDCS. For the C-S
condition, sham tDCS was applied for the test stimulation instead.

As most of the studies (e.g., Fregni et al., 2005; Gladwin et al., 2012; Nilsson,
Lebedev & Lovdén, 2015; Zaehle et al., 2011) that have been conducted to examine
the effects of anodal tDCS on DLPFC have focused on the left DLPFC, the current

experiment has focused on the left DLPFC as well to aid in the comparability of

research results across studies.
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The left DLPFC is thought to be located on the F3 position on the International
10-20 system used for the standardised placement of electroencephalogram
electrodes (Herwig, Satrapi & Schonfeldt-Lecuona, 2003). The F3 position for each
participant was determined using the Beam F3 system, which only required three
head measurements for the location of F3 (as shown in Figure 9; Beam, Borckardt,
Reeves & George, 2009). The Beam F3 system has been found to be acceptably
accurate in locating the left DLPFC when compared with neuroimaging techniques

such as magnetic resonance imaging (Halper, Yagi, Manevitz, Nishimoto & Onishi,

2016; Mir-Moghtadaei et al., 2015).

Figure 9. Using the Beam F3 system, the location of the left DLPFC can be located
using three head measurements. From left to right: the distance from tragus to
tragus, the distance from nasion to inion, and head circumference (image adapted
from Beam et al., 2009).

As shown in Figure 10, the cathode was placed over the left DLPFC and the
anode was placed over the right (contralateral) supraorbital region for cathodal
tDCS. The placement of the electrodes was reversed for sham and anodal tDCS
(refer to Figure 10), with the anode placed over the left DLPFC and the cathode over
the right supraorbital region. The supraorbital region is located above the eye

socket, and is a common reference site in many tDCS studies targeting the DLPFC

(Hsu et al., 2015).
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The DLPFC

Reference site:
Right supraorbital region

Cathodal tDCS

The DLPFC

Reference site:
Right supraorbital region

Anodal and sham tDCS

Figure 10. For cathodal tDCS, the cathode (black electrode) was placed over the left
DLPFC and the anode (red electrode) over the right supraorbital region. The
electrode placement is reversed for anodal and sham tDCS.

To ensure no carryover effects, particularly with regards to any lingering

effects as a result of tDCS, the sessions for each participant were spaced at least a

week apart (Nitsche et al, 2008). To minimise order effects, the administration of

sham and anodal stimulation (i.e., whether a participant underwent the C-A or C-S

condition for his or her first session) was counterbalanced across participants.

Design and Analysis

A 2 x 3 repeated-measures design was employed for each dependent variable.

The two within-subject independent variables are stimulation condition (C-A and C-

S) and time (Post0, Post30, and Post60). The data at each time point were

normalised to Pre2 data (i.e., expressed as a ratio of Pre2 data) to provide a more

accurate depiction of the changes in performance that have resulted from the

application of the test stimulation (anodal or sham tDCS). This allowed the

comparison of the effects of anodal tDCS with that of sham tDCS on the DLPFC,

with both anodal and sham stimulations having been primed by cathodal tDCS.
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Furthermore, normalisation also ensured that the data were not biased by differences
in baseline performance before the application of sham or anodal tDCS (Hinder,
Fujiyama & Summers, 2012). Normalised values exceeding 1 indicated
improvements in performance relative to Pre2 levels (i.e., after the cathodal priming
protocol), while values lower than 1 indicated decreases in performance levels that
have occurred after the priming protocol.

The dependent variables were the accuracy and RT indices for the ANT, and d’
scores on the 2-back task. Arcsine-root transformations were applied to the ANT
accuracy data as they were calculated with accuracy percentages, and were hence
proportions (Howell, 2009).

The data were analysed with repeated-measures factorial ANOVAs. The
assumption of normality was assessed with the Shapiro-Wilk’s test, as well as
skewness and kurtosis of the data. Mauchly’s test was used to test the assumption of
sphericity. In cases when the assumption of sphericity was violated, degrees of
freedom were adjusted using the Huynh-Feldt Epsilon. Where appropriate,
significant main effects and interactions were further explored with simple effects
analyses applying Bonferroni corrections. Partial eta-squared (partial n?) values
were provided as measures of effect sizes, with values of .01, .06, and .14
constituting small, medium, and large effects respectively (Cohen, 1988).

The effect of priming cathodal tDCS on the dependent variables. To
investigate the effect of the cathodal priming stimulation, 2 x 2 (Stimulation [C-A,
C-S] x Time [Prel, Pre2]) repeated-measures factorial ANOVAS using non-
normalised scores were conducted to compare the scores at Prel and Pre2 for each

dependent variable.
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Analysis of control measures. Paired-samples t tests were conducted to
assess if the stimulation groups differed significantly on any of the control measures.
Cohen’s d was used to index effect sizes, with values of 0.20, 0.50, and 0.80
constituting small, medium, and large effects respectively (Cohen, 1988).

All data analyses were conducted using the Statistical Package for the Social
Sciences (version 21), and significance was based on an alpha level of .05.

Results

All analyses began with an examination of the data to ensure that the relevant
underlying assumptions such as normality and sphericity were met.
Control Measures

Table 2 shows the means and standard deviations for the units of caffeinated
drinks consumed, sleep quality, sensations from tDCS, number of hours slept, and

units of alcohol consumed.

Table 2

Scores for Control Measures

C-A C-S
M SD M SD
Units of caffeinated drinks consumed 1.80 1.14 2.40 1.65
Sleep quality 7.00 1.25 7.00 1.76
Adverse sensations from tDCS 2.45 1.17 2.70 1.25
Number of hours slept 6.50 1.25 6.50 1.08

Units of alcohol consumed 0.45 1.26 0.40 0.52
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Data for the units of caffeinated drinks consumed, sleep quality, and sensations
from tDCS were analysed using paired-sample t tests. There were no significant
differences between the C-A and C-S sessions in terms of: (a) the units of caffeinated
drinks consumed, t(9) = 1.15, p =.279, d = 0.43, 95% CI [-1.78, 0.58]; (b) sleep
quality, t(9) = 0.00, p = 1.000, d = 0.00, 95% CI [-1.22, 1.22]; and (c) sensations
from tDCS, t(9) = 1.10, p = .299, d = 0.21, 95% CI [-0.76, 0.26].

As the data for the number of hours slept and units of alcohol consumed were
not normally distributed, Wilcoxon signed rank tests were conducted to examine
these outcomes. C-A and C-S conditions did not differ significantly based on (a) the
number of hours slept, T = 9.5, z = -.211 (corrected for ties), N — Ties = 6, p = .833,
two-tailed, r = .09; and (b) the units of alcohol consumed, T =6, z = -.368 (corrected
for ties), N — Ties = 4, p = .713, two-tailed, r = .26.

Importantly, these results suggested that any differences in the dependent
variables between C-A and C-S cannot be attributable to the above factors.

The Effect of Priming Cathodal tDCS on the Dependent Variables

To determine if the priming cathodal tDCS had any effect on the dependent
variables, non-normalised data for each variable at Prel and Pre2 were analysed with
2 X 2 (Stimulation [C-A, C-S] x Time [Prel, Pre2]) repeated-measures ANOVAS .
The ANOVAs found no significant main effects and interaction effects for accuracy
and RT indices for sustained, selective, and divided attention, Fs < 4.57, ps > .061,
partial ns < .34. No significant main effects and interactions were found for
working memory as well, Fs < 4.28, ps > .068, partial n’s < .32.

The non-normalised scores for the dependent variables at Prel and Pre2 are
presented in Table J1, and the ANOVA results in Table J2 (both tables are in

Appendix J).
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Primary Outcomes

Psychomotor performance was assessed using the accuracy and response times
for sustained, selective, and divided attention on the ANT. As many of the variables
deviated from a normal distribution, log transformation was applied to the data. For
clarity, non-transformed data are reported in the tables and figures. The means and
standard deviations of the scores at Post0, Post30, and Post60 for accuracy and RT
indices for the ANT are presented in Table K1 in Appendix K.

The normalised (to Pre2 data) accuracy and RT indices were analysed with 2 x
3 (Stimulation [C-A, C-S] x Time [Post0, Post30, Post60]) repeated-measures
ANOVA:s.

Accuracy indices.

Divided attention accuracy indices. There was a significant interaction
between stimulation and time, F (2, 18) = 6.41, p = .008, with a large effect size of

partial n? = .42. This interaction can be seen in Figure 11.
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Figure 11. A line graph showing the significant interaction between stimulation (C-
A, C-S) and time (Post0, Post30, Post60) for the accuracy indices for divided
attention. Error bars indicate 95% Cls.
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Simple effects analyses were conducted to examine the interaction. At Post60,
accuracy for divided attention was significantly larger for C-A compared with C-S, p
=.014, with a large effect size of d = 1.21, 95% CI [0.001, 0.01]. There were no
significant differences in accuracy performance between C-A and C-S at Post0 and
Post30, p =.205, d = 0.36, 95% CI [-0.001, 0.01], and p = .112, d = 0.95, 95% CI
[0.00, 0.003], respectively. For the C-A condition, there were no significant changes
in divided attention accuracy from Post0 to Post30, p =.111, d = 0.84, 95% CI
[0.001, 0.003], with a significant increase from Post30 to Post60, p = .017, with a
large effect size of d = 1.56, 95% CI [0.001, 0.01]. Divided attention accuracy for
the C-A condition was also significantly higher at Post60 when compared with
Post0, p =.038, with a large effect size of d = 1.00, 95% CI [0.00, 0.01]. There were
no significant differences between all three points for the C-S condition: from Post0
to Post30, p =.606, d = 0.77, 95% CI [-0.002, 0.01], from Post30 to Post60, p
=.433,d =0.78, 95% CI [-0.002, 0.01], and from Post0 to Post60, p = 1.000, d =
0.03, 95% CI [-0.004, 0.01].

There was no significant main effect for stimulation, F (1, 9) =4.19, p =.071,
partial n? = .32. The main effect for time was not significant as well, F (2, 18) =
0.93, p = .421, partial n? = .09 respectively.

Sustained attention accuracy indices. The interaction between stimulation
and time was not significant for accuracy for sustained attention, F (1.13, 10.14) =
1.07, p = .335, partial n? = .11. There were also no significant main effects for
stimulation, F (1, 9) = 3.76, p = .084, partial n? = .30, and for time, F (1.07, 9.66) =
0.07, p = .818, partial n? = .01.

Selective attention accuracy indices. No significant interaction between

stimulation and time was found for accuracy for selective attention, F (1.36, 12.25) =
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0.14, p = .788, partial n? = .02. There were no significant main effects for
stimulation, F (1, 9) = 0.80, p = .396, partial n? = .08, and for time, F (1.20, 10.81) =
0.42, p =.569, partial n? = .04.

Reaction time (RT) indices.

Divided attention RT indices. There was no significant interaction between
stimulation and time for divided attention RT, F (1.07, 9.63) = 0.65, p = .451, partial
n? =.07. There were no significant main effects for stimulation, F (1, 9) =0.29, p
= .604, partial n? = .03, and for time, F (1.10, 9.86) = 1.92, p =.197, partial n? = .18.

Sustained attention RT indices. Interaction between stimulation and time was
not significant for sustained attention RT, F (2, 18) = 1.45, p = .260, partial > = .14.
There were no significant main effects for stimulation, F (1, 9) = 0.10, p = .756,
partial n? = .01, and for time, F (2, 18) = 0.88, p = .434, partial n = .09.

Selective attention RT indices. No significant interaction was found between
stimulation and time for selective attention RT, F (1.03, 8.22) =0.88, p = .378,
partial n? = .10. The main effect for stimulation was not significant, F (1, 9) = 0.46,
p =.515, partial n?> = .06. The main effect for time was not significant as well, F
(1.03, 8.21) = 0.92, p = .367, partial n2 = .10.

Proof of Principle: 2-Back Task

Performance on the 2-back task was assessed to establish a proof of principle.
Log-transformation was applied as the data deviated from a normal distribution. A 2
x 3 (Stimulation [C-A, C-S] x Time [Post0, Post30, Post60]) repeated-measures
ANOVA with normalised (to Pre2 data) d’ scores found no significant interaction
between stimulation and time, F (1.07, 9.58) = 3.08, p =.110, partial n? = .26. There

were no significant main effects for stimulation, F (1, 9) = 0.15, p = .705, partial 1
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= .02, and for time, F (2, 18) = 0.39, p = .685, partial n* = .04. Table K1 in
Appendix K presents the means and standard deviations of the d” scores.
Discussion

It was hypothesised that when compared with sham tDCS, anodal tDCS to the
DLPFC after it was primed by cathodal tDCS would improve the psychomotor
function of older adults. Hence primed anodal stimulation was hypothesised to
result in significantly higher accuracy and faster RT for the ANT for all three types
of attention when compared with primed sham stimulation. Working memory was
also assessed as a proof of principle for the effectiveness of primed anodal
stimulation.

The results of the current experiment provided support for the hypothesised
improvement in accuracy for divided attention. Accuracy indices for divided
attention increased significantly between Post30 and Post60 when primed anodal
tDCS was administered. By contrast, there were no significant changes in divided
attention accuracy when primed sham tDCS was applied. Compared with primed
sham stimulation, primed anodal tDCS resulted in significantly higher divided
attention accuracy indices at 60 minutes post stimulation. Importantly, as there were
no significant differences in RTs for divided attention, the improved accuracy
associated with primed anodal tDCS was not because more time was spent on
responses (Forstmann et al., 2011). This indicated that the ability to shift attention
between conflicting stimuli for older individuals could be improved by applying
anodal tDCS over the left DLPFC after a priming stimulation using cathodal tDCS.
Deterioration in divided attention is associated with an increased risk of falls for
older individuals (Chu, Tang, Peng & Chen, 2013), and the tDCS protocol therefore

shows promise in boosting the safety and well-being of older adults.
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There were no significant improvements in selective attention, sustained
attention, psychomotor speed, and working memory, indicating that primed anodal
tDCS of the DLPFC was not effective in improving these functions when compared
with sham. As there were no significant differences in the sensations experienced by
participants for the C-A and C-S sessions, the findings were unlikely to have been
confounded by ineffective blinding. Both C-A and C-S conditions did not differ
significantly with regards to the amount of alcohol and caffeinated drinks consumed,
number of hours slept, and quality of sleep; it was thus improbable that the results
were confounded by these factors. The absence of significant changes from Prel to
Pre2 also indicated that the priming protocol using cathodal tDCS did not have an
overt effect on the performance of participants before the administration of anodal or
sham tDCS.

Delayed Improvement in Divided Attention Accuracy

It was notable that the significant improvements in divided attention accuracy
only occurred after 30 minutes post anodal stimulation. This highlights the
importance of assessing tDCS effects at several time points after stimulation, and not
just immediately post stimulation. The improvement in performance would have
been missed had the current experiment not conducted assessments up to 60 minutes
after anodal stimulation.

It has been posited that the delayed response to tDCS exhibited by older adults
could be due to age-related degradation in glial cells (Fujiyama et al., 2014). Glial
cells are non-neuronal cells that interact with neurons to enable proper nervous
system functioning (Barres, 2003). Astrocytes, a particular type of glial cells,
regulate transmission among synapses, and are essential for synaptic plasticity (Ota,

Zanetti & Hallock, 2013). A recent study found that tDCS-induced surges in
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astrocytes play an important role in synaptic responses to tDCS (Monai et al., 2016).
It is thus speculated that the degradation of glial cells as a result of ageing (Yu et al.,
2002) might thus play a role in delaying the responses of older individuals to tDCS.
The Limitations of Current tDCS Meta-Analyses

Given that previous meta-analyses (e.g., Hsu et al., 2015; Summers et al.,
2016) have found that the application of anodal tDCS to the DLPFC is effective in
improving cognitive and motor functions, the lack of significant findings in most of
the outcome measures for the current experiment, in particular for the 2-back task,
was surprising. A possible explanation is that no thorough review of the
effectiveness of tDCS with respect to any particular function or tDCS montage can
yet be undertaken due to the relative shortage of research studies that have been
conducted thus far. For example, Summers et al.’s (2016) meta-analysis of the
efficacy of tDCS for older adults categorised cognitive functions into three broad
categories, one of which is memory/working memory. Even after grouping working
memory along with recall, visual memory, and long-term memory, this category only
contains eight studies, four of which focused on working memory. Among the four,
two studies included cognitive training along with tDCS, making it difficult to
isolate the effects of tDCS from the effects of cognitive training on working
memory. This left only two studies that explored the sole effects of anodal tDCS on
the DLPFC. Even then, these two studies (Berryhill & Jones, 2012; Seo, Park, Seo,
Kim & Ko, 2011) differed in terms of the current strength, electrode size used,
reference site for cathode placement, and stimulation duration. Hence, despite
Summers et al.’s conclusion that tDCS was effective in alleviating age-related

declines in cognitive and motor functions, it is difficult to arrive at the same
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conclusion if one wishes to examine that efficacy with regards to a specific cognitive
function based
on a very small number of studies that might not be directly comparable due to
differences in tDCS montage and protocol. Indeed, a very recent meta-analysis that
specifically focused on the effects on working memory as a result of tDCS have
concluded that current research findings are mixed with regards to tDCS’s ability to
improve working memory (Jantz et al., 2016).
Generalising the Findings from Studies involving Younger Individuals

It is also noted that much of the research involving tDCS has been done on
samples of young and healthy individuals (Perceval, Floel & Meinzer, 2016), hence
raising the possibility that the effectiveness of tDCS as demonstrated in younger
samples is less applicable for older individuals. For instance, the secretion of brain-
derived neurotrophic factor (BDNF), a protein that helps to regulate synaptic
plasticity (Genetics Home Reference, n.d.), has been shown to play an important role
in tDCS effects (Chaieb, Antal, Ambrus & Paulus, 2014). BDNF levels have been
found to significantly decrease with age (Lommatzsch et al., 2005). Furthermore,
ageing is also associated with reductions in the connectivity of neural functional
networks (Sala-Llonch et al., 2014), which can affect the effectiveness of tDCS
(Summers et al., 2016). Such age-related neurophysiological changes might explain
why there was no significant improvement in working memory for the current study
when previous studies involving younger samples have found that anodal tDCS is
effective in improving working memory (e.g., Fregni et al., 2005; Zaehle et al.,
2011).

The Cathodal Priming Procedure
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It is also possible that the cathodal tDCS priming procedure is not effective
when applied to the DLPFC. The effectiveness of the priming procedure was
demonstrated by Fujiyama et al. (in press) on the M1, and it has been suggested that
the effects of tDCS on motor regions such as the M1 differ from that of non-motor
regions such as the DLPFC (Jacobson, Koslowsky & Lavidor, 2012). The inhibitory
effects of cathodal tDCS and the excitatory effects of anodal tDCS are largely based
on the findings of early tDCS studies focusing on motor regions (Jacobson et al.,
2012). While anodal tDCS of the DLPFC was generally associated with excitatory
effects in terms of improved cognitive performance, Dedoncker, Brunoni, Baeken
and Vanderhasselt’s (2016) meta-analysis found that cathodal tDCS of the DLPFC
tend to result in no significant changes in performance when compared with sham,
rather than the expected inhibitory effect (poorer performance). It is thus uncertain if
the deregulatory effect of cathodal tDCS on motor regions is also applicable to non-
motor areas such as the DLPFC.

This has important implications for the effectiveness of the cathodal tDCS
priming protocol that was used in the current study. If cathodal stimulation does not
serve to downregulate post-synaptic activity in the DLPFC to favour the induction of
subsequent LTP-like activity, then inter-variability of responses to the subsequent
anodal tDCS would not have been reduced. The lack of significant improvements as
a result of anodal stimulation might therefore have been due to high inter-variability
in tDCS responses. The presence of high inter-variability might have also prevented
divided attention from an even larger improvement resulting from anodal tDCS.
Other Factors influencing Inter-Individual Differences

Even if the priming procedure was effective in downregulating post-synaptic

activity and lowering the synaptic modification threshold for subsequent
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potentiation, it is acknowledged that inter-individual variability in tDCS responses
can also result from other sources. For instance, differences in genetic variations
(polymorphisms) at the BDNF gene have been shown to affect the responses of
individuals to tDCS
(Puri et al., 2015). The level of regular exercise and activity can also lead to changes
in cortical plasticity, hence influencing tDCS responses (Ridding & Ziemann, 2010).
In addition, anatomical differences in terms of skull thickness, shape of brain, and
cortical folding have been found to affect tDCS outcomes through differences in
conduction current density values at the DLPFC (Kim et al., 2014).
Different Cognitive Tests Used Across Studies

Responses to tDCS can differ for different cognitive tests, even if these tests
purportedly measure the same cognitive function (Zmigrod, Zmigrod & Hommel,
2016). This is possibly because different cognitive tests are likely to require
different cognitive abilities, which would possibly require the activation of different
neural networks. For example, although the Eriksen flanker task and the Simon task
are both measures of conflict resolution, the former reflects both stimulus conflict
and response conflict (Wendt, Heldmann, Minte & Kluwe, 2007), while the Simon
task only relies on response conflict (Hommel, 2011). It is hence probable that
different neural networks are activated during the performance of these tasks, even
though they are purported to measure the same cognitive ability (Zmigrod et al.,
2016). Such differences in neural activation can affect responses to tDCS,
particularly if there are changes in activation to the region that is being stimulated
(Zmigrod et al., 2016).

This might explain why the current experiment found no significant

improvements in selective and sustained attention as a result of anodal tDCS, which
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is contrary to the findings of Gladwin et al.’s (2012) study on selective attention and
Mclntire et al.’s (2014) study on sustained attention. While the ANT was used in the
current study as measures of both selective and sustained attention, Gladwin et al.
employed the Sternberg task to assess selective attention and Mclntire et al. used the
Mackworth clock test to measure sustained attention.
The Relative Roles of Motor and Cognitive Processing in Psychomotor Speed

The lack of significant changes in response speeds on the ANT could be due to
the lack of improvements in cognitive processing speed. An alternative explanation
is that motor processing simply plays a larger role than cognitive processing in
psychomotor speed: hence there might have been an improvement in cognitive
processing speed, but this was not translated into significantly faster psychomotor
responses because motor processes have a greater influence over psychomotor speed.

If the latter explanation is true, then significant improvements in psychomotor
speed might have resulted if anodal tDCS was administered to the motor cortex
instead of the DLPFC. Indeed, Yordanova, Kolev, Hohnsbein and Falkenstein
(2004) found that age-related psychomotor slowing was associated with a functional
dysregulation of the motor cortex. Hence, even though the DLPFC was shown to be
implicated in psychomotor functioning (Heuninckx et al., 2005), its role might not be
as significant as that of motor regions with regards to response speed.
Limitations of the Current Study

It was likely that the current findings were affected by the small sample size
used. For example, the main effects of stimulation for divided and sustained
attention accuracy were found to approach significance (p = .071 and p = .084,
respectively) with large effect sizes (partial n? = .32 and partial n? = .30,

respectively), thus suggesting that the study was underpowered (Trout, Kaufmann &
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Kallmes, 2007). Recruitment of participants was hampered by time constraints that
were further exacerbated by the fact that each session required at least 2.5 hours to
conduct. It was also difficult to find individuals from the wider community who
were willing to participate and who also met the eligibility criteria.

The lack of a control group with young and healthy adults meant that the
current findings cannot be interpreted as being unique to older individuals.
However, due to the aforementioned time constraints, this study adopted an approach
similar to that of Puri et al. (2015) and Puri, Hinder, Canty and Summers (2016),
with the recruitment of only older adults.

Future Perspectives

In view of the significant improvement in divided attention accuracy that
resulted from primed anodal tDCS, a replication of the current study should be
conducted with a larger sample of participants. If proven to be efficacious in
improving divided attention in healthy older adults, future research can explore its
efficacy in clinical populations such as individuals with dementia.

Given that the performance for divided attention accuracy was the highest at
the last assessment (60 minutes after the administration of anodal tDCS), it is
unknown if the peak in performance has been reached, or if performance continued
improving after the last assessment. Future studies are warranted to assess the
performance for these cognitive functions at even longer periods after stimulation.

As the effectiveness of the cathodal priming procedure in alleviating inter-
individual variability in tDCS responses was demonstrated over the M1 region in
Fujiyama et al.’s (in press) study, future research should explore if this effectiveness
is similarly applicable to non-motor regions such as the DLPFC. Further research is

also required to verify the effects of cathodal tDCS on non-motor regions; the
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physiological effects of cathodal tDCS can be monitored through techniques such as
near-infrared spectroscopy (fNIRS) or functional magnetic resonance imaging
(fMRI;

Nitsche & Paulus, 2011) to ascertain if the inhibitory effects of cathodal tDCS on
motor regions are applicable to non-motor regions.

As also recommended by Jantz et al. (2016), more replication studies should be
conducted in order for the efficacy of tDCS to be properly evaluated. The paucity of
available research—particularly with regards to attention and age-related
psychomotor slowing—currently prevents an informed evaluation of tDCS’s
effectiveness. As different cognitive tests can lead to differences in tDCS outcomes,
there should also be more standardisation in terms of the tests used to assess
cognitive functions; this allows findings across studies to be more comparable.
Conclusion

More research is clearly required to further explore the effects of anodal tDCS
that has been primed with cathodal tDCS. For instance, future studies should
investigate the effectiveness of the cathodal priming procedure in alleviating inter-
individual variability in responses to tDCS when applied over non-motor cortical
regions, such as the DLPFC. However, given that this study found the application of
primed anodal tDCS over the left DLPFC to significantly improve the ability of
older adults to task-shift and resolve conflict between multiple stimuli, primed
anodal tDCS shows some promise as a potential clinical intervention for alleviating

age-related declines in psychomotor performance.



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 48

References

Abbott, L. F., & Nelson, S. B. (2000). Synaptic plasticity: Taming the beast. Nature
Neuroscience, 3(11s), 1178-1183. doi:10.1038/81453

Ambrus, G. G., Al-Moyed, H., Chaieb, L., Sarp, L., Antal, A., & Paulus, W. (2012).
The fade-in — short stimulation — fade out approach to sham tDCS - reliable at
1 mA for naive and experienced subjects, but not investigators. Brain
Stimulation, 5(2012), 499-504. doi:10.1016/j.brs.2011.12.001

Ardolino, G., Bossi, B., Barbieri, S., & Priori, A. (2005). Non-synaptic mechanisms
underlie the after-effects of cathodal transcutaneous direct current stimulation
of the human brain. The Journal of Physiology, 568(2), 653-663.
doi:10.1113/jphysiol.2005.088310

Bailon, O., Roussel, M., Boucart, M., Krystkowiak, P., & Godefroy, O. (2010).
Psychomotor slowing in mild cognitive impairment, Alzheimer's disease and
Lewy body dementia: Mechanisms and diagnostic value. Dementia and
Geriatric Cognitive Disorders, 29(5), 388-396. doi:10.1159/000305095

Barres, B. A. (2003). What is a glial cell? Glia, 43(1), 4-5. doi:10.1002/glia.10252

Beam, W., Borckardt, J. J., Reeves, S. T., & George, M. S. (2009). An efficient and
accurate new method for locating the F3 position for prefrontal TMS
applications. Brain Stimulation, 2(1), 50-54. doi:10.1016/j.brs.2008.09.006

Berntson, G. G., & Cacioppo, J. T (2009). Handbook of neuroscience for the
behavioral sciences. Hoboken, NJ: John Wiley & Sons, Inc.

Berryhill, M. E., & Jones, K. T. (2012). tDCS selectively improves working memory
in older adults with more education. Neuroscience Letters, 521(2), 148-151.

doi:10.1016/j.neulet.2012.05.074



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 49

Bienenstock, E. L., Cooper, L. N., & Munro, P. W. (1982). Theory for the
development of neuron selectivity: Orientation specificity and binocular
interaction in visual cortex. The Journal of Neuroscience, 2(1), 32-48.

Bliss, T. V. P., & Lomo, T. (1973). Long-lasting potentiation of synaptic
transmission in the dentate area of the anaesthetized rabbit following
stimulation of the perforant path. The Journal of Physiology, 232(2), 331-356.
doi:10.1113/jphysiol.1973.sp010273

Bliss, T. V. P., Collingridge, G. L., & Morris, R. G. M. (2003). Introduction. Long-
term potentiation and structure of the issue. Philosophical Transactions of the
Royal Society of London. Series B, Biological Sciences, 358(1432), 607-611.
doi:10.1098/rsth.2003.1282

Brache, K., Scialfa, C., & Hudson, C. (2010). Aging and vigilance: Who has the
inhibition deficit? Experimental Aging Research, 36(2), 140-152.
doi:10.1080/03610731003613425

Brodmann K. (1909). Localisation in the cerebral cortex: The principles of
comparative localisation in the cerebral cortex based on cytoarchitectonics (L.
J. Garey, Trans.). New York, NY: Springer.

Brunoni, A. R., Amadera, J., Berbel, B., Volz, M. S., Rizzerio, B. G., & Fregni, F.
(2011). A systematic review on reporting and assessment of adverse effects
associated with transcranial direct current stimulation. The International
Journal of Neuropsychopharmacology, 14(8), 1133-1145.
doi:10.1017/S1461145710001690

Carriere, J. S. A, Cheyne, J. A., Solman, G. J. F., & Smilek, D. (2010). Age trends
for failures of sustained attention. Psychology and Aging, 25(3), 569-574.

d0i:10.1037/a0019363



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 50

Catani, M., & de Schotten, M. T. (2012). Atlas of human brain connections. Oxford,
England: Oxford University Press.

Chaieb, L., Antal, A., Ambrus, G. G., & Paulus, W. (2014). Brain-derived
neurotrophic factor: Its impact upon neuroplasticity and neuroplasticity
inducing transcranial brain stimulation protocols. Neurogenetics, 15(1), 1-11.
doi:10.1007/s10048-014-0393-1

Chen, T. Y., Peronto, C. L., & Edwards, J. D. (2012). Cognitive function as a
prospective predictor of falls. The Journals of Gerontology. Series B,
Psychological Sciences and Social Sciences, 67(6), 720-728.
doi:10.1093/geronb/ghs052

Cho, S. S, Pellecchia, G., Ko, J. H., Ray, N., Obeso, I., Houle, S., & Strafella, A. P.
(2012). Effect of continuous theta burst stimulation of the right dorsolateral
prefrontal cortex on cerebral blood flow changes during decision
making. Brain Stimulation, 5(2), 116-123. doi:10.1016/j.brs.2012.03.007

Chu, Y., Tang, P., Peng, Y., & Chen, H. (2013). Meta-analysis of type and
complexity of a secondary task during walking on the prediction of elderly

falls. Geriatrics & Gerontology International, 13(2), 289-297.

d0i:10.1111/j.1447-0594.2012.00893.x

Cohen, J. (1988). Statistical power analysis for the behavioral sciences. New York,
NY: Routledge Academic.

Cramer, S. C., Sur, M., Dobkin, B. H., O'Brien, C., Sanger, T. D., Trojanowski, J.
Q., ... Vinogradov, S. (2011). Harnessing neuroplasticity for clinical

applications. Brain: A Journal of Neurology, 134, 1591-16009.

doi:10.1093/brain/awr039



EFFECTS OF PRIMED TDCS ON OLDER ADULTS ol

Dedoncker, J., Brunoni, A. R., Baeken, C., & Vanderhasselt, M. (2016). A
systematic review and meta-analysis of the effects of transcranial direct current
stimulation (tDCS) over the dorsolateral prefrontal cortex in healthy and
neuropsychiatric samples: Influence of stimulation parameters. Brain
Stimulation, 9(4), 501-517. doi:10.1016/j.brs.2016.04.006

de Ribaupierre, A., & Ludwig, C. (2003). Age differences and divided attention: Is
there a general deficit? Experimental Aging Research, 29(1), 79-105.
doi:10.1080/03610730303705

Di Fabio, R. P., Zampieri, C., Henke, J., Olson, K., Rickheim, D., & Russell, M.
(2005). Influence of elderly executive cognitive function on attention in the
lower visual field during step initiation. Gerontology, 51(2), 94-107.
doi:10.1159/000082194

Drag, L. L., & Bieliauskas, L. A. (2010). Contemporary review 2009: Cognitive
aging. Journal of Geriatric Psychiatry and Neurology, 23(2), 75-93.
doi:10.1177/0891988709358590

Eriksen, B. A., & Eriksen, C. W. (1974). Effects of noise letters upon the
identification of a target letter in a nonsearch task. Perception and
Psychophysics, 16(1), 143-149. doi:10.3758/BF03203267

Fan, J., McCandliss, B. D., Sommer, T., Raz, A., & Posner, M. 1. (2002). Testing the
efficiency and independence of attentional networks. Journal of Cognitive
Neuroscience, 14(3), 340-347. doi:10.1162/089892902317361886

Forstmann, B. U., Tittgemeyer, M., Wagenmakers, E. J., Derrfuss, J., Imperati, D., &
Brown, S. (2011). The speed-accuracy tradeoff in the elderly brain: A
structural model-based approach. Journal of Neuroscience, 13(47), 17242-

17249. doi: 10.1523/JNEUROSCI.0309-11.2011



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 52

Fregni, F., Boggio, P. S., Nitsche, M., Bermpohl, F., Antal, A., Feredoes, E., . ..
Pascual-Leone, A. (2005). Anodal transcranial direct current stimulation of
prefrontal cortex enhances working memory. Experimental Brain Research,
166(1), 23-30. doi:10.1007/s00221-005-2334-6

Fritsch, B., Reis, J., Martinowich, K., Schambra, H. M., Ji, Y., Cohen, L. G., & Lu,
B. (2010). Direct current stimulation promotes BDNF-dependent synaptic
plasticity: Potential implications for motor learning. Neuron, 66(2), 198-204.
doi:10.1016/j.neuron.2010.03.035

Fujiyama, H., Hinder, M. R., Barzideh, A., de Vijver, C. V., Badache, A. C.,
Manrique-C, M. N., . .. Swinnen, S. P. (in press). Application of cathodal
tDCS to primary motor cortex enhances the effect of anodal tDCS on skill
acquisition in older adults. Neurobiology of Aging.

Fujiyama, H., Hyde, J., Hinder, M. R., Kim, S., McCormack, G. H., Vickers, J. C., &
Summers, J. J. (2014). Delayed plastic responses to anodal tDCS in older
adults. Frontiers in Aging Neuroscience, 6, 115. doi:10.3389/fnagi.2014.00115

Fujiyama, H., Van Soom, J., Rens, G., Gooijers, J., Leunissen, I., Levin, O., &
Swinnen, S. P. (2016). Age-related changes in frontal network structural and
functional connectivity in relation to bimanual movement control. The Journal
of Neuroscience, 36(6), 1808-1822. doi:10.1523/JNEUROSCI.3355-15.2016

Gandiga, P. C., Hummel, F. C., & Cohen, L. G. (2006). Transcranial DC stimulation
(tDCS): A tool for double-blind sham-controlled clinical studies in brain
stimulation. Clinical Neurophysiology, 117(4), 845-850.
doi:10.1016/j.clinph.2005.12.003

Genetics Home Reference. (n.d.). BDNF gene. Retrieved from

https://ghr.nim.nih.gov/gene/BDNF



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 53

Getzmann, S., Golob, E. J., & Wascher, E. (2016). Focused and divided attention in
a simulated cocktail-party situation: ERP evidence from younger and older
adults. Neurobiology of Aging, 41, 138-149.
doi:10.1016/j.neurobiolaging.2016.02.01

Gladwin, T. E., den Uyl, T. E., Fregni, F. F., & Wiers, R. W. (2012). Enhancement
of selective attention by tDCS: Interaction with interference in a Sternberg
task. Neuroscience Letters, 512(1), 33-37. doi:10.1016/j.neulet.2012.01.056

Halper, J., Yagi, C., Manevitz, A., Nishimoto, K., & Onishi, A. (2016). Comparison
of beam technique and 5.5 centimeter rule for determing site of TMS
stimulation for major depressive disorder. Brain Stimulation, 9(5), e3.
doi:10.1016/j.brs.2016.06.012

Harvey, P. W., & Thurnwald, 1. (2009). Ageing well, ageing productively: The
essential contribution of Australia’'s ageing population to the social and
economic prosperity of the nation. Health Sociology Review, 18(4), 379-386.
doi:10.5172/hesr.2009.18.4.379

Heinze, K., Ruh, N., Nitschke, K., Reis, J., Fritsch, B., Unterrainer, J. M., . . . Kaller,
C. P. (2014). Transcranial direct current stimulation over left and right
DLPFC: Lateralized effects on planning performance and related eye
movements. Biological Psychology, 102, 130-140.
doi:10.1016/j.biopsycho.2014.07.019

Herwig, U., Satrapi, P., & Schénfeldt-Lecuona, C. (2003). Using the international
10-20 EEG system for positioning of transcranial magnetic stimulation.Brain

Topography, 16(2), 95-99. doi:10.1023/B:BRAT.0000006333.93597



EFFECTS OF PRIMED TDCS ON OLDER ADULTS o4

Heuninckx, S., Wenderoth, N., Debaere, F., Peeters, R., & Swinnen, S. P. (2005).
Neural basis of aging: The penetration of cognition into action control. Journal
of Neuroscience, 25(29), 6787-6796. doi:10.1523/JNEUROSCI.1263-05.2005

Hinder, M. R., Fujiyama, H., & Summers, J. J. (2012). Premotor-motor
interhemispheric inhibition is released during movement initiation in older but
not young adults. PloS One, 7(12), €52573. doi:10.1371/journal.pone.0052573

Hommel, B. (2011). The Simon effect as tool and heuristic. Acta
Psychologica, 136(2), 189-202. doi:10.1016/j.actpsy.2010.04.011

Howell, D. C. (2009). Statistical methods for psychology. Belmont, CA: Wadsworth
Publishing.

Hsu, W., Ku, Y., Zanto, T. P., & Gazzaley, A. (2015). Effects of noninvasive brain
stimulation on cognitive function in healthy aging and Alzheimer's disease: A
systematic review and meta-analysis. Neurobiology of Aging, 36(8), 2348-
2359. doi:10.1016/j.neurobiolaging.2015.04.01

Hummel, F. C., Heise, K., Celnik, P., Floel, A., Gerloff, C., & Cohen, L. G. (2010).
Facilitating skilled right hand motor function in older subjects by anodal
polarization over the left primary motor cortex. Neurobiology of Aging, 31(12),
2160-2168. doi:10.1016/j.neurobiolaging.2008.12.008

Ilamkar, K. R. (2014). Is motor slowing a universal phenomenon of aging? Study
correlates the effect of aging on psychomotor speed. Al Ameen Journal of
Medical Sciences, 7(2), 99-103. Retrieved from http://0-
search.proquest.com.prospero.murdoch.edu.au/docview/1517840869%accounti
d=12629

Jackson, J. D., & Balota, D. A. (2012). Mind-wandering in younger and older adults:

Converging evidence from the sustained attention to response task and reading



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 55

for comprehension. Psychology and Aging, 27(1), 106-119.
doi:10.1037/a0023933

Jacobson, L., Koslowsky, M., & Lavidor, M. (2012). tDCS polarity effects in motor
and cognitive domains: A meta-analytical review. Experimental Brain
Research, 216(1), 1-10. doi:10.1007/s00221-011-2891-9

Jacola, L. M., Willard, V. W., Ashford, J. M., Ogg, R. J., Scoggins, M. A., Jones, M.
M., ... Conklin, H. M. (2014). Clinical utility of the N-back task in functional
neuroimaging studies of working memory. Journal of Clinical and
Experimental Neuropsychology, 36(8), 875-886.
doi:10.1080/13803395.2014.953039

Jantz, T. K., Katz, B., & Reuter-Lorenz, P. A. (2016). Uncertainty and promise: The
effects of transcranial direct current stimulation on working memory. Current
Behavioral Neuroscience Reports, 3(2), 109-121. doi:10.1007/s40473-016-
0071-8

Jellinger, K. A., & Attems, J. (2013). Neuropathological approaches to cerebral
aging and neuroplasticity. Dialogues in Clinical Neuroscience, 15(1), 29-43.
Retrieved from
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3622466/?tool=pmcentrez

Johnson, J. A,, Strafella, A. P., & Zatorre, R. J. (2007). The role of the dorsolateral
prefrontal cortex in bimodal divided attention: Two transcranial magnetic
stimulation studies. Journal of Cognitive Neuroscience, 19(6), 907-920.
doi:10.1162/jocn.2007.19.6.907

Kallus, K. W., Schmitt, J. A. J., & Benton, D. (2005). Attention, psychomotor
functions and age. European Journal of Nutrition, 44(8), 465-484.

doi:10.1007/s00394-005-0584-5



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 56

Karabanov, A., Ziemann, U., Hamada, M., George, M. S., Quartarone, A., Classen,
J., ... Siebner, H. R. (2015). Consensus paper: Probing homeostatic plasticity
of human cortex with non-invasive transcranial brain stimulation. Brain
Stimulation, 8(3), 442-454. doi:10.1016/j.brs.2015.01.404

Kearney-Ramos, T. E., Fausett, J. S., Gess, J. L., Reno, A., Peraza, J., Kilts, C. D., &
James, G. A. (2014). Merging clinical neuropsychology and functional
neuroimaging to evaluate the construct validity and neural network
engagement of the n-back task. Journal of the International
Neuropsychological Society: JINS, 20(7), 736-750.
doi:10.1017/S135561771400054 X

Kim, J., Kim, D., Chang, W. H., Kim, Y., Kim, K., & Im, C. (2014). Inconsistent
outcomes of transcranial direct current stimulation may originate from
anatomical differences among individuals: Electric field simulation using
individual MRI data. Neuroscience Letters, 564, 6-10.
doi:10.1016/j.neulet.2014.01.054

Lommatzsch, M., Zingler, D., Zingler, C., Schuhbaeck, K., Schloetcke, K., Schuff-
Werner, P., & Virchow, J. C. (2005). The impact of age, weight and gender on
BDNF levels in human platelets and plasma. Neurobiology of Aging, 26(1),
115-123. doi:10.1016/j.neurobiolaging.2004.03.002

Lopez-Alonso, V., Cheeran, B., Rio-Rodriguez, D., & Fernandez-del-Olmo, M.
(2014). Inter-individual variability in response to non-invasive brain
stimulation paradigms. Brain Stimulation, 7(3), 372-380.
doi:10.1016/j.brs.2014.02.004

MacDonald 111, A. W., Cohen, J. D., Stenger, V. A., & Carter, C. S. (2000).

Dissociating the role of the dorsolateral prefrontal and anterior cingulate cortex



EFFECTS OF PRIMED TDCS ON OLDER ADULTS o7

in cognitive control. Science, 288(5472), 1835-1838. Retrieved from http://0-
search.proquest.com.prospero.murdoch.edu.au/docview/213593698?accountid
=12629

Macmillan, N. A., & Creelman, C. D. (1991). Detection theory: A user’s guide.
Cambridge, UK: Cambridge University Press.

Maurits, N. M., Renken, R. J., Lorist, M. M., Saliasi, E., & Geerligs, L. (2014).
Brain mechanisms underlying the effects of aging on different aspects of
selective attention. Neuroimage, 91, 52-62.
doi:10.1016/j.neuroimage.2014.01.029

Mclntire, L. K., McKinley, R. A., Goodyear, C., & Nelson, J. (2014). A comparison
of the effects of transcranial direct current stimulation and caffeine on
vigilance and cognitive performance during extended wakefulness. Brain
Stimulation, 7(4), 499-507. doi:10.1016/j.brs.2014.04.008

Mir-Moghtadaei, A., Caballero, R., Fried, P., Fox, M. D., Lee, K., Giacobbe, P., . ..
Downar, J. (2015). Concordance between BeamF3 and MRI-neuronavigated
target Sites for repetitive transcranial magnetic stimulation of the
Left Dorsolateral prefrontal cortex. Brain Stimulation, 8(5), 965-973.
doi:10.1016/j.brs.2015.05.008

Monai, H., Ohkura, M., Tanaka, M., Oe, Y., Konno, A., Hirai, H., . . . Hirase, H.
(2016). Calcium imaging reveals glial involvement in transcranial direct
current stimulation-induced plasticity in mouse brain. Nature
Communications, 7, 11100. doi:10.1038/ncomms11100

Morrison, J. H., & Baxter, M. G. (2012). The ageing cortical synapse: Hallmarks and
implications for cognitive decline. Nature Reviews.Neuroscience, 13(4), 240-

250. d0i:10.1038/nrn3200



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 58

Moskowitz, H., & Burns, M. (1990). Effects of alcohol on driving performance.
Alcohol Health and Research World, 14(1), 12-14.

Mottaghy, F. M., Krause, B. J., Kemna, L. J., Topper, R., Tellmann, L., Beu, M., . ..
Mdller-Gértner, H. (2000). Modulation of the neuronal circuitry subserving
working memory in healthy human subjects by repetitive transcranial magnetic
stimulation. Neuroscience Letters, 280(3), 167-170. doi:10.1016/S0304-
3940(00)00798-9

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V.,

Collin, 1., . .. Chertkow, H. (2005). The Montreal Cognitive Assessment,
MoCA: A brief screening tool for mild cognitive impairment. Journal of the
American Geriatrics Society, 53(4), 695-699. doi:10.1111/j.1532-
5415.2005.53221.x

Nilsson, J., Lebedev, A. V., & Lévdén, M. (2015). No significant effect of prefrontal
tDCS on working memory performance in older adults. Frontiers in Aging
Neuroscience, 7. doi:10.3389/fnagi.2015.00230

Nitsche, M. A., & Paulus, W. (2000). Excitability changes induced in the human
motor cortex by weak transcranial direct current stimulation. The Journal of
Physiology, 527(3), 633-639. doi:10.1111/j.1469-7793.2000.t01-1-00633.x

Nitsche, M. A., & Paulus, W. (2011). Transcranial direct current stimulation -
Update 2011. Restorative Neurology and Neuroscience, 29(6), 463-492.
doi:10.3233/RNN-2011-0618

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N., Antal, A, ..

. Pascual-Leone, A. (2008). Transcranial direct current stimulation: State of

the art 2008. Brain Stimulation, 1(3), 206-223. doi:10.1016/j.brs.2008.06.004



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 59

Oldfield, R. C. (1971). The assessment and analysis of handedness: The Edinburgh
Inventory. Neuropsychologia, 9(1), 97-113. doi:10.1016/0028-3932(71)90067-
4

Ota, Y., Zanetti, A., & Hallock, R. (2013). The role of astrocytes in the regulation of
synaptic plasticity and memory formation. Neural Plasticity, 2013, 1-11.
doi:10.1155/2013/185463

Perceval, G., Fléel, A., & Meinzer, M. (2016). Can transcranial direct current
stimulation counteract age-associated functional impairment? Neuroscience
and Biobehavioral Reviews, 65, 157-172. doi:10.1016/j.neubiorev.2016.03.028

Poreisz, C., Boros, K., Antal, A., & Paulus, W. (2007). Safety aspects of transcranial
direct current stimulation concerning healthy subjects and patients. Brain
Research Bulletin, 72(4), 208-214. doi:10.1016/j.brainresbull.2007.01.004

Posner, M. I., & Petersen, S. E. (1990). The attention system of the human
brain. Annual Review of Neuroscience, 13(1), 25-42.
doi:10.1146/annurev.ne.13.030190.00032

Puri, R., Hinder, M. R., Canty, A. J., & Summers, J. J. (2016). Facilitatory non-
invasive brain stimulation in older adults: The effect of stimulation type and
duration on the induction of motor cortex plasticity. Experimental Brain
Research, doi:10.1007/s00221-016-4740-3

Puri, R., Hinder, M. R., Fujiyama, H., Gomez, R., Carson, R. G., & Summers, J. J.
(2015). Duration-dependent effects of the BDNF Val66Met polymorphism on
anodal tDCS induced motor cortex plasticity in older adults: A group and
individual perspective. Frontiers in Aging Neuroscience, 7, 107.

doi:10.3389/fnagi.2015.0010



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 60

Ridding, M. C., & Ziemann, U. (2010). Determinants of the induction of cortical
plasticity by non-invasive brain stimulation in healthy subjects. The Journal
of Physiology, 588(13), 2291-2304. doi:10.1113/jphysiol.2010.190314

Rroji, O., van Kuyck, K., Nuttin, B., & Wenderoth, N. (2015). Anodal tDCS over the
primary motor cortex facilitates long-term memory formation reflecting use-
dependent plasticity. PloS One, 10(5), e0127270.
doi:10.1371/journal.pone.0127270

Sala-Llonch, R., Junque, C., Arenaza-Urquijo, E., Vidal-Pineiro, D., Valls-Pedret,
C., Palacios, E., . . . Bartres-Faz, D. (2014). Changes in whole-brain functional
networks and memory performance in aging. Neurobiology of Aging, 35(10),
2193-2202. doi:10.1016/j.neurobiolaging.2014.04.007

Sale, M. V., Ridding, M. C., & Nordstrom, M. A. (2008). Cortisol inhibits
neuroplasticity induction in human motor cortex. Journal of
Neuroscience, 28(33), 8285-8293. d0i:10.1523/JNEUROSCI.1963-08.2008

Sauseng, P., Klimesch, W., Doppelmayr, M., Hanslmayr, S., Schabus, M., & Gruber,
W. R. (2004). Theta coupling in the human electroencephalogram during a
working memory task. Neuroscience Letters, 354(2), 123-126.
doi:10.1016/j.neulet.2003.10.002

Seo, M.H., Park, S.H., Seo, J.H., Kim, Y.H., Ko, M.H. (2011). Improvement of the
working memory by transcranial direct current stimulation in healthy older
adults. J. Korean Acad. Rehabil. Med, 35(2), 201-206. Retrieved from
http://www.koreamed.org/SearchBasic.php?RID=0041JKARM%2F2011.35.2.

201&DT=1



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 61

Shanmugaratnam, S., Kass, S. J., & Arruda, J. E. (2010). Age differences in
cognitive and psychomotor abilities and simulated driving. Accident Analysis
and Prevention, 42(3), 802-808. doi:10.1016/j.aap.2009.10.002
Stagg, C. J., Best, J. G., Stephenson, M. C., O'Shea, J., Wylezinska, M., Kincses, Z.
T.,...Johansen-Berg, H. (2009). Polarity-sensitive modulation of cortical
neurotransmitters by transcranial stimulation. Journal of Neuroscience,
29(16), 5202-5206. doi:10.1523/JNEUROSCI.4432-08.2009
Staub, B., Doignon-Camus, N., Bacon, E., & Bonnefond, A. (2014). The effects of
aging on sustained attention ability: An ERP study. Psychology and Aging,
29(3), 684-695. doi:10.1037/a0037067

Strube, W., Bunse, T., Malchow, B., & Hasan, A. (2015). Efficacy and
interindividual variability in motor-cortex plasticity following anodal tDCS
and paired-associative stimulation. Neural Plasticity, 2015, 530423.
doi:10.1155/2015/530423

Summers, J., Kang, N., & Cauraugh, J. (2016). Does transcranial direct current

stimulation enhance cognitive and motor functions in the ageing brain? A
systematic review and meta-analysis. Ageing Research Reviews, 25, 42-54.
doi:10.1016/j.arr.2015.11.004

Swets, J. A., Tanner, W. P., Jr, & Birdsall, T. G. (1961). Decision processes in

perception. Psychological Review, 68(5), 301-340. doi:10.1037/0033-
295X.68.5.301

Trout, A. T., Kaufmann, T. J., & Kallmes, D. F. (2007). No significant difference.

Says who? AJNR. American Journal of Neuroradiology, 28(2), 195-197.

Retrieved from http://www.ajnr.org/content/28/2/195.full.pdf+html



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 62

United Nations Department of Economic and Social Affairs. (2015). World
population ageing 2015. Retrieved from
http://www.un.org/en/development/desa/population/publications/pdf/ageing/W
PA2015_ Report.pdf

Vancleef, K., Meesen, R., Swinnen, S. P., & Fujiyama, H. (in press). TDCS over left
M1 or DLPFC does not improve learning of a bimanual coordination task.
Scientific Reports.

Vines, B. W., Cerruti, C., & Schlaug, G. (2008). Dual-hemisphere tDCS facilitates
greater improvements for healthy subjects' non-dominant hand compared to
uni-hemisphere stimulation. BMC Neuroscience, 9(1), 103-103.
doi:10.1186/1471-2202-9-103

Wendt, M., Heldmann, M., Miinte, T. F., & Kluwe, R. H. (2007). Disentangling
sequential effects of stimulus- and response-related conflict and stimulus-
response repetition using brain potentials. Journal of Cognitive
Neuroscience, 19(7), 1104-1112. doi:10.1162/jocn.2007.19.7.1104

Whitley, B. E., Jr., & Kite, M. E. (2013). Principles of research in behavioral
science (3rd ed.). Retrieved from
http://reader.eblib.com.au/(S(1v4ya3dz12vu5v0i2l5hgxof))/Reader.aspx?p=10
74973&0=79&u=5b37ce126c5efd87d950bf6437b01331&t=1472993641&h=7
D8424FF201E51A7FB7369B613AF55DB2D529D5C&s=27565598&ut=184
&pg=1&r=img&c=-1&pat=n&cms=-1&sd=1#

Wiethoff, S., Hamada, M., & Rothwell, J. C. (2014). Variability in response to
transcranial direct current stimulation of the motor cortex. Brain

Stimulation, 7(3), 468-475. d0i:10.1016/j.brs.2014.02.003



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 63

Williams, J. A., Imamura, M., & Fregni, F. (2009). Updates on the use of non-
invasive brain stimulation in physical and rehabilitation medicine. Journal of
Rehabilitation Medicine, 41(5), 305-311. doi:10.2340/16501977-0356

Yordanova, J., Kolev, V., Hohnsbein, J., & Falkenstein, M. (2004). Sensorimotor

slowing with ageing is mediated by a functional dysregulation of motor-
generation processes: Evidence from high-resolution event-related
potentials. Brain, 127(2), 351-362. doi:10.1093/brain/awh042

Yoshihara, S. (2012). Hardships and fears of an aging population. The Human Life

Review, 38(2), 85-91. Retrieved from http://0-
search.proquest.com.prospero.murdoch.edu.au/docview/1025761551/fulltextP
DF/ACB9F27BF9294E53PQ/1?accountid=12629

Yu, W. H., Go, L., Guinn, B. A., Fraser, P. E., Westaway, D., & McLaurin, J.

(2002). Phenotypic and functional changes in glial cells as a function of
age. Neurobiology of Aging, 23(1), 105-115. doi:10.1016/S0197-
4580(01)00258-5

Zaehle, T., Sandmann, P., Thorne, J. D., Jancke, L., & Herrmann, C. S. (2011).

Transcranial direct current stimulation of the prefrontal cortex modulates
working memory performance: Combined behavioural and
electrophysiological evidence. BMC Neuroscience, 12(1), 2-2.
doi:10.1186/1471-2202-12-2

Zaghi, S., Acar, M., Hultgren, B., Boggio, P. S., & Fregni, F. (2010). Noninvasive

brain stimulation with low-intensity electrical currents: Putative mechanisms
of action for direct and alternating current stimulation. The

Neuroscientist, 16(3), 285-307. d0i:10.1177/1073858409336227



EFFECTS OF PRIMED TDCS ON OLDER ADULTS 64

Ziemann, U., & Siebner, H. R. (2008). Modifying motor learning through gating and
homeostatic metaplasticity. Brain Stimulation, 1(1), 60-66.

doi:10.1016/j.brs.2007.08.003

Zimerman, M., Nitsch, M., Giraux, P., Gerloff, C., Cohen, L. G., & Hummel, F. C.
(2013). Neuroenhancement of the aging brain: Restoring skill acquisition in

old subjects. Annals of Neurology, 73(1), 10-15. doi:10.1002/ana.23761

Zmigrod, L., Zmigrod, S., & Hommel, B. (2016). Transcranial direct current
stimulation (tDCS) over the right dorsolateral prefrontal cortex affects stimulus
conflict but not response conflict. Neuroscience, 322, 320-325.

doi:10.1016/j.neuroscience.2016.02.046



	Acknowledgments
	Abstract
	Effects of Primed Anodal Transcranial Direct Current Stimulation on the Psychomotor Function of Older Adults
	Age-related Declines in Psychomotor Performance
	Transcranial Direct Current Stimulation (tDCS)
	The Dorsolateral Prefrontal Cortex (DLPFC) and Previous tDCS Studies
	Homeostatic Metaplasticity and Inter-Individual Variability
	A Novel tDCS Priming Protocol
	Aims and Hypotheses
	Method
	Participants
	Materials and Apparatus
	Procedure
	Design and Analysis

	Results
	Control Measures
	The Effect of Priming Cathodal tDCS on the Dependent Variables
	Primary Outcomes
	Accuracy indices.
	Reaction time (RT) indices.

	Proof of Principle: 2-Back Task

	Discussion
	Delayed Improvement in Divided Attention Accuracy
	The Limitations of Current tDCS Meta-Analyses
	Generalising the Findings from Studies involving Younger Individuals
	The Cathodal Priming Procedure
	Other Factors influencing Inter-Individual Differences
	Different Cognitive Tests Used Across Studies
	The Relative Roles of Motor and Cognitive Processing in Psychomotor Speed
	Limitations of the Current Study
	Future Perspectives
	Conclusion


	References



