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Neuromodulation as a cognitive enhancement strategy in healthy older adults:

promises and pitfalls

Abstract

Increases in life expectancy have been followed by an upsurge of age-associated
cognitive decline. Transcranial magnetic stimulation (TMS) and transcranial direct
current stimulation (tDCS) have risen as promising approaches to prevent or delay such
cognitive decline. However, consensus has not yet been reached about their efficacy in
improving cognitive functioning in healthy older adults. Here we review the effects of
TMS and tDCS on cognitive abilities in healthy older adults. Despite considerable
variability in the targeted cognitive domains, design features and outcomes, the results
generally show an enhancement or uniform benefit across studies. Most studies
employed tDCS, suggesting that this technique is particularly well-suited for cognitive
enhancement. Further work is required to determine the viability of these techniques as
tools for long-term cognitive improvement. Importantly, the combination of TMS/tDCS
with other cognitive enhancement strategies may be a promising strategy to alleviate

the cognitive decline associated with the healthy aging process.
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Introduction

Life expectancy has been steadily increasing in the developed world (Mathers et
al. 2014). It is expected that by 2020, one billion people — i.e., more than 20% of the
world population — will be older than 60 years (Imhof et al. 2007). This brings
important challenges to individuals and society as a whole. Perhaps one of the central
issues is related with an increase in the incidence of age-associated cognitive decline
(Bishop et al. 2010). As people grow older, the structural and functional changes that
occur in their brain lead to an overall deterioration of cognitive functioning (Glisky
2007), potentially compromising quality of life and social interaction. How these
structural and functional changes come to be, and which factors may be driving forces
in promoting cognitive decline in healthy older adults is still under debate. For instance,
structural and cognitive decline may be highly dependent on amyloid-B levels (Lim et
al. 2013), or individual differences and quality of life/socio-economics status (Friedman
2013). Nevertheless, it is undisputed that healthy older adults show anatomical and
physiological brain modifications that interfere with cognitive performance in a myriad.

There are currently several methods available to assess cognitive functioning
and, specifically, age-related decay in cognitive performance. However, defining the
limits of normal and abnormal performance may still be a challenge. According to the
Fifth Edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5;
American Psychiatric Association 2013), an indication of modest cognitive decline from
a previous level of performance in one or more domains is a criterion for aging-
associated abnormal performance. Concomitantly, neuropsychological testing also
allows for assessing cognitive decline and describing its severity. However, determining

whether observed cognitive decline is a byproduct of the normal aging process, or



whether it is due to more severe insults to an individual’s brain (e.g., mild cognitive
impairment) is still problematic.

In recent years, there has been an upsurge of interest in exploring non-
pharmacological strategies to maintain or enhance cognitive functioning in healthy older
adults, to prevent or delay such functional disabilities and diminish the impact of this
decline in their functional capacity and quality of life. Previous studies have shown that
single interventions such as training of particular strategies (e.g., mnemonic strategies),
multimodal approaches (e.g., lifestyle changes, physical exercise; Lustig et al. 2009),
and the combination of different types of interventions (Kraft, 2012, Bamidis et al.
2014), can lead to cognitive enhancement in healthy older adults. Nonetheless, given the
heterogeneity of studies it is still not clear what the benefits and impact of these
interventions are (Angevaren et al. 2008 and Lampit et al. 2014).

One family of techniques that has been showing promising results in maintaining
or improving cognitive performance in healthy (Zimerman and Hummel 2010) and
clinical populations (Demirtas-Tatlidede et al. 2013) is non-invasive brain stimulation
(NIBS). These techniques rely on the potential to transiently influence behavior by
facilitating or inhibiting neural activity. Over the years, different techniques have been
explored, showing favorable motor and cognitive behavioral effects (Hummel and
Cohen 2006a and Reis et al. 2009). To date, Transcranial Magnetic Stimulation (TMS)
and transcranial Direct Current Stimulation (tDCS) are among the most commonly used
approaches (Shafi et al. 2012). However, consensus has not yet been reached as to the
efficacy of these techniques in improving cognitive functioning in healthy older adults
(Zimerman and Hummel 2010). Here, we will systematically review the literature to
clarify the role of NIBS techniques, specifically TMS and tDCS, in improving cognitive

functioning in healthy older adults. We will assess and discuss the available data, and



provide considerations and recommendations regarding these techniques. Our goal is
then to acknowledge the promises and recognize potential pitfalls of these techniques in

this field.

Age related cognitive changes

To distinguish between normal and pathological brain aging is not a
straightforward process, mostly because changes are not homogeneous or uniform
across individuals. It is clear that aging is associated with brain modifications that may
affect cognition and limit functional capacity (Glisky 2007), but the processes involved
in this structural and functional decline, as well as potential interventions to slow these
changes are less clear. Research efforts have been carried out for decades to understand
the epidemiological, clinical, morphological, genetic and molecular aspects of age-
associated cognitive changes. As a human brain ages, neuronal loss occurs and the brain
tends to shrink in volume (Park and Reuter-Lorenz 2009). This age-associated cortical
shrinkage has been linked to cognitive deficits in various domains. Decline in gray and
white matter structures in the brain also increases with age (Peters 2006), compromising
neural integrity that is critical for cognitive performance, as shown by recent structural
and functional neuroimaging studies (Salat 2011 and Grady 2012). Changes in the
levels of different neurotransmitters also impact on age-related cognitive functioning.
Specifically, reductions in the levels of dopamine, serotonin and acetylcholine are
particularly pronounced, compromising a wide range of cognitive domains, including
attention, working memory and inhibition (Braver and Barch 2002 and Mattson et al.
2004).

These changes are not homogenously distributed across different brain regions,

nor are they consistent between different individuals. Importantly, the frontal lobes



(Peters 2006) and the hippocampus (Den Heijer et al. 2010) are often described as the
primarily affected regions. In agreement, the most widely experienced age-associated
cognitive changes are memory decline, associated with hippocampal integrity, and
executive function, linked to frontal lobe function (Mungas et al. 2005 and Kramer et al.
2007).

Several interventions have been proposed and implemented to slow or reverse
these and other cognitive changes (Lustig et al. 2009), but it is still unclear how we can
successfully promote healthy aging and prevent or slow down age-associated cognitive
decline. With the advent of NIBS, several studies have examined the effects of different
techniques on cortical excitability and behavior. Such experiments have contributed to a
better understanding of the mechanisms underlying cognitive processing. However,
most of these studies have been focusing on younger adults or patients with
neurological diseases (Nitsche and Paulus 2009 and Hartwigsen 2014). Specifically, one
of the fields that has recently gained more attention regarding cognitive improvement
following the use of neuromodulation techniques is the field of neurodegenerative
dementias. A recent systematic review (Elder and Taylor, 2014) explored the use of
TMS and tDCS in the major dementias, including Alzheimer’s disease, vascular
dementia, dementia with Lewy bodies, frontotemporal dementia, Parkinson’s disease
with dementia as well as the potential pre-dementia stages of mild cognitive impairment
and Parkinson’s disease. Most of the reviewed studies were conducted in patients with
Alzheimer’s disease (13 studies) and mild cognitive impairment (4 studies).
Neuromodulation techniques were used in one study focusing on dementia with Lewy
bodies. Fourteen studies were found that focused on Parkinson’s disease, 12 of which
showed cognitive or neuropsychiatric improvement. From a total of 18 studies reviewed

focusing on dementia or pre-dementia stages, 16 showed improvement in at least one



cognitive or neuropsychiatric outcome measure. These data are promising and reinforce
the potential clinical use of TMS and tDCS for the treatment of symptoms associated
with Dementia and Parkinson’s disease, despite the considerable variation in the
parameters used for each technique.

Work on inducing behavioral changes at the cognitive level in healthy older
adults in order to prevent or slow down age-associated cognitive changes is, however,
scarce (Zimerman and Hummel 2010). Furthermore, extant studies show inconsistent
results, and may be hardly comparable as they use different designs and outcome
measurements (Elder and Taylor, 2014). Because of this, this systematic review is
important, as it aims to clarify the contribution of TMS and tDCS as useful approaches

to enhance cognitive function in healthy older adults.

Neuromodulation techniques

The use of non-invasive techniques to modulate brain function has a long
tradition that dates back to the use of energy obtained from electric fishes (e.g., eels,
torpedo fish, etc) to modify brain activity in order to alleviate headache or pain (Fregni
and Pascual-Leone 2007). Over time, the use of brain stimulation by means of electrical
currents became a therapeutic strategy to minimize the effects of mental disorders. In
recent decades, NIBS has gained special relevance both in clinical and research settings,
and techniques have been optimized with the ultimate goal of inducing long-lasting
plastic changes at the sensory-motor and cognitive levels. The exponential interest in
TMS and tDCS is mostly related to their safety and to the successful outcomes
following the application of such techniques in clinical conditions (Miniussi et al. 2008;
Dayan et al. 2013). Likewise, these techniques have also proven to be of major

relevance in maintaining or improving the integrity of higher brain functions in the



healthy aging process (Zimerman and Hummel 2010), when age-related neurobiological
changes bring functional decline and impair quality of life.

TMS is based on the principles of electromagnetic induction, whereby a
magnetic stimulator generates, stores and releases an electric current pulse through a
coil, which in turn creates a magnetic field around its windings. The alternating
magnetic field generated will penetrate the skull and the brain, inducing an electric field
in the targeted cortical tissue. When applied over areas overlying the motor cortex, the
TMS pulse elicits motor evoked potentials (MEP) in the contralateral limb. Because of
this, TMS has been extensively used as a brain mapping method in an attempt to relate
brain structure to cognitive and motor function (Romero et al. 2011). When applied
repetitively (rTMS), it induces a modulation in the cortical excitability that depends on
the frequency of stimulation: cortical excitability decreases in low-frequency rTMS (1
Hz or below), resulting in an inhibitory effect; and increases in high-frequency rTMS (5
Hz or above), producing an excitatory effect (Fregni and Pascual-Leone 2007). The
effect of TMS on cortical activity depends, among other factors, on the shape of the
stimulation coil, on the intensity of the magnetic field, on the position and angle of the
coil over the cortex and on the direction of the induced cortical currents. Although TMS
is considered a painless and safe technique when applied within safety guidelines, it
presents some risks for adverse effects which need to be considered when designing a
protocol (Rossi et al. 2009).

tDCS is a neuromodulation technique with polarity dependent effects. It consists
of the application of a weak direct current in the scalp that flows between two or more
electrodes - anode and cathode (2 electrodes in conventional tDCS vs. high definition
(HD)-tDCS). In this process, low amplitude currents (up to 2mA) flow partially through

the skull and penetrate the brain.Cortical modulation will depend on tDCS polarity:



cathodal stimulation decreases cortical excitability by neuronal hyperpolarization,
whereas anodal stimulation increases it by neuronal depolarization (Nitsche and Paulus
2011). Contrarily to other transcranial electric stimulation techniques (i.e., oscillatory
tDCS, transcranial alternating current stimulation — tACS — and transcranial random
noise stimulation - tRNS), tDCS uses a constant, and not fluctuant, current over a
certain period of time (Filmer et al. 2014). The efficacy of tDCS-induced changes will
primarily depend on the stimulation parameters, including polarity, size of the
electrodes, the length of the stimulation period and the intensity of current. Several
other factors may also influence the current distribution and, therefore, affect the
efficacy of tDCS, including cranial and brain anatomy, such as skull thickness, densities
of gray and white matter and cerebrospinal fluid volume and the presence of cerebral
lesions. This is a safe technique, and only mild adverse effects have been reported (e.g.,
mild tingling or itching sensation, moderate fatigue or headache; Brunoni et al. 2011).

Although the underlying mechanisms of action of NIBS techniques are not yet
fully known, the effects of TMS and tDCS are probably related with plastic changes in
the neural circuitry that are due to changes in long-term potentiation (LTP) and long-
term depression (LTD; Hoffman and Cavus 2002). LTP/LTD effects are key
mechanisms of many forms of experienced-dependent plasticity in the human brain,
especially in what respects learning and memory. Both TMS and tDCS may induce
long-term effects on cortical excitability, and the putative changes in LTP/LTD may
have important implications for therapeutic interventions focusing on recovery of

damaged or impaired brain functions (Ridding and Rothwell 2007).

Methodology



We conducted a review of the literature using exclusively the Pubmed research
database to achieve a better standardization of results (Wong et al. 2006). Literature
search and data extraction were conducted by A. M., and reviewed by J. A.. Literature
search was performed using the mesh terms "transcranial”, "magnetic stimulation”,
"direct current" and "aging" in the following conjunction "transcranial” AND “magnetic
stimulation” OR “direct current” AND “aging". Studies were then screened individually
according to our inclusion criteria, namely: (1) prospective experimental studies
(clinical trials), where participants were subject to either (2) TMS or tDCS, focusing on
(3) cognitive enhancement in (4) healthy older adults. Results were initially screened
by title and after that by abstract review. Data extraction of relevant study information
for studies meeting inclusion criteria was performed using a data extraction form to
collect information on the sample characteristics, the intervention type, stimulation
parameters, follow-up, cognitive domain and main outcomes.

After collecting and selecting the data, we conducted analysis to test and
compare the results of the different studies, using the Comprehensive Meta-Analysis 2.0
software (Biostat Inc, Englewood, NJ, USA). We used Cohen’s d as an assessment of
the effect size. We initially gathered the post-stimulation mean and standard deviation
(SD) scores for each outcome in both groups (active and control/sham) from each paper.
This was done in order to compare the mean changes between groups after the
intervention. Given the heterogeneous sample and multiple cognitive outcomes, we
focused the analysis to the primary outcome reported in the article, whenever possible.
When it was not clearly stated, we used the first outcome reported by the authors.
Additionally, when the means and SD where solely reported graphically, these data
were estimated from the figures. Several studies contributed with more than one effect

size, due to the different stimulation location (Cotelli et al. 2010, Ross et al. 2011,
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Manenti et al. 2013, Meinzer et al. 2014, Learmonth et al. 2015) or stimulation
protocols (Fertonani et al. 2014, Sandrini et al. 2014). We excluded one study from the
analysis (Berryhill and Jones, 2012), as there were no sufficient data available to
compute the standardized mean differences. Subsequently, we computed the forest plot
displaying the pooled effect size for the studies (Figure 2), using a random effects
model. We chose a priori the random effects model as we expected considerable
variability in the effect sizes, due to the diversity of protocols and features of the studies
reviewed. Therefore, a common (“true”) effect size (fixed random model) would not be
appropriate. Furthermore, the random effects model is more conservative, as it lends
relatively more weight to smaller studies and allows wider confidence intervals, thus

reducing the likelihood of errors, namely type-11 errors (Bolier et al. 2013).

We also used Comprehensive Meta-Analysis to examine any potential
publication bias. The resulting funnel plot (Egger and Smith 1995) is shown in Figure 3.
This method plots the standardized mean difference of each study against the respective
standard error, allowing to visually check for publication bias. In the absence of bias,
studies are expected to distribute equally to the left and right of the open diamond at the
bottom (standard difference in means). To statistically assess any significant
asymmetry, we applied the Egger’s test (Egger et al. 1997) and the Begg and

Mazumdar’s correlation (Begg and Mazumdar 1994).

We also assessed the methodological quality of each study utilizing the Jadad
Scale. This is a validated instrument widely used to measure the methodological quality
of clinical trials, in which studies are scored based on the following three important
methodological aspects broadly assumed to correlate with bias: randomization, blinding
and dropouts/withdrawals (Clark et al. 1999). Total scores range from zero (poor

quality) to five (the best quality).
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Results

With the initial search we identified a total of 209 references. From these, 28
were excluded as they were not identified as clinical trials. For the remaining 181, the
titles were screened and only 22 met the selection criteria. Abstract review was then
carried out, after which 11 studies were identified as meeting the inclusion criteria. All
publications selected are in English. The main reasons for exclusion included failure to:
(1) be a prospective experimental study, (2) be conducted in healthy older adults and (3)
report cognitive outcomes. Experimental studies measuring motor or somatosensory
outcomes, or neuroimaging studies measuring cortical activity with NIBS, with
secondary behavioral cognitive outcomes were not included, as we were looking for
studies assessing cognitive domains as primary outcomes. The procedural
methodological summary for the trial selection process is outlined in the flow diagram

of studies selection process in Figure 1.

Figure 1
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Figure 1 - Flow diagram of studies selection process
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Synthesis of included studies

The impact of NIBS techniques has been investigated in several cognitive
domains. Among the eleven studies selected, five targeted memory as the main outcome
(Ross et al. 2011, Berryhill and Jones 2012, Flgel et al. 2012, Manenti et al. 2013 and
Sandrini et al. 2014), three targeted language (Cotelli et al. 2010, Meinzer et al. 2014
and Fertonani et al. 2014) and the following domains were address in one study each:
inhibitory control (Kim et al. 2012), error awareness (Harty et al. 2014) and attention
(Learmonth et al. 2015). To systematically describe the scope and components of each
intervention study, specific features were extracted from each manuscript and are
summarized in Table 1. The design features and results of each study will be described

narratively in brief, organized by cognitive domain.

Impact on memory

Memory has emerged as the most frequent cognitive domain investigated with
NIBS. All of the five studies exploring memory performance used tDCS. More
specifically, all the studies used anodal tDCS — i.e, the stimulation associated with an
enhancement of cortical excitability. The intensity of tDCS was of ImA in one study
(Floel et al. 2012) and 1.5mA in the remaining four studies. Stimulation time was
variable across studies, with studies stimulating for 10min (Berryhill and Jones 2012),
15min (Ross et al. 2011; Sandrini et al. 2014), 20min (Fldel et al. 2012), or an
adjustable amount of time according to the cognitive task being assessed (Manenti et al.
2013). Most studies targeted episodic memory (Floel et al. 2012; Manenti et al. 2013;
Sandrini et al. 2014), one of the main cognitive hallmarks of aging, but semantic
memory (Ross et al. 2011) and working memory (Berryhil and Jones 2012) have also

been studied. The predominant area of stimulation used in memory studies was the right

13



or left dorsolateral prefrontal cortex (DLPFC; Berryhill and Jones 2012, Manenti et al.
2013; Sandrini et al. 2014), but the right temporoparietal cortex (TPC; Fldel et al.
2012), parietal cortex (PARC; Manenti et al. 2013) and the right or left anterior
temporal lobe (ATL; Ross et al. 2011) have also been targeted in different studies. The
cathode has been positioned as the reference electrode in the contralateral supraorbital
region (Floel et al. 2012, Manenti et al. 2013; Sandrini et al. 2014) or the contralateral
cheek (Ross et al. 2011; Berryhill and Jones 2012). All the studies used the same type of
sham procedure, which was a brief initial stimulation to produce a tingling sensation,
which was decreased to 0 after 10s (Manenti et al. 2013; Sandrini et al. 2014), 15s (Ross
et al. 2011), 20s (Berryhill and Jones 2012), or 30s (Floel et al. 2012). Only one
memory study included a younger group as control (Manenti et al. 2012). The majority
of studies showed a positive effect for the stimulation condition — i.e., increased
memory performance for the stimulation condition when compared to sham stimulation.
In Berryhill and Jones (2012), tDCS was only beneficial in older adults with more years
of education, showing a selective tDCS effect according to the education level. In Ross
et al. (2011), the magnitude of the enhancing effect was similar in older and younger
adults, but the lateralization of the effect was dependent on age. Similarly, Manenti et
al. (2013) showed that tDCS facilitated episodic memory (i.e., increased memory
retrieval), but only when tDCS was applied over the left regions (DLPFC or PARC),
suggesting a lateralization of the processes (encoding/retrieval) associated with aging.

Overall, the findings from the different studies are considered clinically relevant
as they show the beneficial effects of tDCS on modulating memory performance, and
suggest that this could be an interesting approach to study functional adaptation over the
aging process, in both healthy older adults and in people with clinical memory

conditions, as an attempt to reduce these cognitive deficits.
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Impact on language

The growing interest in evaluating new strategies to delay or counteract
language deficits in healthy older adults led several authors to use either TMS or tDCS
to explore effects on naming tasks. Excitatory rTMS was applied in one language study,
with a frequency of 20Hz and an intensity of 10% below the motor threshold (Cotelli et
al. 2010). rTMS was delivered over the left and right DLPFC at the same time as the
target picture was presented, in trains of 500ms from the onset of the visual stimulus.
tDCS was used in two other studies (Meinzer et al. 2014; Fertonani et al. 2014): in one
anodal tDCS was used to test enhancement of cortical excitability (Fertonani et al.
2014), whereas in the other one cathodal and anodal tDCS were used to test both the
enhancement and decrease of cortical excitability (Meinzer et al. 2014). tDCS intensity
and stimulation duration differed by study: Meinzer et al. (2014) used an intensity of
1mA for 30min, whereas Fertonani et al. (2014) used 2mA for a variable time
(according to the task). These studies targeted either the left DLPFC (Fertonani et al.
2014) or the right or left primary motor cortex (M1; Meinzer et al. 2014). The reference
electrode (cathode) was positioned over contralateral locations: either the supraorbital
region (Meinzer et al. 2014) or the shoulder (Fertonani et al. 2014). All the tDCS
studies used the same type of sham procedure - brief initial stimulation to produce a
tingling sensation followed by decreasing the administration to zero. However, they
varied in the duration of initial stimulation, which was 10s in the Fertonani et al. (2014)

study or 30s in Meinzer et al. (2014).

In the rTMS study, the sham condition was similar to the real stimulation
condition, but stimulation was applied over the vertex and there was a piece of plywood

under the coil. From the three studies testing language performance under NIBS in
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healthy older adults, only one used a control group of younger adults (Fertonani et al.
2014). The majority of the results suggest that real stimulation lead to an increase in
accuracy in the naming task when compared to sham. Note that, in Cotelli et al. (2010),
stimulation (rTMS) did not induce any effect on naming accuracy, but lead to faster
naming latencies compared to sham. Interestingly, in the study by Fertonani et al.
(2014), tDCS had a beneficial effect in the healthy older adult group only if applied
during task execution (online tDCS), highlighting the importance of the activation of the
language related neural network during stimulation. The overall positive findings from
these studies assessing language performance in healthy older adults may have an
important clinical impact, as they provide a rationale to explore NIBS techniques as
novel intervention strategies to facilitate language processes in aphasia and other
language impairments. Furthermore, these may be useful tools to complement
traditional neuroimaging approaches in the investigation of age-dependent brain

modifications.

Impact on inhibitory control

Based on the pre-existing evidence that rTMS facilitated inhibitory control in
young adults, Kim et al. (2012) aimed to extend these findings to healthy older adults.
They applied high-frequency (10Hz) rTMS or sham stimulation to the left DLPFC in
two experimental groups, for five consecutive days, and assessed changes in inhibitory
control. Their results show that participants in the high-frequency rTMS group showed
an enhancement in inhibitory control and a decreased in reaction times after rTMS when
compared to the sham group (Kim et al. 2012). Interestingly, significant reaction times
differences were obtained only for a subset of the experimental task (incongruent trials)

in the active stimulation group.
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Impact on error awareness

Harty et al. (2014) set out to study whether the right DLPFC plays a causal role
in supporting detection of performance errors (“error awareness”), and to evaluate the
potential of tDCS for remediating awareness deficits in healthy older adults. The
stimulating right DLPFC of healthy older adults with anodal tDCS, and tested whether
this would lead to a significant improvement in error awareness as measured by an error
awareness task (EAT). The influence of current polarity (anodal vs cathodal) and
electrode location (left vs right hemisphere) was tested in a series of four trials. Intensity
of tDCS stimulation was 1mA, and tDCS was applied over DLPFC while subjects
performed a computerized test of error awareness. Stimulation duration depended on the
length of the task. Overall, anodal tDCS over the right DLPFC was associated with a
significant increase in the proportion of performance errors that were consciously
detected, compared with sham and the cathodal condition (Harty et al. 2014).
Furthermore, cathodal stimulation did not induce any behavioral changes relative to

sham. No change in performance was observed when the left hemisphere was targeted.

Impact on attention

The effect of NIBS in spatial attention in healthy older adults has recently been
investigated by Learmonth et al. (2015). Specifically, the experiment consisted of the
application of either ImA anodal tDCS for 15 minutes to the right and left posterior
parietal cortex or a sham protocol in young and healthy older adults during a titrated
lateralized visual detection task. The idea was to use anodal tDCS to facilitate visual
detection in the contralateral visual field. Results showed no differences in the effects of
stimulation between young and older adults. Instead, the effects of anodal tDCS were

state-dependent (i.e. related to task performance at baseline / influenced by an
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individual's baseline task performance), whereas age did not differentially affect

response (Learmonth et al. 2015).

Adverse effects of NIBS

The main adverse effects of stimulation reported in the studies selected for this
review are also summarized in Table 1, along with the parameters of stimulation and
main results. No major adverse effects were reported following the application of TMS
or tDCS, and no participants dropped out because of adverse events. The two studies
that used TMS did not include a report on the potential adverse effects after stimulation,
although one of these papers (Cotelli et al. 2010) emphasized that the stimulation
protocol was in line with the safety recommendations proposed by Rossi et al. (2009).
Most of the studies using tDCS referred to the safety profile of the technique based on
existing guidelines or safety procedures, choosing stimulation parameters within the
safety limits. Itching was repeatedly described as the most frequent adverse sensation,
and was reported in five studies (Manenti et al. 2013, Sandrini et al. 2014, Fertonani et
al. 2014, Harty et al. 2014; Learmonth et al. 2015). Burning sensation, discomfort,
pitching, tingling, irritation and pain are also in the list of most frequent adverse effects
across studies. Two of the studies (Ross et al. 2011; Berryhill and Jones 2012) do not
mention any assessment of adverse effects, and in another study the authors did not find
any noteworthy adverse effect to be reported (Meinzer et al. 2014). Overall, the
experienced perceptual sensations started at the beginning of the experiment, did not
last long and did not affect task performance in the tDCS or sham conditions. Floel et
al. (2012) used other measures to assess potential adverse effects derived from
stimulation, namely heart rate, blood pressure and mood rating. These measures did not

seem to show any significant adverse effect.
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Results of the quantitative analysis

Our assessment of the magnitude of the effects of the different studies was based
on 10 articles with 17 effect sizes. Considering that an effect size of 0.2 is small, 0.5 is
medium/moderate and an effect over 0.8 is considered to be large (Sullivan and Feinn,
2012), we found an overall mean moderate to large positive effect on cognitive
outcomes post-intervention (tDCS or rTMS; mean effect size of 0.57, 95% ClI, 0.34,
0.79, p < 0.05; see Figure 2). We also found moderate heterogeneity across studies (1% =

47.5).

To assess publication bias on our sample, we generated a funnel plot displaying
the effect sizes from individual studies (horizontal axis) against the standard error
(vertical axis) (Figure 3 about here). As can be seen in Figure 3, the distribution of
studies is relatively asymmetric, with more studies laying to one of the sides of the plot,
which suggests the likelihood of publication bias. Additionally, one of the studies lies
outside the funnel. The Egger’s regression intercept was 3.65 (two-tailed p = 0.03) and
the Begg and Mazumdar’s correlation was 0.44 (two-tailed p = 0.01). In sum, the funnel
plot and the significant correlation tests suggest that there is publication bias. However,

the small number of studies makes it difficult to reach any strong conclusion.
Quality assessment

To assess the methodological quality of the studies, we adapted the criteria
suggested by Jadad et al. (1999) which focus on randomization, blinding and
dropouts/withdrawals. A summary of the Jadad individual assessments for each trial is
shown in Table 2. Seven of the studies were reported as randomized trial studies (Ross
et al. 2011, FlGel et al. 2012, Manenti et al. 2013, Sandrini et al. 2014, Meinzer et al.

2014, Kim et al. 2012, Harty et al. 2014), although the randomization and allocation
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processes are not fully described. The majority of studies were reported as blinded
(Floel et al. 2012, Manenti et al. 2013, Sandrini et al. 2014, Fertonani et al. 2014, Kim
et al. 2012; Harty et al. 2014). However, all but two of these studies did not
appropriately described how this was implemented (Fl6el et al. 2012, Sandrini et al.
2014). Finally, only four studies reported whether there were dropouts or withdrawals,
along with the reasons for exclusion (Ross et al. 2011, Fl6el et al. 2012, Meinzer et al.
2014; Harty et al. 2014). The other studies failed to mention whether and how there

were any dropouts or withdrawals.

Discussion

In the past 20 years, noninvasive brain stimulation has been extensively used in
humans to modulated different motor and cognitive functions (Reis et al. 2008).
Techniques such as TMS and tDCS have improved our understanding of brain-behavior
interactions and allowed us to explore possible casual links between changes in activity
in specific brain areas and behavior (Siebner and Rothwell 2003). In this review we
explored whether the use of NIBS techniques, specifically TMS and tDCS, leads to
positive outcomes when trying to improve cognitive functioning in healthy older adults.
We conducted a thorough literature review and collected evidence from clinical trials
using either TMS or tDCS as a strategy to impact cognitive function in healthy older
adults. Despite considerable variability in the targeted cognitive domains, design
features and outcomes of the selected studies, the results from our systematic review
generally show that performance in cognitive tasks is enhanced in healthy older adults,
and that these individuals uniformly benefit from the use of NIBS techniques across
studies. Specifically, the meta-analysis of the studies included in this review showed a

significant pooled effect size of 0.57, which is likely to be clinically significant.
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These data are consistent with previous studies conducted in other populations,
namely young adults, that also show positive effects of the use of NIBS in cognitive
performance (Clark et al. 2011, Simis et al. 2013; Zibly et al. 2014). But are these
techniques equally effective when applied to young and healthy older adults? Some
studies seem to suggest that this is not the case — the effects of TMS and tDCS may be
more pronounced in young adults than in healthy older adults (Manenti et al. 2013,
Fertonani et al. 2014). Nevertheless, other studies suggest that neuromodulation
promotes similar effects in young and healthy older adults (Ross et al. 2011, Learmonth
et al. 2015). One possible explanation for the putative diminished effect of NIBS in
healthy older adults, when compared to the effects on young adults, relates to individual
network changes that are inherent to the aging process, and that determine what the
optimal areas for stimulation are when targeting different cognitive and motor functions
(Antonenko and Fléel 2013). Recent studies have demonstrated that healthy older adults
show reduced functional connectivity within the typical default brain networks, and
poorer behavioral performance in various cognitive domains that is associated with
white matter defects (Andrews-Hanna et al. 2007; Geerligs et al. 2014). It is possible,
then, that the weaker effects observed in healthy older adults in some studies are due to
functional reorganization in the aging brain (Harty et al. 2014). In future studies, the use
of NIBS techniques should be preceded by a mapping of the individual neural networks

that support the targeted domain in order to maximize the success of the intervention.

An important issue to bear in mind when design the kinds of interventions
reviewed here is related with the fact that the effects of NIBS may differ substantially
by educational level of the participants (Reis et al. 2008). For instance, Berryhill and
Jones (2012) showed that performance on memory tasks after NIBS differed according

to the education level of the participant — tDCS was only beneficial in older adults with
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more education. The psychological and physiological benefits of education on cognition
in healthy older adults, and specifically in the memory domain, have long been
established.Studies suggest that an high-level of formal education exerts a protective
effect against cognition decline (Kubzansky et al. 1998). Interestingly, prior studies on
the use of tDCS show that effects may not be observed when baseline levels of
performance are already high (Kang et al. 2009), and that the facilitatory effects of the
tDCS may be more pronounced when there are greater levels of impairment (Hummel et
al. 2006), suggesting a potential ceiling effect in highly educated samples (Wang et al.

2009).

Another set of aspects that will influence the outcome of an intervention is
related with the structure, design and quality of the clinical trial to be implemented. One
such aspect is the number of sessions and follow-ups that are included in a trial, and
whether and how these can lead to long-lasting effects on performance. So far, studies
mostly focused on the ability of neuromodulation techniques to elicit relatively short-
lasting improvements in humans. A recent review on the effects of tDCS has
demonstrated that single-session studies have no reliable effect on cognition in healthy
adults (Horvath et al. 2015). Additionally, it has been shown that five consecutive
sessions of anodal tDCS can lead to gains that can persist for several weeks after the
stimulation period (Boggio et al. 2012). However, Sandrini et al. (2014) suggested that
these long-lasting (e.g., one month) behavioral effects after tDCS stimulation might
actually not be due to the effect of tDCS, but to the effect of practicing existing
memories. Regarding rTMS effects, there is currently a limited understanding of how
long the effects of HF-rTMS on cognitive function may persist (Guse et al. 2010,
Rutherford, Lithgow and Moussavi, 2015). It has been suggested that longer stimulation

trains would generally induce more lasting effects (Eisenegger et al. 2008).
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The methodological quality of the clinical trial is also an important aspect to
consider. Overall, and according to the Jadad scale, the studies included in this review
revealed low methodological quality. For instance, if a trial lacks proper randomization,
the treatment groups will likely not be balanced, decreasing the validity of the study
(Bridgman et al. 2003). On the other hand, the randomization process may introduce
biases if the mechanisms for generating the randomization sequences or the means for
ensuring randomization concealment are not fully appropriate. In our results, only seven
studies were reported as randomized trials. In all of them, the description of the

randomization procedures was not fully or adequately presented.

As for blinding, if studies are not appropriately blinded, the results may be
inflated due to conscious or unconscious biases, either from the investigator or the
research subjects (Bridgman et al. 2003). Blinding is mentioned in most of the studies
we reviewed, but most of them did not appropriately report how blinding was
implemented. In fact, only two studies (Fl6el et al. 2012; Sandrini et al. 2014) presented
a complete description of their blinding procedures. Blinding in interventions that use
neuromodulation may be hard to achieve. For instance, not all the research teams have
access to rTMS sham coils. Nevertheless, alternative methods should be implemented,
such has holding the stimulation coil in a different angle. The study by Cotelli et al.
(2010) is a great example of an alternative strategy to implement blinding — in this
study, a piece of plywood was applied to the coil under sham stimulation to prevent the

magnetic fields from penetrating the cortex.

The description of dropouts and withdrawals is another important
methodological feature that may correlate with bias (Bridgman et al. 2003). The fate of
participants in the trial must be described and reasons for dropout fully disclosed, so

that the analysis of missing data can be adequately performed and risk of biases
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reduced. Only four of the studies in our review presented a description of dropouts and
withdrawals. The remaining studies did not provide any direct reference to the final

sample included in the analysis.

As such, the assessment of the quality of the studies included in this review, and
potentially of most of the studies that include neuromodulation, cannot be fully
accomplished, which may be one of the potential pitfalls and limitations associated with
clinical trials that use neuromodulation techniques. It is also important to note that these
trials are exploratory in nature, and therefore subject to other biases. For instance, as
these studies typically include small sample sizes, selection and sampling bias may
occur and, therefore, generalizability may be limited. Furthermore, analyzing the
relationship between quality assessment and the direction of the outcomes —i.e.,
positive or negative outcomes — would be interesting as a way of understanding how the
methodological aspects are related with the overall study results. According to
Chiavetta et al. (2014), potential differences in methodological quality between trials
with positive and negative outcomes may lead to positive trials with biased results, or to
the discrimination of negative trials. Moreover, by acknowledging the importance of
such methodological features, investigators may become aware of how imperative it is
to assess the quality of published trials, and re-think the design features to implement in
their own research work.

A final set of aspects that is important to mention deals with technical and
methodological issues that are central to NIBS techniques. The results presented in this
review suggest that tDCS and TMS are indeed promising strategies in the context of
cognitive enhancement in healthy older adults. There are, however, some aspects of the
selected studies that may have more or less impact in the success of an intervention

using a NIBS technique. Overall, rTMS was used in two studies (18%), whereas tDCS
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was used in nine studies (82%). The locus of stimulation and the targeted cognitive
domains were also different across studies. The DLPFC was the cortical area that was
most explored with NIBS for the cognitive domains of memory, language, error
awareness and inhibitory control. Moreover, parietal cortex was also targeted to impact
on memory and attention, the ATL and the right TPC to impact on memory, and M1
was targeted to assess the language domain. Another aspect that differed across studies
was intensity and frequency of stimulation. Both rTMS protocols applied excitatory
stimulation, with frequencies ranging from 10 Hz to 20Hz, but their sham stimulation
set up was different: in one study the angle of stimulation was changed and only one
edge of the coil rested on the scalp (Kim et al. 2012), whereas on the other study, the
location of stimulation was not the same as the active stimulus, and a piece of plywood
was applied to the coil (Cotelli et al. 2010). tDCS stimulation parameters also varied
across studies in several items. The polarity of stimulation was fairly consistent across
studies — the target area was excited (anodal electrode), whereas the reference area was
inhibited (cathode electrode). In two studies, both anode and cathode worked as active
stimulation conditions so that one could compare the effect of these conditions within
groups (Meinzer et al. 2014; Harty et al. 2014). Interestingly, there is larger variability
in the intensity of stimulation that was used. The intensities used ranged from 1mA to
2mA. Stimulation duration also varied considerably across studies, with authors using
fixed periods up of 10, 15, 20 or 30 min. All studies used the same type of sham
procedure (i.e., a brief initial and sometimes final stimulation that produced a tingling
sensation). The ramp up and down period also varied across studies, with periods of
onset and offset of stimulus of 10, 15, 20 and 30 seconds. All protocols used saline

soaked sponge electrodes that were variable in size.
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The findings from the different studies that were reviewed here showed us that
despite the different protocols and stimulation parameters, both tDCS and TMS can
modulate performance in several cognitive domains. Nevertheless, it is important to
note that stimulating one cortical area may result in direct neural changes (and
associated behavioral changes) on that particular area, and/or affect interconnected areas
that then lead to observed behavioral changes (Siebner et al. 2009). One important
consideration to highlight is the possible impact of brain anatomy and connectivity in
the mechanism through which TMS and tDCS work. As the surface of the brain is not a
smooth sphere, hyperpolarization of a set of neurons in a specific structure (i.e., gyrus)
may result in depolarization in other structures. This is especially relevant in healthy
older adults due to the age-related cortical thinning and other anatomical changes.
Although this is an important issue that deserves discussion, it is often neglected. In
fact, in our sampled studies, few mention this possibility when describing and
discussing their results. For instance, Sandrini et al. (2014) mentioned the possibility
that their tDCS-induced effects may not be exclusively due to activation of the targeted
local region, but also to the activation of remote interconnected regions. This has also
been suggested in a similar study, in young participants, where rTMS was used over the
right DLPFC (Sandrini et al. 2013). The fact that rTMS facilitates a network rather than
a single area is also discussed by Cotelli et al. (2010). This is consistent with a large
number of focal lesion and neuroimaging studies which demonstrate that cognitive
abilities depend on a wide and complex network of associated regions, and are not just
associated to a single area (Damasio et al. 2001; DeLeon et al. 2007, Almeida, Fintzi
and Mahon 2013, Mahon, Kumar and Almeida 2013, Garcea and Mahon 2014).

An interesting question that may arise from this review of the literature is

whether some NIBS techniques may be more suitable to study cognitive changes in
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healthy older adults. Whereas TMS induces hyperpolarization or depolarization of the
neurons and the firing of an action potential, tDCS modulates existing spontaneous
activity. Therefore, one can argue that tDCS may be a more interesting technique to
study cognitive enhancement in healthy older adults, as it causes spontaneous neuronal
firing in neurons that are already active. On the other hand, tDCS may not be the most
appropriate approach for individuals with brain or skull lesions, because these lesions
are expected to distort the flow of current, raising safety and efficacy concerns. Because
TMS uses motor-evoked potentials to index the intensity of stimulation, it can be
adjusted in a patient specific manner, and take in account lesions and other situations
that can disrupt the flow of the current in tDCS (Priori et al. 2009). One of the strengths
of tDCS, over TMS, as a research method, is that it can be easily and adequately
shammed. Additionally, it has the advantage of being easier to apply concomitantly
with behavioral tasks, such as cognitive training. Another feature that figures critically
in the success of NIBS stimulation is related with particular physical characteristics of
the equipment used. Specifically, it is widely accepted that different shapes of the TMS
coil, and the sizes of the tDCS electrodes can lead to variations on how focal the
stimulation is (Rossi et al., 2009; DaSilva et al. 2011). In our results, there is some
consensus on the type of device used for rTMS — all the studies use a 70mm figure eight
coil. This coil shape allows for a relatively more focal stimulation of the target cortical
regions (Rossi et al. 2009). On the other hand, there was no consensus on the size of the
tDCS electrodes to be used. According to DaSilva et al. (2011), decreasing the diameter
of the electrodes may result in more focal stimulation. Meinzer et al. (2014) also
emphasize the potential impact of the size of the active and reference electrodes on the
behavioral outcome. The larger the electrodes, the larger the likelihood of stimulating

regions in the vicinity of the region of interest. Thus, by producing excitability changes
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in different regions, we are recruiting additional cortical networks which may have an
impact in the outcome as well. Furthermore, it is important to note that these techniques
also modulate functional connectivity between remote, but connected brain regions.

Therefore, it is difficult to tie the effects of tDCS to a specific brain region.

A rather important topic that necessarily has to be taking in consideration when
devising an intervention that uses NIBS techniques is the implementation of safety
procedures. TMS and tDCS are noninvasive in nature, but both stimulation techniques
are associated with potential risks that demand certain safety precautions (Sparing and
Mottaghy 2008). Because both techniques rely on changes of cortical excitability, the
major concern is the possibility that NIBS stimulation can trigger a seizure. It is
important to note, however, that a seizure induced by the use of tDCS has never been
reported in all the years that this technique has been used. In the case of TMS, there
were some instances where a participant experienced a seizure. Importantly, these
instances happened when the safety guidelines were not being followed (Rossi et al.
2009). If the research team follows the appropriate guidelines and recommendations that
have been proposed for both techniques (TMS: Rossi et al. 2009; tDCS: Woods et al.
2015), then the techniques can be applied safely with minimal or no adverse effects. In
our review, no major adverse effects were reported. In the studies that describe adverse
effects, these are minor and in agreement with the available literature (Poreisz et al.
2007; Rossi et al. 2009). One potential problematic factor is that the lack of reporting in
the manuscripts does not necessarily imply an absence of adverse effects. For instance,
minor adverse effects may have not been extensively reported by the subject, or the

authors may have not included them in the final manuscript.

One final topic that does not figure in our review but is a very promising avenue

in the use of NIBS to enhance and ameliorate cognitive functioning and decline in
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healthy older adults in the combination of NIBS techniques and cognitive training
programs. In the past couple of years, cognitive training programs have been identified
as the most favorable method to enhance brain plasticity, with several brain imaging
studies revealing training-induced plasticity in the healthy human brain (Erickson et al.
2007, McNab et al. 2009). Recently, the cumulative facilitatory effects of cognitive
training used together with NIBS started to be explored, in both clinical populations and
healthy older adults. The rationale for this combination lies on the possibility of
enhancing plasticity and strengthening memory networks with both techniques. To
understand the direction and extent of the use of NIBS with cognitive training in healthy
older adults, we conducted a brief review on Pubmed using the terms "tms" OR "tdcs"
AND "cognitive training™ AND "older adults". We found a total of 4 references,
including 2 experimental studies, a review of the literature and a protocol for a
randomized controlled trial.

The experimental studies (Park et al., 2014; Jones et al., 2015) explored the
impact of tDCS combined with cognitive training on working memory performance in
cognitively intact older adults. In Park et al. (2014), 40 healthy older adults were
randomly assigned to either active (anodal) or sham tDCS bilaterally over the prefrontal
cortex. Participants went through 10 sessions where they first underwent tDCS (sham or
active) and then performed computerized working memory cognitive training tasks. The
authors collected data on the accuracy of a verbal working memory task and on the digit
span forward test. By the end of the intervention (i.e., 10 sessions), performance in both
the verbal working memory task and the digit span forward test improved significantly
in the active tDCS group as compared to sham group. Importantly, these effects
remained stable at follow-up (4 weeks later) for the verbal working memory task. In

Jones et al. (2015), 72 participants underwent 10 sessions of active or sham tDCS in the
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right prefrontal, parietal, or prefrontal/parietal (alternating) cortices. Anodal tDCS was
delivered for 10 minutes, at an intensity of 1.5mA. Following tDCS, participants
completed a computerized cognitive training protocol that focused on visual and verbal
working memory. In some of the sessions (first, last and at 1 month follow-up),
participants also performed transfer working memory. Overall, the four groups
benefited from the intervention (tDCS + cognitive training), but significant

improvement at follow-up was only observed in the active tDCS group.

The results from these studies suggest that the combination of NIBS and other
cognitive enhancement strategies (e.g., computerized cognitive training) can counteract
cognitive decline in healthy older adults. Similarly to what we found in our main
systematic review, the technique used in the majority of studies was tDCS. Perhaps the
preference for tDCS over TMS is related with its mechanism of action involving the
modulation of spontaneous neuronal activity, its safety profile, and ease of application.
While these preliminary findings are encouraging, some important questions need to be
addressed. Firstly, long-term positive effects have only been tested at one month after
the intervention in both studies. Thus, we should also consider the possibility that these
results are not due to the effect of stimulation, but rather a consequence of the repeated
practice of memory training in the intervention period (learning and performance effects
from practice). It would be important to measure whether the effects remain after a
longer period without stimulation (i.e., testing 6 months after stimulation). Another
important aspect to consider is the need of including a control group receiving tDCS in
the absence of cognitive training protocols. This would clarify whether the benefits of
combining both techniques are greater than tDCS provided alone. None of the studies
explored this question (Park et al., 2014; Jones et al., 2015). Furthermore, it is unclear

whether the reported effects can transfer to other cognitive domains (e.g., attention,
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processing speed).

Limitations and future studies

One of the major outcomes of our review is that there is still a long way to go
before we reach optimal and consensual protocols for the use of NIBS in the effort of
counteracting age-related cognitive decline. The major sources of bias that we observed
in the studies we reviewed are related with the appropriateness of the randomization
process and the blinding method, the extreme variability among protocols, sample
features (i.e., dropouts and withdrawals) and sample subjectivity (i.e., level of education
and cognitive abilities). Field-wide efforts should be made in order to establish gold-
standards and guidelines to be followed by future research. Similarly, it would be
extremely helpful to have outcomes assessed by the same evaluation process so that the
different interventions can easily be compared to one another. Reaching a consensus on
the optimal design and parameters for the different cognitive functions would be an
important step towards an effective evaluation of therapeutic approaches that use
neuromodulation, regardless of the type and/or process involved.

Additionally, the criteria used for participant inclusion in the healthy older adult
experimental group varied widely across papers. For instance, Ross et al. (2011) used
very strict inclusion criteria for their healthy older adult group. These criteria included
scoring above a predefined cut-off in a set of selected neuropsychological assessment
tools. Cotelli et al. (2010), employed a more lenient set of criteria to screen potential
participants. These included a standard health history questionnaire and a brief
neurological assessment. These differences in inclusion and exclusion criteria may lead
to important differences in the target sample used in each study and may hamper

generalization of the results.
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Also, stimulating over-recruited areas should be further explored as well, to
explore the role of the targeted areas over specific cognitive domains and its
subsequence age-related change. The combination of brain stimulation with other brain
mapping techniques holds great potential to provide even more valuable advances in our
understanding of human cognition. The functional changes in cortical reactivity and
effective connectivity induced by cognitive plasticity should be evaluated using NIBS
with other techniques (i.e., EEG, fMRI) before, during and after the interventions.

Finally, there are some additional limitations from this review that are worth
mentioning. Some studies did not report the sizes of their effects nor the necessary data
to calculate them directly. In those situations the data used for the meta-analysis was
estimated from the figures provided in those papers. This clear lends some variability to

the data that entered the calculations of the overall measures of effect size.

Conclusion

Overall, the use of TMS and tDCS in interventions that focus on counteracting
cognitive decline in healthy older adults has met with promising results. These results
can be seen as preliminary steps towards the development of tools to enhance cognitive
performance in healthy older adults, as well as other clinical populations affected by
cognitive decline. Further work is required in order to achieve a better standardization
of the optimal parameters to achieve positive outcomes, as well as to determine whether
these techniques can promote long-term cognitive improvement. Another important
avenue of research is to search for new strategies, or combination of strategies, that can

enhance or maintain cognitive functioning in healthy older adults.
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Figure 2 — Statistical summary and forest plot of effects sizes of the studies with available data for systematic comparison, with the pooled
effect size. ATL — anterior temporal lobe; DLPFC — dorsolateral prefrontal cortex; PARC — parietal cortex; Anodal-NR — without reminder;
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according to their standard errors.



Table 1: Summary of the main features of included studies and report of adverse effects.

Stimulation Stimulation Number of Cognitive domain Adverse effects of
Study n Intervention Sham Cognitive outcomes
site intensity/frequency sessions and task stimulation
Anodal tDCS improved proper
naming of both famous faces and
Same montage; landmarks with left and right ATL
Associative memory
current was stimulation, respectively.
Ross et al., 14 healthy older ATL (left or Not reported in the
tDCS 1.5mA 3 ramped up and The effects of face naming were of a
2011 adults right) Task: recall of faces manuscript.
down for 15 similar magnitude to that of young
and places
seconds adults, but only older adults
demonstrated an effect on place
naming.
Working memory tDCS was uniformly beneficial across
Same montage;
site and working memory task, but
25 healthy older Prefrontal current was Tasks: visual and
Berryhill & tDCS asks: visual an only in older adults with more Not reported in the
adults cortex (left 1.5mA 3 ramped up and
Jones, 2012 verbal 2-back education. In the less educated group, manuscript
or right) down for 20 .
working memory tDCS provided no benefit to verbal or
seconds

task

visual working memory performance
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Same montage:

Episodic memory

Subjects performed comparably in the

learning task in the two conditions

Tingling sensation at

Floel et al., 20 healthy older current was (active and sham), but showed
tDCS TPC (right) 1mA Task: object-
2012 adults ramped up for 30 improved recall one week after stimulation onset
location
seconds learning with anodal tDCS compared
learning/retrieval.
with learning with sham stimulation.
In young and in older subjects, anodal
Episodic memory tDCS applied during the retrieval
Experimental
phase facilitates verbal episodic
group: 32 healthy
Same montage; Task: retrieval of memory.
older adults
current was abstract and tDCS applied over the left and right
Manenti et DLPFCs
tDCS 1.5mA ramped up and concrete words regions DLPFC and PARC induced Itchiness and irritation
al., 2013 Control group: 32 and PARCs
down for 10 during the better performance in young
healthy young
seconds application of either | participants; only tDCS applied over
volunteers

active stimulation or

placebo.

the left regions increased retrieval in

older subjects

50




Same montage;

current was

Episodic memory

Anodal tDCS over the left DLPFC

Sandrini et 36 healthy older DLPFC Task: learning strengthened existing verbal episodic
tDCS 1.5mA ramped up and Itchiness and irritation
al., 2014 adults (left) session, memory memories and reduced forgetting
down for 10
reactivation and compared to sham stimulation.
seconds
memory retrieval
Experiment 1: 30
A 3-cm-thick
healthy older
piece of plywood | Naming (Language) The naming latency for actions was
adults
was applied to the shortened after active stimulation None of the subjects
Cotelli et DLPFC (left | 90% resting motor
rTMS coil so that no Task: action and compared to sham. Stimulation was showed adverse
al., 2010 Experiment 2: 13 and right) threshold; 20Hz
magnetic fields object picture- not observed to have any effect on effects.
healthy older
reached the naming task correctness of naming.
adults
cortex.
Same montage;
current was Language
Meinzer et 18 healthy older - tDCS significantly improved word No adverse effects
ped up and
tbCS M1 (left) 1mA ) . retrieval compared to sham-tDCS were observed
al., 2014 adults down for 30 Task: semantic
seconds word retrieval
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Anodal stimulation of the left DLPFC

Fertonani et

al., 2014

Experimental
group:
20 healthy-aging

adults

Control group:
20 healthy young

subjects

tDCS

DLPFC

(left)

2mA

Same montage;
current was
ramped up and
down for 10

seconds

Naming (Language)

Task: picture-

naming

showed a facilitation effect on picture
naming in both young and healthy
aging adults. Anodal stimulation
applied to the left DLPFC during the
execution of a picture-naming task
modulated the behavioral
performance of healthy aging adults;
the offline tDCS application, which is
efficacious in young adults, did not
induce facilitation effects in older

adults.

Pitching, itchiness and

burning

52




30% of the maximal

stimulator output ;

Coil was held at

an angle of 90°,

Inhibitory control

Aging individuals showed facilitated
performance in the Stroop task when
it called for ignoring distracting
information.

Participants in the active HF-rTMS

Not reported in the

Kimetal., DLPFC
16 healthy elderly rTMS 10Hz and only one edge stimulation group showed improved
2012 (left) manuscript
of it rested on the Task: Stroop task. performance in reaction time during
scalp. incongruent trials (i.e. those with
distracting information) after HF-
rTMS treatment compared with pre-
treatment trials.
Anodal tDCS over right DLPFC was
Same montage; Error awareness associated with a significant increase
Harty et al., current was in the proportion of performance
106 healthy older DLPFC
2014 tDCS 1mA ramped up and Task: Go/ errors that were consciously detected. Itchiness
adults (left)
down for 30 No-go response No such improvements were observed
seconds inhibition task when the homologous contralateral

area was stimulated.
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No differences were found in the
Experimental
effects of stimulation between young
group:
Posterior Same montage; and older adults. Instead, the effects
20 healthy older Spatial attention
parietal current was of anodal tDCS were state-dependent Tingling, itchiness,
Learmonth adults
tDCS cortex 1mA 3 ramped up and (i.e. related to task performance at burning sensation,
etal., 2014 Task: lateralized
(left or down for 30 baseline / influenced by an pain
Control group: visual detection task
right) seconds individual's baseline task
20 healthy young
performance) whereas age did not
adults
differentially affect response

tDCS - transcranial direct current stimulation; rTMS — repetitive transcranial magnetic stimulation; ATL — anterior temporal lobe; TPC -
temporoparietal cortex; DLPF — dorsolateral prefrontal cortex; and PARC - parietal cortex; M1 - primary motor cortex; HF-rTMS — high-

frequency repetitive transcranial magnetic stimulation.
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Table 2: Summary of Jadad individual assessments for each trial, based on the items: randomization, blinding, withdrawals and dropouts. Total

Jadad scores refer to the score that is possible to obtain on the Jadad quality scale. Scores range from zero (low quality) up to a maximum of five

points (high quality).

JADAD

Randomization

Blinding

Withdrawals and dropouts

(0) Randomization is not reported

(1) Study is reported as randomized,

(0) Blinding is not reported

(0) The fate of participants in the trial is

Study NIBS (1) Study is reported as blinded, but unknown (withdrawals/dropouts not reported) Total
but randomization is not fully appropriate
blinding is not fully appropriate (1) The fate of all participants in the trial is
(2) Appropriate randomization is
(2) Appropriate blinding is reported. known (withdrawals/dropouts are described,
reported.
with reasons for exclusion)
Ross et al., 2011 tDCS 1 0 1 2
Berryhill and Jones, 0
tDCS 0 0 0
2012
Floel et al., 2012 tDCS 1 2 1 4
Manenti et al., 2013 tDCS 1 1 0 2
Sandrini et al., 2014 tDCS 1 2 0 3
Cotelli et al., 2010 rTMS 0 0 0 0
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Meinzer et al., 2014

tDCS

Fertonani et al., 2014

tDCS

Kim et al., 2012

rTMS

Harty et al., 2014

tDCS

Learmonth et al., 2015

tDCS
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