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Abstract
Neuroplasticity refers to the ability for the brain to change through experience.
Research suggests that neuroplasticity declines with age, however recent studies are finding no
age-related effects. One contemporary study is thus suggesting, that older adults experience an
age-related delay in neuroplasticity, rather than a decline. Therefore, older adults have the same
capacity for neuroplasticity as younger adults, however, they require more time for
neuroplasticity induction to occur. Spaced continuous theta burst stimulation (cTBS) is a type of
non-invasive brain stimulation which painlessly induces neuroplasticity in the primary motor
cortex (M1) and temporarily alter the excitability of the stimulated brain region. The aim of the
study was to determine whether there was an age-related delay in spaced cTBS induced
neuroplasticity. Ten younger adults, and ten older adults were recruited for two experimental
sessions: A sham cTBS condition, and a spaced cTBS condition. The results indicated that
spaced cTBS was unable to induce neuroplasticity in the younger adult sample or older adults
sample. There was no statistically significant change in the excitability of M1 post-spaced cTBS
compared to baseline across both experiments. Spaced cTBS might be confounded by interindividual variability like other cTBS protocols. There was a significant interaction between the
older adult sample and declines in M1 excitability across both conditions. Fluctuating states of
arousal may have influenced these results. These findings highlight the need for more research
on spaced cTBS, and whether it is a viable technique for learning more about motor functioning
in older adults.
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Investigating the Effect of Ageing on the Functional Neuroplasticity of Older Adults Using
Repetitive Transcranial Magnetic Stimulation: A Sham-Controlled Study

In Australia, adults 65 years and over encompass more than 15% of the total population,
and current statistics suggest that by 2060 this number will increase to 22% (ABS, 2013, 2016).
As adults age, gradual cognitive and physical declines occur which, although normal, can
impact the independence and quality of life of an older individual. Of particular concern are the
large number of injuries attributed to age-related declines in motor functioning. In support of
this Pointer (2015) found that 55% of reported accidental injuries could be attributed to falls. As
the proportion of older adults increase, the burden placed on the healthcare and welfare systems
will also increase. This is reflected in recent analyses by the Australian Institute of Health and
Welfare which reported fall-related injuries require an average of eight days in the hospital- one
of the longest reported times spent in the hospital and is second only to intentional self-harm
(Kreisfeld R, 2017). Therefore, it is vital to develop interventions and strategies to improve and
maintain the motor functioning of older adults, which will enable them to maintain their
independence and quality of life. To develop effective and reliable interventions, research must
advance a better understanding of how motor functioning declines with age.
Age-Related Changes in Motor Performance
A decline in motor functioning is a major factor that can impact the independence of old
adults because of its association with motor-related injuries. (Seidler et al., 2010). Age-related
declines in motor functioning can manifest as less coordinated fine motor actions and fine motor
control (such as buttoning a shirt), impairments in overall balance, and a slowed gait (Seidler et
al., 2010).
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The aging process is associated with changes in the structure and function of the human
brain. Past research found evidence of age-related structural declines within areas of the brain
responsible for motor functioning (Seidler et al., 2010). One area of interest that has reported
extensive age-related declines is the primary motor cortex (M1). The M1 is responsible for the
consolidation and execution of voluntary motor movements and has a somatotopic organisation
(i.e. there is a direct correspondence between areas of the body to the areas in the brain that
control them; Sanes & Donoghe, 2000). Past studies have found the M1 to be highly vulnerable
to age-related declines, with extensive evidence of cortical thinning and reduced grey matter
volume (Rosano et al., 2008; Salat et al., 2004; Seidler et al., 2010). Furthermore, a
comprehensive review by Seidler et al. (2010) suggested a link between declines in motor
control (e.g. loss of fine motor skills, balance, and a slowing of gait) and age-related
degeneration of the M1.
The Importance of Neuroplasticity
Motor functioning initially involves a process called motor learning, whereby a
moderately permanent change in an individuals’ capability for movement occurs through
repetitive motor actions or training (Schmidt, 1988). A critical component of motor learning is
neuroplasticity - the brain’s ability to alter the strength and connectivity of neurons (Boniface &
Ziemann, 2003). Functional neuroplasticity involves the strengthening and weakening of
synaptic connections, due to experience. Long-term potentiation (LTP) refers to a process that
increases the synaptic strength of neurons, resulting in an increase in corticospinal excitability.
Long-term depression (LTD) refers to a process that decreases in synaptic strength of neurons,
resulting in a decrease in corticospinal excitability. Corticospinal excitability refers to the
excitability of the neural pathway from the point in the brain to the target muscle (Hallett,
2007). Research on animal hippocampi have found that LTP and LTD are processes that are
fundamental for successful motor learning (T. Bliss & Gardner‐Medwin, 1973; T. V. Bliss &
Cooke, 2011). Studies analysing the cerebral cortex of humans have found similar but not
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identical LTP and LTD processes and are consequently referred to as LTP-like and LTD-like
processes. It is well established that LTP and LTD processes are vital mechanisms for learning
throughout the lifespan. Contemporary research is now suggesting that LTP- and LTD-like
mechanisms are affected by age-related declines, however, research is scarce (Spriggs,
Cadwallader, Hamm, Tippett, & Kirk, 2017).
Measuring and Inducing Neuroplasticity in Humans
Transcranial magnetic stimulation (TMS) is a form of non-invasive brain stimulation
that can safely and painlessly stimulate neurons in the cerebral cortex. A brief electrical pulse
sent through a hand-held figure-of-eight coil creates a magnetic field that passes through the
skull. The magnetic field induces a current flow in the underlying brain tissue resulting in rapid
depolarisation of the neurons. When the M1 is stimulated at a sufficient intensity, the
depolarised neurons produce action potentials, which (due to the somatic layout of the area)
results in activity in the targeted muscle. The response in the target muscle is known as a motor
evoked potential (MEP; Hallett, 2000). The amplitude of the MEP provides a measure of
corticospinal excitability (Hallett, 2000). A change in MEP amplitude provides a marker of
neuroplasticity because it provides evidence of a change occurring in the strength of the
synaptic pathways (Hallett, 2007).
Whilst single-pulse TMS can be used to measure neuroplasticity, repetitive TMS
(rTMS) can be used to induce neuroplasticity (Hallett, 2000). Repetitive TMS involves the
application of hundreds of consecutive pulses over a timeframe of approximately ten minutes.
Application of rTMS to cortical regions induces a change in the excitability of the targeted
neurons that outlast the period of stimulation by several minutes to an hour (Fang, Chen,
Hwang, & Huang, 2010). Motor evoked potentials are measured with single-pulse TMS before
and after the application of rTMS to determine whether neuroplasticity has occurred. The use of
rTMS not only assists research investigating the mechanism of aging, but also has potential for
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therapeutic use. Evidence suggests that modulating the excitability of the M1 might assist older
adults to improve their motor functioning by relearning movements.
There are two types of rTMS protocols: conventional rTMS and patterned rTMS.
Conventional rTMS consists of repeated pulses at a constant frequency (see figure 1 for a
schematic representation of the protocols). Research using conventional rTMS on human
participants found it could induce LTP- and LTD-like mechanism in the cerebral cortex (T. V.
Bliss & Cooke, 2011). By altering the frequency and duration of the rTMS stimuli, the
corticospinal excitability can either be facilitated or suppressed for a period outlasting rTMS
stimulation. A conventional rTMS protocol applied at a low-frequency of 1 Hz has been shown
to induce a decrease in MEP amplitude through LTD-like mechanisms (Chen et al., 1997). A
conventional rTMS protocol applied at a high-frequency of 5 Hz has been shown to induce an
increase in MEP amplitude through LTP-like mechanisms (Ogiue-Ikeda, Kawato, & Ueno,
2003; Pascual-Leone, Valls-Solé, Wassermann, & Hallett, 1994). The MEP response to rTMS
protocols are often compared to the MEP responses of a sham protocol, wherein no stimulation
is given. This allows researchers to determine whether the response was use to the stimulation
and not an external variable.
Patterned rTMS involves the repetitive applications of short bursts of TMS pulses at
different frequencies (see figure 1 for a schematic representation of the different protocols). A
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Figure 1. Four different rTMS stimulation protocols. Figure 1A and 1B represent
conventional rTMS protocols. Figure 1C and 1D represent patterned rTMS protocols. Note:
LF = Low-frequency, HF = High frequency. Adapted from “Basic principles of transcranial
magnetic stimulation (TMS) and repetitive TMS (rTMS),” by Klomjai, Katz & Lackmy
Vallèe, Annals of physical and rehabilitation medicine, 58(4), p 212.

frequently used patterned rTMS protocol is called theta burst stimulation (TBS). Two
commonly used TBS protocols are continuous theta burst stimulation (cTBS) and intermittent
theta burst stimulation (iTBS). Continuous theta burst stimulation consists of bursts of three
pulses of stimulation at 20ms (50Hz), repeated every 200ms (5Hz), for 40s (600 pulses in total;
Huang et al., 2005). Continuous theta burst stimulation induces a decrease in MEP amplitudes,
mediated by LTD-like mechanisms (Di Lazzaro et al., 2005). Intermittent theta burst
stimulation consists of bursts of three pulses of stimulation at 20ms (50Hz), repeated every
200ms (5Hz) for 2s, and repeated every 10s for a total of 190s. Intermittent theta burst
stimulation induces an increase in MEP amplitudes, mediated by LTP-like mechanisms (Huang,
Edwards, Rounis, Bhatia, & Rothwell, 2005). Patterned rTMS protocols are preferred over
conventional rTMS protocols for two reasons: (1) they induce more robust neuroplastic after-
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effects which are longer-lasting (last up to 60 minutes) than conventional rTMS protocols (last
up to 30 minutes) and (2) and they require a significantly smaller amount of magnetic exposure
(20 – 190s compared to ten minutes) to achieve robust neuroplastic after-effects (Huang et al.,
2005).
Using rTMS to Analyse Age-related Changes in Neuroplasticity
In recent years, conventional rTMS protocols have been used to research age-related
changes in LTD-like neuroplasticity. Todd, Kimber, Ridding, and Semmler (2010) investigated
low-frequency rTMS induced neuroplasticity delivered to the M1 of older (MAGE = 25 years)
and younger (MAGE = 67 years) adults. The MEP amplitude was measured at 0, 15, and 30
minutes post-rTMS. Following low-frequency rTMS, younger adults showed a long-lasting
decrease in MEP amplitude from 0 – 30 minutes post-rTMS, while the old adults did not show
any significant change in MEP amplitude from 0 – 30 minutes post-rTMS. Given that the
decrease in MEP amplitude following rTMS is thought to be due to LTD-like neuroplasticity,
Todd et al. (2010) concluded that their results indicated a reduced capacity in older adults for
LTD-like neuroplasticity. These results have since been supported in a comparative, crosssectional study by Bashir et al. (2014) who investigated the effects of a low-frequency rTMS
protocol in older (47 – 73 years) and younger (19 – 31 years) adults. Similar to Todd et al.
(2010), Bashir et al. (2014) found a significant decrease in MEP amplitude following rTMS that
was greater in younger than older adults and concluded that older adults showed a reduced
capacity for LTD-like neuroplasticity when compared to younger adults.
Empirical studies have recently begun using patterned rTMS protocols (i.e. cTBS and
iTBS) to investigate LTP- and LTD-like neuroplasticity in healthy older adults as well. Lee et
al. (2014) investigated cTBS-induced neuroplasticity in the M1 of older adults (MAGE = 74
years). They measured MEP amplitudes post-cTBS every 10 minutes for 60 minutes and found
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a decrease in MEP amplitude immediately following cTBS, which lasted until 20 minutes poststimulation before returning to pre-cTBS levels. Lee et al. (2014) concluded that this trend
might be evidence of a reduced capacity for LTD-like neuroplasticity in the older adult sample.
Freitas et al. (2011) further investigated possible age-related declines by comparing this
capacity for cTBS induced neuroplasticity in adults ranging from 19 – 81 years of age. They
delivered cTBS to the M1 of 36 participants and measured the change in MEP amplitudes postcTBS every five minutes for 120 minutes. The results showed a negative linear correlation
between age and the post-cTBS MEP amplitudes. These results suggest that as the age of
participants increased the capacity for LTD-like neuroplasticity decreased thus supporting
previous conclusions.
A study by Young-Bernier, Tanguay, Davidson, and Tremblay (2014) investigating
iTBS-induced neuroplasticity in old adults (MAGE = 70 years) and younger adults (MAGE = 22
years), found significant age-related differences in LTP-like neuroplasticity. Their results
showed a smaller increase in the MEP amplitudes of old adults when compared to younger
adults, suggesting a decline in the old adults’ capacity for LTP-like neuroplasticity.
Contradictory to this, Puri, Hinder, Canty, and Summers (2016) investigated iTBS-induced
neuroplasticity in 33 older adults (MAGE = 66 years), and found no effects of aging on iTBSinduced neuroplasticity. Following stimulation, they measured the MEP amplitudes every five
minutes for 30 minutes, which showed the expected increase in MEP amplitudes immediately
post-iTBS and lasted for the full 30 minute duration. An empirical study by Di Lazzaro et al.
(2008), investigating age-related changes in iTBS-induced plasticity in a group of adults (20 –
56 years), also found no age-related differences in MEP amplitudes post-stimulation. All
participants showed the same capacity for LTP-like neuroplasticity after iTBS. Furthermore,
Dickins, Sale, and Kamke (2015) investigated iTBS-induced neuroplasticity in older (MAGE =
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70 years) and younger (MAGE = 23 years) adults. The results found differences in the MEP
amplitudes of the two groups, however, they were not related to the age of participants.
Although cTBS literature seems to have more consistent findings regarding age-related
changes in neuroplasticity, conclusively, it is hard to determine whether there are age-related
differences in LTP- and LTD-like neuroplasticity as there are inconsistencies within the
literature. It is important that reliable rTMS protocols are developed to allow for more effective
research with more conclusive results on age-related changes in functional neuroplasticity.
Increasing Reliability of rTMS-induced Neuroplasticity
Although patterned rTMS protocols are associated with longer-lasting after-effects and
shorter stimulation time, research has found still found high inter- and intra-individual
variability in MEP responses (Hamada, Murase, Hasan, Balaratnam, & Rothwell, 2012; Maeda,
Keenan, Tormos, Topka, & Pascual-Leone, 2000). Such inconsistencies limit the
conclusiveness of existing literature regarding age-related changes in neuroplasticity.
Furthermore, multiple studies have reported high levels of post-stimulation MEP variability in
both older and younger adults(Hamada et al., 2012). Hamada et al. (2012) conducted a
comprehensive study investigating the response variability of 56 participants (18 – 52 years) to
cTBS and iTBS protocols and found large inter-individual variability in MEP responses. On
average post-cTBS and -iTBS MEP amplitudes showed no change over time compared to
baseline MEP responses. Hamada et al. (2012) concluded that future research was necessary to
improve patterned rTMS protocols.
Animal studies analysing patterned rTMS protocols have indicated that spaced
repetitive stimulation to the M1 might induce longer-lasting neuroplasticity compared to a
single application of rTMS (Goldsworthy, Pitcher, & Ridding, 2015). Goldsworthy, Pitcher, and
Ridding (2012) investigated these findings on human participants by comparing a spaced cTBS
protocol to a single application of cTBS. The spaced cTBS protocol involved two applications
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of cTBS separated by a ten-minute inter-stimulation interval. The control condition involved a
single application of cTBS, a ten-minute inter-stimulus interval, followed by sham stimulation.
Their results showed a larger and longer-lasting decrease in the MEP amplitude in the younger
adult participants, compared to the single application of cTBS, which did not induce any change
in MEP amplitudes. Goldsworthy et al. (2012) concluded that spaced cTBS was significantly
more effective at inducing LTD-like neuroplasticity in human participants compared to a single
application of cTBS. These findings indicated that spaced cTBS might be more reliable because
of reducing MEP variability and therefore could be used to more accurately investigate agerelated changes in the capacity for LTD-like neuroplasticity.
Delayed Neuroplasticity Induction in Older Adults
Recent work suggests that age-related changes can be conceptualised as a delay rather
than a decline of on LTP- and LTD-like neuroplasticity (Fujiyama et al., 2014). Specifically,
older adults might have the same capacity for neuroplasticity as younger adults, however, it
might take longer for neuroplasticity to manifest. This distinction is important because alters the
way motor declines are conceptualised and would lead to interventions that cater to improving
the delayed induction of neuroplasticity. Research using a non-invasive brain stimulation
technique called transcranial direct current stimulation (tDCS) found evidence of a possible agerelated delay in neuroplasticity induction. Transcranial direct current stimulation works by
delivering a low-intensity electrical current to a targeted cortical area of the brain, which can
facilitate or suppress neural activity (Brunoni et al., 2012). As with rTMS, tDCS-induced
neuroplasticity can be measured by comparing MEP amplitudes pre- and post-tDCS. Fujiyama
et al. (2014) used anodal tDCS (also known as facilitatory tDCS) to induce LTP-like
neuroplasticity in the M1 of younger adults (MAGE = 23 years) and older adults (MAGE = 68
years). The younger adult sample showed an immediate increase in MEP amplitude from 0 – 40
minutes post-anodal tDCS, while the older adult sample showed no change in MEP amplitude
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from 0 – 20 minutes, but at 20 – 40 minutes post-tDCS a significant increase in MEP amplitude
occurred. The magnitude of the increase in MEP amplitude 20 – 40 minutes post-anodal tDCS
in the older adult samples was comparable to the increases in MEP amplitudes from 0 – 40
minutes in the younger adult sample. These findings suggested that tDCS-induced
neuroplasticity was delayed in older adults compared to younger adult sample.
Given the novel nature of these findings, Fujiyama et al. (2014) suggested that anodal
tDCS might be targeting different neuroplastic mechanisms than rTMS. A recent study by Puri
et al. (2016) indirectly investigated LTP-like neuroplasticity using iTBS and anodal tDCS, in a
group of older adults. Their findings suggested there was no difference in the magnitude of
neuroplasticity induced by iTBS and anodal tDCS, however, as previously stated, past iTBS
research has produced varying results. For this reason, the current study sought to further
investigate these delayed neuroplastic mechanisms using the more theoretically reliable spaced
cTBS protocol.

Aim and Hypothesis
Numerous studies have investigated age-related changes in neuroplasticity, however,
due to high variability in MEP responses (outlined above), the results are mixed. Spaced cTBS
has reported larger and longer-lasting decreases in MEP amplitudes compared to a single
application of cTBS, resulting in more reliable outcomes (Goldsworthy et al., 2012). Therefore,
the current study used a spaced cTBS protocol and a sham cTBS protocol to investigate agerelated changes in neuroplasticity.
Recent research suggests that the aging process might result in a delay in functional
neuroplasticity, rather than an overall decline in functional neuroplasticity (Fujiyama et al.,
2014). The aim of the current study was to determine whether older adults would show a delay
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in functional neuroplasticity by using a spaced cTBS protocol to induce LTD-like
neuroplasticity, rather than LTP-like neuroplastic as past studies have attempted. To identify the
time-course delay of responses induced by spaced cTBS, single-pulse TMS was applied before
and after the spaced cTBS protocol. A significant decrease in MEP amplitude following spaced
cTBS provided a marker of neuroplasticity. For the current study, older adults were defined as
individuals 65 years and older, while younger adults were defined as individuals between 18
and 35 years of age.
Given the findings of Fujiyama et al. (2014) regarding delayed neuroplasticity, two
hypotheses were established: (1) younger adults would show significant decrease in MEP
amplitude from 0 – 60 minutes following spaced cTBS (but not during the sham protocol) and
(2) old adults would show no change in MEP amplitude from 0 – 20 minutes following spaced
cTBS, but they would show a decrease in MEP amplitude 20 – 60 minutes following spaced
cTBS (but not during the sham protocol).
Methods
Participants

Ten younger (5 female 5; MAGE = 22.9, SDAGE = 2.28) and ten old adults (4 female;
MAGE = 65.6, SDAGE = 5.38) completed two experimental sessions. The sample size was
comparable to previous exploratory work investigating cTBS (N 5; Huang et al., 2005,
Goldsworthy et al., 2012) and research analysing age-related changes in neuroplasticity (N 12;
Bashir et al., 2014, Di Lazzaro et al., 2008). Participants were recruited through email
correspondence, word-of-mouth correspondence, online advertisements, and flyers (Appendix
A). Each potential participant read an information letter outlining the aims and methodology of
the experiment (see Appendix B), followed by an opportunity to ask questions and raise queries.
Before proceeding with the experiment, written informed consent was gained from each
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participant (see Appendix C). A TMS safety screen was administered before both experimental
sessions to ensure all participants met the safety criteria, as outlined by the international
guidelines for safe TMS use (see Appendix D; Rossi, Hallett, Rossini, & Pascual-Leone, 2011).
Participants were automatically excluded if they reported a history of epilepsy, metal implants
in the body, chronic migraines or cluster headaches, or a cardiac pacemaker. Participants
consuming medications that acted upon the central nervous system were excluded (see
Appendix E for medication exclusion list). A short cognitive evaluation called the Montreal
Cognitive Assessment was administered before the first experimental session to screen-out
individuals with mild cognitive impairment. (see Appendix F). Mild cognitive impairment is
considered an intermediate state between normal cognitive aging and dementia, therefore to
ensure the sample of adults reflected a healthy aging population, it was necessary to screen out
individuals with signs of mild cognitive impairment (Nasreddine et al., 2005). All participants
scored at least 26 out of 30 (M = 28.25, SD = 1.59), indicating no evidence of mild cognitive
impairment (Nasreddine et al., 2005). Participant parking fees were remunerated if they required
it. This study acquired ethical approval from the Murdoch University Human Research Ethics
Committee (approval number 2015/247; Appendix G).
Design
The experimental procedure was a participant-blinded and sham-controlled procedure
with a mixed design. The between-subjects independent variable was age, with two groups:
younger adults and older adults. The within-subjects variable was the stimulation protocol, with
two conditions: spaced cTBS protocol and sham cTBS protocol. The dependent variable was
MEP amplitude. The use of sham condition allowed for the differentiation of true cTBS effects
from placebo effects (Bonato, Miniussi, & Rossini, 2006).
Materials
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Electromyographic Recordings. Participants were seated in a comfortable chair with
their hands resting on a pillow. To measure electromyographic (EMG) activity, two standard
Ag/AgCl cup electrodes were attached to the first dorsal interosseous (FDI) muscle on the
participant’s right hand. The FDI muscle is important for abducting the index finger, which is
vital for fine motor movement. Furthermore, the FDI muscle was targeted due to its large
representation in the M1, and reliable measure of corticospinal excitability (Bastani &
Jaberzadeh, 2012; Kamen, 2004). The skin surrounding the target muscle was wiped with
ethanol and a mild abrasive gauze swab in order to improve contact between the electrodes and
the skin, producing a clean signal (Kappenman & Luck, 2010). The active electrode was taped
over the belly of the FDI muscle, and the reference electrode was taped onto the
metacarpophalangeal joint. A grounding electrode was placed on the distal ulna bone to control
for external electrical activity. The raw signal from the EMG electrodes was amplified 1000
times (Cambridge Electronic Design (CED), 1902 amplifier) and band pass filtered (20 –
1000Hz). This signal was digitised at a sampling value of 5kHz (CED Power 1401).
Electromyographic activity was recorded for offline analysis (Signal, version 6.02).
Single-Pulse Transcranial Magnetic Stimulators. A 90mm figure-of-eight coil
connected to a Magstim 2002 Bistim magnetic stimulator (Magstim, Whitland, Dyfed, UK) was
used to apply single-pulse TMS to the left hemisphere M1 (contralateral to the right hand).
Single-pulse stimulation was delivered to: (1) identify the optimal site for eliciting MEPs in the
FDI muscle, (2) identify the stimulation intensity required to elicit MEPs of approximately 1mV
in the FDI muscle, (3) identify the resting motor threshold. The optimal site for evoking large
and reliable MEPs in the FDI was referred to as the hotspot. Identification of the hotspot began
by locating the C3 point on the participants scalp as per the international 10-20 system.
Participants wore a tightly fitted semi-stretch fabric cap (which did not move throughout the
experimental sessions) that allowed coil placement to be marked for accurate placement of coils
throughout the duration of the experiment. The coil was positioned on a 45° angle to the sagittal
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plane, with the handle pointing posteriorly. This induced a posterior-anterior current in cerebral
cortex, which is thought to preferentially activate the cortical neurons in the hand area of the M1
(Janssen, Oostendorp, & Stegeman, 2015). A systematic search for the hotspot involved
delivering single-pulse TMS onto the scalp and moving the coil along the cornal plane in a
superior to inferior direction, then posterior to anterior direction. The hotspot was defined as the
site that elicited the largest and most consistent MEPs from the FDI muscle.
Once the hotspot was determined, the intensity of the Bistim TMS stimulator was
increased until 1mV of MEP activity was being consistently elicited from the FDI muscle. A
MEP amplitude of 1mV produces more reliable responses over time and is less likely to suffer
from high variability (Silbert, Patterson, Pevcic, Windnagel, & Thickbroom, 2013). A
stimulation intensity (as a percentage of maximal simulator output; %MSO) that elicited a 1mV
MEP will be referred to as SI1mV. The resting motor threshold was identified by decreasing the
intensity of the stimulator until the MEP amplitudes evoked in the FDI muscle were 0.5
microvolts (µV) in three out of six consecutive trials. A stimulation intensity (as a %MSO) that
elicited a resting motor threshold response will be referred to as the RMT.
Repetitive Transcranial Magnetic Stimulator. A 90mm air-cooled figure-of-eight
coil connected to a Magstim Rapid Rate Stimulator (The Magstim Co. Ltd, Dyfed, UK)
delivered the spaced cTBS protocol. The intensity of the spaced cTBS protocol was set as 70%
of the RMT. The cTBS protocol involved three pulses, delivered every 20ms (50Hz) and
repeated every 200ms (5Hz) for 40s (600 pulses in total; Huang et al., 2005) A 90mm air-cooled
sham coil (The Magstim Co. Ltd, Dyfed, UK) was used during the sham stimulation session.
The sham coil elicited the same ‘clicking’ noise as the real coil but did not stimulate the cortex,
and has been demonstrated to be an effective control (Bonato et al., 2006).
Procedure
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See Figure 2 for a schematic representation of the experimental procedure. Each
participant attended two sessions: an experimental session (where spaced cTBS was delivered),
and a sham session (where the spaced cTBS protocol was delivered through a sham coil, thus
not delivering any stimulation). The sham-cTBS and real-spaced cTBS conditions were
counterbalanced across participants. Sessions were separated by at least 72 hours to ensure no
carry-over after-effects from stimulation (Lefaucheur et al., 2014). Past research using a withinsubjects design suggested that the time of day can influence the participants response to noninvasive brain stimulation (Sale, Ridding, & Nordstrom, 2007); therefore participants were
asked to attend both sessions at the same time across both sessions.

The hotspot and SI1mV were obtained at the beginning of each session. At baseline,
three sets of 15 single-pulse TMS trials were delivered at an intensity of SI1mV, with an intertrial interval of 5s (±20% jitter). Following the three sets of baseline MEPs, the RMT of each
participant was determined (as described above) to determine the intensity to apply cTBS.
Following RMT, the first application of cTBS was delivered, followed by a 10 minute interstimulation interval, and then the second application of cTBS (Goldsworthy et al., 2012; Huang
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A.

B.

Figure 2. Schematic design of the (A) sham cTBS session and the (B) real spaced cTBS
session. Each grey bar represents a block of 15 single-pulse TMS trials. B1, B2, and B3 depict
the three blocks of single-pulse TMS that were used to establish each participant’s baseline
measure. The black RMT arrow represents the resting motor threshold trial, using the rTMS
coil. The two white arrows represent the two blocks of sham cTBS with an inter-stimulus
interval of 10 minutes. The green arrows represent the real spaced cTBS stimulation. Each bar
following the coloured arrows represent the TMS trials done to measure whether a change in
MEP amplitude (compared to baseline) occurred. Experimental sessions were counterbalanced.
Therefore, participants either followed a ‘Sham first’ order (A then B) or a ‘Real first’ order (B
then A). NOTE: RMT= resting motor threshold, cTBSSHAM = sham cTBS stimulation,
cTBS70% = real cTBS stimulation, B1 = baseline block 1, B2 = baseline block 2, B3 =
baseline block 3

et al., 2005). Participants were instructed to remain alert, relaxed, and silent (unless they were
uncomfortable or wanted to terminate the experiment). They were also told to avoid any
movement in their hands, as this might reverse the effects of the cTBS protocol (Huang,
Rothwell, Edwards, & Chen, 2007). Following the second application of cTBS, MEP
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amplitudes were measured by delivering sets of 15 single-pulse TMS trials at eight different
time-points (0, 5, 10, 20, 30, 40, 50, and 60 minutes post-cTBS).
Data Analysis
Individual trials were excluded if there was EMG activity exceeding 0.02mV, 250ms
prior to the TMS pulse. Ten percent of the trials were excluded due to activity that exceeded
these parameters. The peak-to-peak amplitude of the MEP was obtained from the 40ms of EMG
activity beginning 10ms after the single TMS pulse. For one of the older adult participants,
there was a technical error during the set of MEPs delivered at 60 minutes post-spaced cTBS
time-point; therefore, the main analysis was only performed on data from nine of the older
adults.
Assumptions of normality between both conditions were tested using Shapiro-Wilk
tests of normality. There was one small violation within the real condition and a moderate
violation within the sham condition. Despite this, repeated measures analysis of variance
(ANOVA) is known to be robust enough to withstand such violations in normality and was
consequently allowed (Field, 2013). Sphericity was measured using Mauchley’s test of
Sphericity and in the event of a violation, a Huynh-Feldt correction was used.

To test for differences in SI1mV %MSO and RMT %MSO between real and sham
conditions separate one-way ANOVAs were conducted across both age-groups. Levene’s test of
homogeneity of variance was not violated. This analysis was done to ensure that the intensity
used to elicit SI1mV and RMT was consistent between sessions, indicating accurate coil
placement.
To ensure there were no differences in MEP amplitudes between the three baseline
blocks measured pre-spaced cTBS and pre-sham cTBS, a three-way ANOVA was performed.
BASELINE (3 levels: BL-1, BL- 2, BL-3) and CONDITION (2 levels: sham condition and real
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condition) were the within- subject factors. AGE was the between-subjects factor. The threeway ANOVA showed no significant main effect of CONDITION (F(1,18) = .03, p = .86, ηp2 =
.002), no significant main effect of BASELINE (F(2, 36) = .55, p= .59, ηp2 = .03) and no
significant main effect of AGE (F(1, 18) = .13, p = .73, ηp2 = .01). Additionally, there were no
significant interactions between BASELINE * AGE (F(2, 36) = .50, p= .61, ηp2 = .03), no
significant interaction between CONDITION * AGE (F(1,18) = .42, p = .52, ηp2 = .02), no
significant interaction between CONDITION * BASELINE ( F(2, 36) = 1.75, p= .19, ηp2 =
.09), and no significant interactions between BASELINE * CONDITION * AGE (F(2, 36) =
.36, p= .70, ηp2 = .02). Therefore, it was appropriate to average the MEP amplitude obtained
from the three baseline blocks into a single figure; the average baseline MEP amplitude was
used for the main analysis.
To analyse the effects of spaced cTBS on inducing neuroplasticity in the younger and
older adult sample, mix method ANOVA with polynomial contrasts were conducted with
CONDITION (2 levels: sham condition and real condition) and TIME (9 levels: baseline, 0, 5,
10, 20, 30, 40, 50, and 60 minutes) as the within-subject variables. AGE (two levels: younger
adult and older adult) was the between-subject factor.
Results
Baseline Neurophysiological Characteristics
All participants returned for the second session an average of ten days after the first (median
= 7, range = 3 – 32 days). Figure 3 shows the distribution, mean, and standard error of the mean
of the SI1mV and RMT, for real and sham conditions in the younger adult and older adult
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samples. The SI1mV and RMT were similar across both participant groups and conditions. A
two-way ANOVA on SI1mV showed no significant main effect of CONDITION (F(1,18) = .04,
p = .85), ηp2 = .002), no significant main effect of AGE (F(1,18) = .18, p = .68, ηp2 = .01), and
no significant CONDITION * AGE interaction (F(1,18) = .92 = p = .35, ηp2 = .05). A two-way
ANOVA on RMT showed no main effect of CONDITION (F(1,18) = .45, p = .51, ηp2 = .02),
no significant main effect of AGE (F(1,18) = .03, p = 88, ηp2 = .001), and no significant
CONDITION * AGE interaction (F(1,18) = .02, p = .90, ηp2 = .001).
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Effect of Spaced cTBS on MEP Characteristics
Figure 4 shows the mean MEP amplitude at all time-points for the real spaced cTBS
session (A), and the sham cTBS condition (B) for both younger adults and older adults. In the
younger adult sample MEP amplitude following real and sham spaced cTBS decreased by 5%
and 2% respectively. In the older adult sample, MEP amplitudes following real and sham
spaced cTBS decreased by 5% and 2% respectively. Interestingly, there was a larger numerical
decrease in MEP amplitude at 40, 50, and 60 minutes following the real and sham spaced cTBS
conditions in the older adult sample, compared to the younger adult sample. The MEP
amplitudes of the younger adult sample decreased by 1% during the 40 – 60 minutes timepoints in the real spaced cTBS condition, while MEP amplitudes decreased by 5% during the 40
– 60 minutes time-points in the sham cTBS condition. In the older adult sample, the 40 – 60
minutes timepoints saw a decrease in MEP amplitude of 16% in the real spaced cTBS condition and 11% in
the sham cTBS condition.
Figure 3. Distribution of the stimulation intensities (%MSO) for each participant within
the younger (filled blue symbols) and older adult sample (open red symbols). Figure 2A
represents the SI1mV in both the real and sham sessions, for each age-group. Figure 2B
represents the RMT, across both samples of participants and across both conditions. Mean
and standard error of the mean for each age group and condition are represented in black.
NOTE: YA Real = Younger adult real cTBS condition, YA Sham = Younger adult sham
cTBS condition, OA Real = Older adult real cTBS condition, OA Sham = older adult
sham cTBS condition. %MSO = percentage of maximal stimulation output.

A three-way mixed design ANOVA was conducted between CONDITION and TIME
with a between-subject variable of AGE. The three-way repeated measures ANOVA showed no
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significant main effect of CONDITION (F(1,17) = .04, p = .86, ηp2 = .002), no significant main
effect of TIME (F(8,136) = .73, p = .67, ηp2 = .04.), and no significant main effect of AGE
(F(1,17) = .09, p = .77, ηp2 = .01). The repeated measures ANOVA also showed no significant
CONDITION * AGE interaction (F(1,17) = .09, p = .76, ηp2 = .01), no significant
CONDITION * TIME interaction (F(8,136) = 1.18, p = .32, ηp2 = .07), and no significant
CONDITON * TIME * AGE
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Figure 4. Mean MEP amplitude across both younger and older adult groups during the (A) real
spaced cTBS condition and (B) sham spaced cTBS condition. Standard error of the mean was
calculated for each time-point. The blue symbols show the younger adult group, while the red
symbols show the older adult group. NOTE: BL= Baseline MEPs for the older and younger adult
group during the spaced cTBS condition, and sham condition.
interaction (F(8,136) = .96, p = .47, ηp2 = .05), however, there was a significant TIME
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* AGE interaction (F(8,136)= 2.05 , p < .05, ηp2 = .11).

To further investigate the TIME * AGE interaction, a two-way mixed design ANOVA
was conducted by separating each level of CONDITION (real spaced cTBS and sham cTBS).
TIME (9 levels: Baseline, 0, 5, 10, 20, 30, 40, 50, and 60 minutes) was analysed as the withinsubject variable, and AGE (young adults and older adults) were analysed as the between-subject
variable. A two-way repeated measures ANOVA on the real spaced cTBS data revealed no
significant main effect of TIME (F(5.79, 98.42) = 1.24, p = .30, ηp2= .07) and no main effect of
AGE (F(1,17) = 0.02, p = .88, ηp2 = .001), and no significant interaction between TIME * AGE
F(5.79, 98.42) = 2.20, p > .05, ηp2 = .12. There was a significant TIME * AGE cubic
interaction (F(1, 17) = 6.39, p = .02, ηp2 = .27). The TIME * AGE cubic interaction was further
investigated using independent samples t-tests to compare MEP amplitudes between the
younger and older adult samples at each real spaced cTBS time point. The independent samples
t-tests revealed no significant difference in MEP amplitude between younger and older adult
samples at any time points during the real spaced cTBS condition (all t (18) < 1.57, all p > .13).
Further post-hoc analyses were not conducted due to the small sample size in each age group
sample, thus increasing the possibility of a type 2 error.
For the sham data, there was no main effect of TIME (F(1,17) = 0.16, p = .69, ηp2 =
.01), no main effect of AGE (F(1,18) = 0.08, p = .78, ηp2 = .001), and no significant TIME *
AGE interaction (F(8, 144) = 1.06, p = .40, ηp2 = .06).

Discussion
The aim of the current study was to investigate age-related changes in functional
neuroplasticity between younger and older adults using spaced cTBS. The main findings from
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the current study indicated that spaced cTBS did not induce a decrease in MEP amplitude in
neither the younger nor, the older adult sample. These results suggest that the spaced cTBS
protocol did not induce functional neuroplasticity in the younger adult or older adult sample.
Spaced cTBS Response in Younger Adult Sample
Compared to baseline, there was no statistically significant change in MEP amplitude at
any of the time-points post-spaced cTBS, for both the real spaced cTBS and the sham cTBS
conditions. Overall, these findings indicated that spaced cTBS did not induce a neuroplastic
change in the younger adult sample. These findings did not support the hypothesis that
predicted the spaced cTBS protocol would induce an immediate and sustained decrease in MEP
amplitude.
The current results are inconsistent with the results presented by Goldsworthy et al.
(2012) despite the procedure and application of spaced cTBS in the current study being
identical. In contrast to the current results, Goldsworthy et al. (2012) showed a significant
decrease in MEP amplitude from 0 – 60 minutes post-spaced cTBS in a younger adult sample
(N = 12). Furthermore, they showed that spaced cTBS could induce a larger and more enduring
decrease in MEP amplitude, compared to the decrease in MEP amplitude following a single
application of cTBS. All 12 participants showed the expected decrease in MEP amplitude
following spaced cTBS, compared to six out of 12 participants who showed the expected
decrease in MEP amplitude following a single application of cTBS. These findings led
Goldsworthy et al. (2012) to conclude that spaced cTBS induced more reliable functional
neuroplasticity than a single application of cTBS. In the current study, four out of the ten
younger adults showed a non-significant decrease in MEP amplitude following spaced cTBS;
therefore, the current results do not support Goldsworthy et al., suggestion that spaced cTBS
can induce more robust and reliable LTD-like neuroplasticity.
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A very recent study examined changes in MEP amplitude following spaced cTBS
(identical to that used in the current study and by Goldsworthy et al., 2012) in a large sample of
healthy younger adults (N = 31; Heidegger et al., 2017). Of the 31 participants, six participants
responded as expected to the protocol with a decrease in MEP amplitude, seven participants
showed an increase in MEP amplitude (a response that is opposite to the expected decrease in
MEP amplitude), and 18 participants showed post-stimulation MEPs that were not statistically
significantly different from baseline. At the group level however, there were no significant
changes in MEP amplitude following spaced cTBS. Therefore, the results of the current study
are consistent with those of Heidegger et al. (2017). Together, this suggest that spaced cTBS
does not reliably induce a decrease in MEP amplitude. The implications of this extend not only
to research, but also to the therapeutic use of TBS protocols. For successful aging research to
occur, reliable protocols must be developed. Theta burst stimulation has the potential to be used
for therapeutic and research purposes, however if research cannot justify its use other noninvasive brain stimulation methods should be considered. More research is necessary to
establish whether spaced cTBS is more reliable than a single application of cTBS in inducing
LTD-like neuroplasticity.
Variability in participant responses to stimulation is an issue that affects all noninvasive brain stimulation techniques, including cTBS (Ridding & Ziemann, 2010). Recent
research has focused on understanding the prevalence and possible causes of response
variability following a single application of cTBS. Hamada et al. (2012) found no significant
change in MEP amplitude at the group level following a single application of cTBS. They
measured the MEP amplitudes of 56 healthy adults every five minutes for 30 minutes cTBS.
The average MEP amplitude post-cTBS, across each time point, was not statistically
significantly different from baseline MEP responses. These results indicated that a single
application of cTBS did not decrease the corticospinal excitability of younger adults. Hamada et
al. (2012) reported that only 25% of participants exhibited the expected response (decrease in
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MEP amplitude) following a single application of cTBS, highlighting the issue of response
variability. Hamada et al. (2012) suggested that high inter-individual variability was one of the
key factors that contributed to the inconsistent responses. That is, they proposed that differences
in intrinsic physiological characteristics (e.g. variations in cortical structuring, and peripheral
nervous system structuring) might have influenced how individuals respond to stimulation. The
current results suggest that responses to spaced cTBS might also be affected by large interindividual variability like single cTBS protocols. In other words, it is likely that the factors,
which affect response variability following a single application of cTBS, likely affect response
variability following spaced cTBS. Future research comparing inter-individual variability
between single and spaced cTBS is warranted so that improved protocols can be developed
which assist in analysing neuroplasticity in older adults.
A comprehensive review by Ridding and Ziemann (2010) outlined the various factors
that can affect inter-individual variability in MEP responses. Many factors highlighted in the
Ridding and Ziemann (2010) review were controlled for in the current study such as time of
day, concurrent and prior motor activity, and pharmacological influences. Any variability in the
current results were unlikely due to these factors. However, confounding variables such as
genetic variation and participant attention were not controlled for.
Recent empirical research has found that variations within certain specialised genes can
influence functional neuroplasticity. The term used to describe an individual genetic variation is
a ‘genetic polymorphism’. One such genetic variation concerns a single nucleotide
polymorphism that affects the function of a protein called the Brain-Derived Neurotrophic
Factor (BDNF). Research has found that BDNF modulates the expression of LTP- and LTDlike processes in the brain of humans (Woo et al., 2005). Evidence suggests that single
nucleotide BDNF polymorphisms reduce the capacity for neuroplasticity in the M1. Research
by Cheeran et al. (2008) measured the change in MEP amplitude following a single application
of cTBS to participants with and without the BDNF polymorphism. Their results indicated that
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participants with the BDNF polymorphism exhibited a smaller decrease in MEP amplitude,
compared to those who did not contain the BDNF polymorphism. These findings indicated a
reduced capacity for LTD-like neuroplasticity in people with the BDNF polymorphism.
Therefore, to improve the reliability of cTBS research, Cheeran et al. (2008) suggested to
include pre-screening procedures that genotype participants before conducting the cTBS
protocol. Therefore, a more targeted sample can be identified and studied. The issue with this
suggestion is the high cost associated with genetic analyses, which was consequently the reason
why the current study did not screen participants. Future research, which has the resources
available to pre-screen participants, would benefit from genotyping.
Another external factor that might have influenced the current results is attention. Conte
et al. (2007) analysed the effects of attention on the induction of LTD-like neuroplasticity in the
FDI muscle of eight healthy younger adults (MAGE = 36 years). The study delivered a highfrequency rTMS protocol (designed to increase the MEP amplitude post-stimulation) and
measured changes in MEP amplitude (relative to baseline) with single-pulse TMS. To measure
the effects of attention, researchers used two conditions. The first condition required
participants to remain relaxed and not attend to either hand, while the second condition required
participants to attend to the target hand only. The results of Conte et al. (2007) suggested that by
attending to the target hand, there was a larger increase in MEP amplitude compared to the MEP
amplitudes of participants during the relaxed condition. These findings indicated that the
neuroplastic response was greater when participants attended to the targeted hand. Participants
in the current study were instructed to remain relaxed for the full duration of both experimental
sessions. However, it is possible that by instructing participants to attend to the target hand, the
MEP response post-spaced cTBS might have become stronger. Future research might benefit by
controlling for attention by instructing participants to attend to the target hand to enhance
functional neuroplasticity induction. This would allow for a more consistent measurement of
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neuroplasticity in the participant sample, and lead to results which might facilitate the existing
understanding of age-related declines in neuroplasticity.
Spaced cTBS Response in Older Adult Sample
Compared to baseline, there was no statistically significant change in MEP amplitude at
any of the post-stimulation time-points, in either the real spaced cTBS or the sham cTBS
conditions. Therefore, spaced cTBS did not induce any neuroplastic change within the older
adult sample. These findings did not support the hypothesis that predicted the spaced cTBS
protocol would induce a delay in neuroplasticity induction. The aim of the current study, which
was to determine whether older adults have a delay in their capacity for LTD-like
neuroplasticity, could not be adequately investigated. Freitas et al. (2011) is the only
contemporary study, which investigated age-related declines in cTBS-induced neuroplasticity in
younger and older adults. Freitas et al. (2011) conducted a study analysing the relationship
between age and functional neuroplasticity in healthy adults, using a single application of cTBS.
Their findings indicated that an inverse correlation existed between age and the degree of
induced neuroplasticity. That is, as the age of the participants increased the suppression induced
by cTBS decreased. These findings were not consistent with the current results which found no
age-related changes in spaced cTBS-induced LTD-like neuroplasticity.
As mentioned in the introduction, Fujiyama et al. (2014) suggested that older adults
might have the same capacity for neuroplasticity as younger adults, however, a time-course
delay might exist in the induction of neuroplasticity. Following the application of anodal
transcranial direct current stimulation (tDCS) to a group of younger adults and older adults,
Fujiyama et al. (2014) observed that the older adult sample did not show a change in MEP
amplitude until 20 minutes following the application of anodal tDCS. Fujiyama et al. (2014)
suggested that the differential mechanisms by which tDCS and rTMS function might explain
the results and why rTMS studies had not yet observed these findings. Contrary to Fujiyama et
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al. (2014)’s conclusions, recent evidence from Puri et al. (2016) used iTBS-induced
neuroplasticity and anodal tDCS on older adults which result in similar MEP response to both
protocols (i.e. an immediate increase in corticospinal excitability). It was initially proposed that
iTBS might not be an effective protocol due to mixed results. Spaced cTBS was suggested as a
more reliable method of testing neuroplasticity in older adults. Given the findings of the current
study, however, spaced cTBS was could not induce the expected delay in neuroplasticity. While
the exact mechanisms by which cTBS, iTBS, and anodal tDCS modulate MEP amplitude are
unknown, the current findings together with Puri et al., (2016) reduces the strength of Fujiyama
et al. (2014)’s suggestion. Future research might benefit by analysing the differential
mechanisms of LTP and LTD processes as these might be affecting the inconsistencies in
neuroplasticity induction. Additionally, research should investigate how age differentially
affects LTP- and LTD-like mechanisms in the M1. Such an analysis would allow for a better
understanding of the mechanisms induced during facilitatory and inhibitory non-invasive brain
stimulation protocols and allow for more targeted research to be conducted on age-related
declines in functional neuroplasticity. Furthermore, it would increase existing knowledge of
neuroplasticity and how it is affected by age.
High inter-individual variability is a factor that might have also influenced the results of
the older adult sample. Research now indicates that genetic polymorphisms affect LTP- and
LTD-like neuroplasticity in older adults. Recent work suggests that variations in a dopamine
modulating gene might influence neuroplasticity induction in older adults. Dopamine is a
neurotransmitter implicated in the processes of LTP and LTD (Wolf, Mangiavacchi, & Sun,
2003). Increased dopamine is theorised to increase executive functioning and learning in the
M1, while decreased dopamine is theorised to have the opposite effect (Bertolino et al., 2006).
Evidence suggests that a specific genetic polymorphism can modulate dopamine signalling, and
reduce the amount of dopamine that is present within synapses of neurons (Lee et al., 2014).
Lee et al. (2014) measured the effect of this dopamine signalling genetic polymorphism by
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comparing the change in MEP amplitude of participants pre- and post-cTBS. Their results
indicated that older adults with the dopaminergic polymorphism showed a smaller decrease in
MEP amplitude compared to participants who did not have the polymorphism. These results
indicated the dopaminergic polymorphism reduced a carrier’s capacity for LTD-like
neuroplasticity. It is possible that the older adults in the current study (like the younger adult
sample) included individuals who contained a genetic polymorphism, which affected their
capacity for neuroplasticity. Similar to Cheeran et al. (2008), Lee et al. (2014) suggested that
there should be a genetic pre-screening of participants, to identify and exclude participants who
carry this dopaminergic polymorphism, to improve the reliability of rTMS research. Therefore,
future research (with the appropriate resources) should consider pre-screening participants
before conducting cTBS research.
Age-related Differences in Spaced cTBS Induced Neuroplasticity
The age-related differences in response to spaced cTBS should be interpreted with
caution, given there were no expected decreases in MEP amplitudes across both age groups and
stimulation conditions (i.e. real or sham spaced cTBS protocols). Compared to baseline, there
were no statistically significant age-related changes in MEP amplitudes across any time-points
post-spaced cTBS. These findings indicated that there were no age-related changes in
neuroplasticity. The conclusions of the current study are consistent with several studies which
found no age-related changes in functional neuroplasticity following theta burst stimulation (Di
Lazzaro et al., 2008; Dickins et al., 2015). Di Lazzaro et al. (2008)’s investigated age-related
changes in a sample of 18 healthy adults using iTBS-induced neuroplasticity. The results found
no significant age-related changes in MEP amplitude. Di Lazzaro et al. (2008) findings have
recently been supported by Dickins et al. (2015), who also used iTBS to induce functional
neuroplasticity in older adults and younger adults. Their results indicated no age-related changes
in MEP amplitudes compared to baseline MEP responses. Both Di Lazzaro et al. (2008) and
Dickins et al. (2015) concluded that other inter-individual variabilities (e.g. physiological
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differences in corticospinal functioning and genetics) were more influential in an individual’s
capacity for neuroplasticity than age. These conclusions might also be relevant for the current
study and its null findings. Future research should conduct a systematic review of variables that
affect MEP responses to cTBS to improve the procedures and screening methods used.
Specifically, by improving these procedures, research analysing age-related declines in
neuroplasticity will result in more knowledge about how aging affects functional
neuroplasticity, which can then lead to important interventions to maintain and improve the
quality of life of older adults.
A statistically significant interaction was found in the current study, which might
introduce a novel confounding variable. As previously stated the condition, time, and agegroups variables showed no significant interactions; however, there was a significant interaction
between time and age, indicating possible age-related differences in the MEP amplitudes across
time. It must be reiterated that post-hoc analyses found no statistically significant differences at
any time-points between both adult samples. A small sample size prevented further analyses,
therefore, the following discussion should be interpreted with caution.
Figure 4 (see page 29) highlights a decrease in the MEP amplitudes at 40 – 60 minutes
time-points in the older adult sample, across both stimulation conditions, which was not
reflected in the younger adult sample. The consistent trend across both stimulation conditions
indicates it was not an effect of the stimulation itself. At a group level the younger and older
adult samples showed a similar overall response in MEP amplitude over time, individually
though, the older adult group showed a larger reduction in MEP amplitude 40 – 60 minutes
following the real and sham spaced cTBS. Declines in the older adult’s arousal levels, might
have influenced these results. It is well known that older adults experience increased day-time
fatigue and napping because of age-related changes in circadian rhythms, and may have caused
a decline in arousal (Bliwise, 1993).
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Arousal is defined as a physiological process whereby the excitation of the ascending
reticular activating system leads to an increase in alertness and inclination to respond to the
external environment (Colman, 2014). The ascending reticular activating system is a network of
nerve fibres within the brainstem that are essential for wakefulness and attention. Measuring
arousal involves gathering physiological information of an individual’s heart rate, blood
pressure, and electroencephalography (EEG) activity. States of arousal exist on a spectrum,
whereby elevated levels of arousal can lead to feelings of alertness and energy, while low-levels
of arousal can lead to feelings of lethargy and relaxation. Given the consistent decline in MEP
amplitude in the older adult sample, it could be possible that a decrease in physiological arousal
over time led to these findings.
Contemporary evidence suggests that there might be positive a correlation between
states of arousal and corticospinal excitability. Avesani, Formaggio, Fuggetta, Fiaschi, and
Manganotti (2008) conducted a study on a sample of ten healthy adults (25 - 35 years of age) to
investigate the effect that different states of wakefulness and sleep had on corticospinal
excitability. Measurement of EEG activity allowed for the identification of each arousal state,
from elevated arousal (during wakefulness) to low arousal (during sleep). The patterns of EEG
activity gathered from participants identified three different states of arousal: (1) a wakeful
state, (2) an intermediate ‘sleepy’ state (occurring mostly at the beginning of sleep), and (3) a
sleep state (defined as a deep-sleep state, with the possibility of dreaming). Ten single TMS
pulses were delivered every ten minutes for the full duration of the experiment (approximately
three hrs). Avesani et al. (2008) then analysed the MEP amplitudes during each of the three
states of arousal. Their results showed a significant decrease in MEP amplitude during the
‘sleepy’ state compared to the wakeful state, suggesting that as the arousal of participants
decreased so did their corticospinal excitability.
In the current study, it is possible that older adults shifted between states of high and
low arousal. Participants were seated in a comfortable chair for two hours, asked to remain
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relaxed, and told to speak only when necessary, conditions which might have exacerbated the
day-time sleepiness that older adults might already experience (Bliwise, 1993). Therefore, these
fluctuations in arousal might account for the decreases in MEP amplitude towards the end of the
two-hour experimental session. Future research is necessary to determine whether arousal
significantly confounds spaced cTBS protocols. Research should compare how different states
of arousal affect participants response to spaced cTBS. These studies might involve delivering a
cTBS protocol to participants in different arousal states, then measuring the MEP responses to
determine whether differing arousal states affect the induction of functional neuroplasticity. If
arousal significantly interacted with a participants’ capacity for neuroplasticity, it might provide
scientists with the knowledge to improve existing protocols, and possibly improve responses by
measuring and maintaining a constant state of arousal. Further research could then consider
incorporating different age groups (i.e. older and younger adults) to determine whether there are
any group level effects of arousal and age on their capacity for neuroplasticity. These findings
might show that an older adults arousal state might affect their capability for neuroplasticity and
gradually facilitate the declines in neuroplasticity that have been suggested by past studies. Such
findings would ultimately add to the current understanding of age-related effects on
neuroplasticity.
Limitations
When considering the results of this study, it should be noted that there were
limitations. First, measures of corticospinal excitability using MEPs are not a direct measure of
neural activity in the brain. Although evidence suggests rTMS protocols stimulate the targeted
cortical regions of the brain, additional changes in subcortical or spinal excitability following
rTMS might contribute to the MEP amplitude. Future research should consider obtaining
measures of spinal excitability to allow for a more accurate interpretation of MEP. Second, the
current study suffered from a lack of power due to a comparatively small sample size. Recently
published literature use sample sizes ranging between 30 to 60 participants overall, which
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increases the power of their results (approximately 20 to 30 participants per between-subject
variable; Dickens et al., 2015; Heidegger et al., 2017; Fujiyama et al., 2014). Although the
sample size did meet the requirements for the completion of the current study, future research
should consider increasing the sample size to avoid type 1 and type 2 familywise errors.
Future Research
When analysed in association with Goldsworthy et al. (2012) and Heidegger et al.
(2017), the current study highlights the need for more research to be conducted in the field of
spaced cTBS-induced neuroplasticity. Specifically, studies are needed to determine whether
spaced cTBS produces a more reliable change in MEP amplitudes compared to a single
application of cTBS protocol. This is important because tools for measuring age-related
declines are necessary to gather reliable results. Such a study might involve a sham-controlled
study with three conditions, a spaced cTBS condition, a sham spaced cTBS condition, and a
single cTBS condition. The measurement of MEP reliability and strength would involve
delivering single-pulse TMS post-stimulation for approximately 60 minutes. A direct
comparison between the MEPs elicited in each condition would show which protocol provided
the strongest and most consistent decrease in MEP amplitude.
As mentioned previously, research improving the reliability of spaced cTBS protocols
is also necessary to ensure accurate measurement of neuroplasticity. A systematic investigation
of variables that affect spaced cTBS, (such as attention, arousal, and genetics) is necessary so
improved protocols can be developed which control for these confounds- increasing their
reliability. Future research should also consider improve the reliability of its protocols by
modulating the frequencies and intervals of stimulation. For example, Gamboa et al. (2011)
investigated differing inter-stimulus interval durations (2, 5, and 20 minutes) and how they
differentially affected MEP amplitudes following spaced cTBS protocols. Their results showed
that the most robust and reliable MEPs followed a 20 minutes inter-stimulus interval, thus
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inducing larger LTD-like neuroplasticity responses in participants. The robust effects of spaced
cTBS stimulation are believed to result from an overlap of both applications of repetitive
stimulation and increasing the inhibitory effect. The optimal inter-stimulus interval is theorised
to be between ten and 30 minutes (Gentner, Wankerl, Reinsberger, Zeller, & Classen, 2007).
These initial findings provide evidence that an inter-stimulus interval of ten minutes (which the
current study used) may not be the most effective for inducing LTD-like neuroplasticity, and
that more time between stimulation protocols might increase the robust effects. Future research
should also consider analysing the age-related effects of differing inter-stimulus intervals, which
would allow for the development of interventions that are better suited to older adults as well as
our understanding of age-related changes in neuroplasticity.
Aging is not a homogenous process and people age at different rates. Therefore, the
chronological age of an individual may not be the most reliable measure to categorise declines
in functioning. Future studies should consider developing a pre-screening protocol that
categorises older adults by their ‘functional age’ rather than chronological age. The
development of such a measure might involve research to determine whether functional abilities
are associated with structural degenerations in the older adult brain. If such an association
exists, a measure could be created to target individuals with specific age-related degenerations
in brain structure. These individuals could then be tested to measure changes in functional
neuroplasticity.
Lastly, future functional neuroplasticity research should consider incorporating
behavioural measures and motor-learning tasks when analysing age-related changes in
functional neuroplasticity. A motor-learning task may involve participants learning a fine-motor
skill before the application of a TBS protocol. Theta burst stimulation applied after learning a
motor-skill might change the participant’s ability for completing the motor learning. By
measuring motor performance through speed or accuracy of completion, scientists could
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determine whether there are age-related differences in motor learning, and more broadly,
functional neuroplasticity.
Clinical Implications
The current study does not give any novel insight into age-related changes in
neuroplasticity, and therefore does not add to existing research on age-related declines in motor
functioning. What the current study does contribute is that spaced cTBS protocols require more
research to determine whether they are a viable method for studying aging. Additionally, the
findings from the current study have implications for interventions involving the therapeutic use
of rTMS technologies. Recently, examination of TBS has become more prominent for its
possible enhanced therapeutic effects on conditions such as major depressive disorder and
stroke (Kim, Shin, Jung, Jung, & Kim, 2015; Plewnia et al., 2014). Theta burst stimulation
therapies differ from traditional rTMS therapies because of the reduced stimulation period
necessary to induce changes in the brain. Current research in the field is beginning to develop
more reliable protocols for treatment. The current results indicate that future therapies will
require more evidence before using spaced TBS protocols therapeutically.

Conclusion
The current study is the first to use spaced cTBS to investigate age-related changes in
neuroplasticity. Prior research in the field of TBS understood spaced cTBS to be more reliable
than single cTBS in inducing LTD-like neuroplasticity in younger adults. Together with
Heidegger et al. (2017), the current study suggests that like single cTBS protocols the responses
to spaced cTBS might be modulated by high inter-individual variability. Although the current
study was unsuccessful in inducing neuroplasticity in the younger adult or older adult samples,
and it was suggested that a drop of arousal in the older adult sample, might have resulted in
decreased MEPs over time. Future research examining the effect of arousal on MEP and rTMS-
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induced neuroplasticity is warranted to improve existing protocols and to ensure the accurate
measurement of neuroplasticity in older adults. By incorporating these preliminary arousal
findings with existing literature on the reliability of rTMS, future studies could improve on
existing non-invasive brain stimulation technologies and develop more efficient strategies to
study the aging process. Therefore, a more refined understanding of aging might continue to
develop and evolve, and eventually lead to interventions which can prolong the independence
and quality of life for the aging population.
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Background and Aim:
One of the highest causes of injury in older adult populations is falls. Declining motor
functioning is believed to result in an increased risk of fall-related injuries, however research is
mixed on whether declines in motor functioning are age-related. To investigate this, researchers
have been analysing the mechanisms that are involved with motor functioning. More
specifically there is a lot of research on how well the brain can adapt to changing circumstances,
something that is vital for learning and maintaining existing abilities. The term given for the
brains ability to change is neuroplasticity. Contemporary studies have found that neuroplasticity
might decline with age, however results have been varied in regards to whether this is agerelated.
Non-invasive brain stimulation is a painless and safe method of measuring and inducing
neuroplasticity in the brain of participants. The current study used a stimulation technique called
transcranial magnetic stimulation (TMS). TMS sends a brief electrical pulse through a metallic
figure-of-eight coil, which then creates a magnetic field that can induce activity in the
underlying brain tissue. TMS can be used to measure how much activity is being induced in a
certain area of the brain, such as the primary motor cortex (M1). The M1 is responsible for the
control of voluntary motor movements in humans and is directly linked to different areas of the
body. Therefore, by stimulating a small target region of the M1 a muscle response can be
measured in certain parts of the body. The electrical response that the muscles elicit is called a
motor evoked potential (MEP). MEPs are the way in which researchers can measure how much
activity is being produced in the stimulation region of the M1. Furthermore, repetitive TMS can
be used to induce a change in the activity of the stimulated brain tissue that outlasts the duration
of stimulation. That is, rTMS can either increase or decrease the activity of the stimulated brain
tissue for a period longer than the stimulation (usually it can last between 10 minutes – 1 hour).
By alternating the frequency and duration of pulses, rTMS can induce changes in the neuronal
activity that are stronger and longer-lasting. An example of this is spaced continuous theta burst
stimulation (cTBS).
Recent research using non-invasive brain stimulation has suggested that older adults
have the same capacity for neuroplasticity as younger adults, however, they require more time
for changes to manifest. This is an important distinction as it would affect how future
interventions are developed to assist in the improvement of motor functioning in older adults.
The aim of the current study was to determine whether there were age-related delays in
neuroplasticity between a group of younger adults and older adults using spaced cTBS. It was
hypothesised that the older adult sample would show a delay in neuroplasticity induction
compared to the younger adult group.

Methods:
Ten younger adults and ten older adults were recruited for the current study.
Transcranial magnetic stimulation was used to determine the baseline excitability of their M1.
This value would be used to determine whether a change in MEP response occurred after spaced
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cTBS. A larger change in MEP would indicate a greater capacity for neuroplasticity. Spaced
cTBS was then delivered to participants in two forms over two separate sessions. The first was
real spaced cTBS, which inhibited the neurons in the M1, while the second was sham cTBS
which did not deliver any stimulation and did not induce neuroplasticity.

Results:
Spaced cTBS did not induce neuroplasticity in the younger adult sample or the older
adult sample. Nevertheless, within the older adult sample, there was a significant response
across both real and sham spaced cTBS. The MEP responses declined across time, however,
this was not due to the stimulation that was applied.

Discussion:
Given there was no significant change in MEP activity after spaced cTBS, it was
determined that no neuroplasticity was induced in the younger adult or older adult samples.
Unfortunately, this meant that the aim of the study - to determine whether older adults showed
delayed neuroplasticity - could not be investigated. Previous research using spaced cTBS did
find a significant change in MEP activity after the application of the repetitive stimulation,
however, recently more research has emerged which found that spaced cTBS had no effect on
the MEP activity of participants. These mixed results regarding spaced cTBS indicate that more
research is necessary to develop improved methods for measuring neuroplasticity. Without
adequate measures of neuroplasticity, effective research on the age-related changes cannot be
reliably completed.
The current study found that older adults were more likely to show a decrease in MEP
activity towards the end of both experimental sessions. It was suggested that the experimental
design together with older adults increased day-time sleepiness, caused these results. That is, as
older adult participants became more relaxed and sleepier, their MEP activity decreased. These
findings are interesting because it might show that the arousal levels of participants might
influence the MEP activity in the M1. Here arousal is defined as a physiological increase in
brain activity that leads to increased attention and focus. This is important because it shows
another possible factor that would influence the experiment and impact its ability to induce
neuroplasticity. Future research should consider measuring the arousal levels of participants
during a spaced cTBS experiment to ensure that their arousal levels are consistent.

