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INTRODUCTION

Deterioration of motor and cognitive performance with advancing age is well documented,
but its cause remains unknown. Animal studies dating back to the late 1970s reveal that age-
associated neurocognitive changes are linked to age-dependent changes in synaptic plasticity,
including alterations of long-term potentiation and depression (LTP and LTD). Non-invasive brain
stimulation technigues enable measurement of LTP- and LTD-like mechanisms of plasticity,
in vivo, in humans, and may thus provide valuable insights. We examined the effects of a 40-s
train of continuous theta-burst stimulation (cTBS) to the motor cortex (600 stimuli, three pulses
at 50 Hz applied at a frequency of 5 Hz) on cortico-spinal excitability as measured by the motor
evoked potentials (MEPs) induced by single-pulse transcranial magnetic stimulation before and
after cTBS in the contralateral first dorsal interosseus muscle. Thirty-six healthy individuals aged
19-81 years old were studied in two sites (Boston, USA and Barcelona, Spain). The findings
did not differ across study sites. We found that advancing age is negatively correlated with the
duration of the effect of ¢cTBS (r=-0.367; p = 0.028) and the overall amount of corticomotor
suppression induced by ¢cTBS (r=-0.478; p=0.003), and positively correlated with the maximal
suppression of amplitude on motor evoked responses in the target muscle (r=0.420; p=0.011).
We performed magnetic resonance imaging (MRI)-based individual morphometric analysis in
a subset of subjects to demonstrate that these findings are not explained by age-related brain
atrophy or differences in scalp-to-brain distance that could have affected the TBS effects. Our
findings provide empirical evidence that the mechanisms of cortical plasticity area are altered
with aging and their efficiency decreases across the human lifespan. This may critically contribute
to motor and possibly cognitive decline.

Keywords: cortical plasticity, aging, motor cortex, transcranial magnetic stimulation, continuous theta-burst stimulation,
long-term depression

to prevent cognitive decline and minimize the consequences of AD.

The average age of the world’s population is increasing at an unprec-
edented rate. Demographic projections suggest that the number
of people aged over 65 years will nearly triple by 2050, accounting
for 14% of the world and 20% of the US population (Lutz et al.,
2008). Aging is the major risk factor for Alzheimer’s disease (AD)
and is associated with a more or less pronounced decline of many
cognitive, motor, and other brain functions (e.g., Deary etal.,2009).
This has been behaviorally well-established for decades (e.g., Feier
and Gerstman, 1980), but it is unclear that functional decline is an
obligatory consequence of aging and the underlying neurophysio-
logic correlates remain elusive. Neuroimaging studies have revealed
various correlates of age-related changes in brain activation (e.g.,
Cabezaetal.,2002) and large-scale brain functional networks (e.g.,
Andrews-Hanna et al., 2007; Damoiseaux et al., 2008; Sambataro
etal.,2010; Gradyetal.,2010; Wangetal.,2010). However, what may
trigger such changes remains to be understood. Despite important
advances in medicine and very large financial expenditures, mor-
bidity, and disability across aging remain high. Therefore, a greater
understanding of the neurobiology underlying age-related decline
of function is urgently needed, as it may lead to novel interventions

Unless we work to reduce age-related functional decline and the
impact of AD, we will succumb to the staggering personal, social,
and economic burden of aging and dementia.

Animal studies building on pioneering work from Barnes (1979)
in the late 1970s have demonstrated an age-associated decline in
synaptic plasticity in specific brain regions that correlates with neu-
rocognitive impairments. In aged rodents, thresholds for induction
of hippocampal long-term potentiation (LTP) and long-term depres-
sion (LTD) appear to increase and decrease, respectively (Rosenzweig
and Barnes, 2003). Once induced, LTP decays faster in older rats,and
this appears to be associated with a greater degree of forgetfulness
(Barnes and McNaughton, 1980; Kelly et al., 2006). Moreover, deficits
in the balance between LTP and LTD result in impaired learning and
memory (Larson et al., 1986; Roman et al., 1987; Bliss et al., 2003). If
translated into humans, similar assessments of plasticity mechanisms
may shed light into the neurobiological mechanisms underlying nor-
mative aging and, ultimately, neurodegenerative processes.

A recently developed protocol for transcranial magnetic
stimulation (TMS) can provide information about the integ-
rity of human plasticity in specific, well-defined cortical regions
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(Huangetal.,2005; Oberman etal., 2010). Specifically, continuous
theta-burst stimulation (¢cTBS) can produce sustained effects
(~60 min) on the reactivity of the underlying neural tissue, as
measured by the response to single-pulse TMS before versus after
TBS. Animal and human studies reveal that such modulatory
effects of TBS on cortical reactivity reflect LTP- and LTD-like
mechanisms (Cardenas-Morales et al., 2010). We use the term
plasticity to refer to such LTP- and LTD-like processes in humans
as captured by the TBS paradigm (Oberman et al., 2010). We
hypothesize that such defined plasticity mechanisms may become
increasingly less efficient with advancing age. To test our hypoth-
esis, we conducted a series of studies in healthy adult volunteers
across the age-range to assess cortical plasticity in the motor
cortex using TMS measures before and serially following neu-
romodulation by ¢TBS.

MATERIALS AND METHODS

PARTICIPANTS

Thirty-six healthy volunteers were studied in Boston (MA, USA)
and Barcelona (Spain) following a similar experimental proto-
col. All subjects were right-handed (according to the Oldfield
Questionnaire; Oldfield, 1971) and ranged in age from 19 to
81 years. All had a normal mental status as assessed by the Mini-
Mental State Examination (Folstein et al., 1975; >29) and a normal
neurological exam. None had a history of alcohol or substance
abuse, unstable medical conditions, previous history of psychiat-
ric illness, learning disability, or neurological disorders (epilepsy,
traumatic brain injury, brain tumor, stroke, or neurodegenerative
disorders). All gave their written informed consent to the study,
which had been approved by the local Institutional Review Boards.

EXPERIMENTAL PARADIGM

Cortico-spinal motor plasticity was investigated with the use of
single-pulse TMS performed at baseline and at several time-points
following the delivery of ¢TBS (Huang et al., 2005, 2008). Single-
pulse TMS was performed with a MagPro stimulator (MagVenture,
Denmark) equipped with a 75-mm figure-of-eight (F8) static
cooled coil or, in six of our subjects (below), with the Navigated
Brain Stimulation (NBS) system (Nexstim, Finland), equipped
with a biphasic 70-mm F8 coil. Continuous TBS was delivered
with MagPro stimulators. Electromyographic activity (EMG) was
recorded with surface electrodes (Ag—AgCl, 10-mm diameter)
attached to the skin in a belly tendon montage over the right first
dorsal interosseus (FDI) muscle (either with PowerLab 4/25T, AD
Instruments Ltd., Australia, or with the NBS system). EMG activ-
ity was amplified and band-pass-filtered between 20 and 2000 Hz,
digitized (sample-rate 5 kHz) using specialized software (Scope
v4.0), and stored for off-line analysis.

Subjects were seated in a comfortable chair with their elbows
flexed at approximately 90° and their hands resting while pronated
on their laps. The optimal scalp location for activation of the right
FDI using TMS was determined as the location from which TMS-
induced motor evoked potentials (MEPs) of maximum peak-to-
peak amplitude were detected in the right FDI. The coil was moved
in 1-cm increments over the scalp and we delivered single TMS
pulses of constant supra-threshold stimulus intensity with an inter-
stimulus interval (ISI) of at least 7 s. The coil was consistently held

tangentially to the scalp at an angle of approximately 45° from the
mid-sagittal plane with the handle pointing occipitally, such that the
current induced in the brain flowed anterior to posterior, approxi-
mately perpendicular to the central sulcus. Once the optimal spot
was identified, a marker was placed in a template magnetic reso-
nance imaging (MRI) scan to which the individual subject was reg-
istered using a neuronavigational system, either Brainsight (Rogue
Inc., Montreal, Canada) or the NBS system (in six subjects) to
systematically place the TMS coil in the same location throughout
the study. Six of our subjects, all from the Boston sample and those
in which the NBS system was used, underwent a high-resolution
structural MRI scan, which was also used to perform measurements
of the distance from scalp to cortex at the hotspot/targeted brain
region, and to assess possible cortical atrophy.

Motor threshold (MT) was determined according to the
recommendations of the International Federation for Clinical
Neurophysiology (Rossini et al., 1994). Single TMS pulses were
delivered over the optimal scalp position for activation of the right
FDI starting at supra-threshold intensity and gradually reduced by
decrements of 2% of stimulator output. Resting MT (RMT) was
defined as the lowest stimulus intensity capable of inducing MEPs
of 250 pV peak-to-peak amplitude in at least 5 of 10 consecutive
trials. EMG monitoring was used to assure that the target muscle
was at rest. Active MT (AMT) was then determined as the minimum
single-pulse TMS intensity required to produce MEPs of 2200 uV in
atleast 5 of 10 consecutive trials while subjects contracted the target
muscle (contralateral FDI) at approximately 20% of the maximal
voluntary contraction.

Subsequently, we applied three batches of 10 single TMS pulses
to the optimal FDI scalp position with ISI > 7 s and intensity of
120% of RMT. Each batch was separated by a 5-min pause. This
procedure was then followed by a 40-s train of ¢TBS (600 stimuli,
three pulses at 50 Hz applied at a frequency of 5 Hz), following
the paradigm introduced by Huang et al. (2005), to the same scalp
position. After cTBS, further batches of 10 single TMS pulses were
acquired, at 5-, 10-, 20-, 30-, 40-, 50-, 60-, 75-, 90-, 105-, and 120-
min post-stimulation at the Boston site, and at 15, 30, 45, 60, 75,
90, and 120 min at the Barcelona site. A schematic representation
of study procedures is depicted in Figure 1A.

STATISTICAL ANALYSIS

All data analyses were conducted with MatLab (version 7.4.0). MEP
amplitude at a given time-point was defined as the mean peak-
to-peak amplitude of the 10 MEPs to single TMS pulses recorded
in a given batch. For each participant, baseline MEP amplitude
was then defined as the average peak-to-peak amplitude of the 30
recorded MEPs. Mean MEP amplitude at each acquisition time-
point after cTBS was expressed as a proportion of baseline for
each individual, defining an MEP threshold to represent the point
at which post-cTBS MEP amplitude returned to the average MEP
amplitude at baseline. Data were subsequently zeroed about the
MEP threshold (i.e., MEP threshold was defined at zero on the
dependent axis; Figure 1B).

Smooth curves through the data points were calculated using
spline interpolation. Spline interpolation is a method of interpola-
tion where the interpolant is a cubic spline, a piecewise continuous
function defined by third-degree polynomials in the intervals of a
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FIGURE 1 | (A) Schematic representation of study design; (B) Averaged spline
for the combined sample plotted at each point in time assessed.

limited range of known data points (in this case, the time-points
at which MEP data were collected with batches of 10 single TMS
pulses). Spline interpolation has advantages over both linear and
polynomial interpolation: It is more precise than linear interpo-
lation and minimizes oscillation inaccuracies often found with
high-degree polynomials. Spline interpolation has previously been
described and successfully applied spatially to TMS data (Borghetti
et al., 2008).

As an index of the duration of the TBS-induced modulation
of cortico-spinal excitability, we defined, for each participant, the
time-point (“time-to-baseline”) at which post-cTBS MEP ampli-
tude returned to the average MEP amplitude at baseline, i.e., the
time-point at which the spline crossed the MEP threshold. In addi-
tion to time-to-baseline values, for each individual we calculated the
area representing the amount of inhibition (“area of inhibition”)
following cTBS until return to baseline, i.e., the positive-valued
area bounded below by the spline and above by each subject’s MEP
threshold. Finally, we compiled the minimum MEP amplitudes for
each individual by computing the minimum point of the spline.

Individual data on each of the measures considered (i.e., MEP
amplitude at baseline, times-to-baseline, area of inhibitory effect,
and minimum MEP amplitude after cTBS) were averaged for each
study site, and also averaged in a final sample combining all par-
ticipants of both Boston and Barcelona sites. Differences in mean

age, baseline MEP amplitude, time-to-baseline, area of inhibition,
and post-cTBS minimum MEP amplitude between Boston and
Barcelona samples were analyzed with unpaired two-sample ¢-tests.
In order to test age-associated effects on MEP amplitude at baseline,
times-to-baseline, area of inhibitory effect, and minimum MEP
amplitude after ¢cTBS in the combined sample, correlation coeffi-
cients between age and each of these variables were computed using
Pearson’s correlation. Statistical significance was defined at p<0.05.

DISTANCE-TO-COIL MEASUREMENTS

In a subset of subjects (n = 6), we performed measurements of
the distance from the coil’s location at the scalp to the cortical
target as defined by the NBS system, in order to investigate whether
potential changes in the cortical measures across the lifespan might
be due to or influenced by brain atrophy with advancing age. For
this purpose, the coordinates of each subject’s hotspot and the
TMS coil position, both given by the NBS system, were used to
calculate the distance from scalp to brain. The hotspot was defined,
at the cortical ribbon, at a depth of 25-mm peeling view in the
NBS system. This enabled the normalization of procedures for all
subjects. To calculate the distance from the coil to the resulting
hotspot coordinates we considered the applied direction of current
(dependent on orientation of the TMS coil as recorded by the NBS).
These coordinates were transformed and introduced into the Slicer
software package (www.slicer.org) to estimate the point-to-point
distance. Pearson correlation analyses between subjects’ age, MEP
amplitudes at baseline, times-to-baseline, areas of inhibitory effect,
or minimum MEP amplitudes after cIBS, and the measurements of
distance from coil to the hotspot were computed. Differences in age
between this subgroup and the remaining subjects were analyzed
with an independent, two-sample t-test.

RESULTS

CHARACTERIZATION OF STUDY SAMPLES

Mean age (£SD) of the studied participants was 50.28 + 18.45 years.
All participants completed the study without unexpected events
or side-effects of TMS or TBS. The study was conducted in paral-
lel in Boston and in Barcelona. The samples and findings at each
site were matched. Specifically, at the Boston site, the 14 subjects
studied were on average 45.00 £ 19.75 years old, while at the
Barcelona site the 22 individuals studied were 53.64 £ 17.19 years
old. These age differences were not significant (p = 0.174). The
average MEP peak-to-peak amplitude at the hotspot at baseline
was 2.26 = 1.09 mV for the Boston sample and 2.26 £ 0.55 mV for
the Barcelona sample. There was no significant difference between
sites on baseline MEP amplitude (p = 0.988). The average dura-
tion of the modulation of cortico-spinal excitability by ¢TBS, or
time-to-baseline, was 26.80 £ 5.72 min for the Boston sample and
28.88 + 7.50 min for the Barcelona sample. There was no statisti-
cally significant difference in time-to-baseline between study sites
(p=0.383). The cTBS-induced inhibition was also not statistically
significant between the Boston and Barcelona sites (p=0.579). For
example, the area of inhibition was 5.07 + 2.30 and 4.66 £ 2.01 in
the Boston and Barcelona samples respectively. Finally, the average
of the minimum amplitude of MEPs after cTBS was —0.33 +0.10
and —0.25+0.08 mV for the Boston and Barcelona samples, respec-
tively. This difference was, in contrast to all others, found to be
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statistically significant (p = 0.013). Figure 1B depicts the averaged
smooth curve throughout the time-points calculated using spline
interpolation for the combined study sample.

AGING-ASSOCIATED EFFECTS IN MOTOR CORTICAL PLASTICITY
Average MEP peak-to-peak amplitude at the hotspot at baseline
was 2.26 £0.79 mV. There was a weak, non-significant correlation
between age and baseline MEP amplitude (r=-0.210; p = 0.220).
Following cTBS, mean time-to-baseline was 28.07 £ 6.86 min
(Figure 1B). This duration of the cTBS effect was linearly and
inversely correlated with age (r = —0.367; p = 0.028). Figure 2A
depicts these findings. Moreover, the mean area of inhibition
after cTBS was 4.82 + 2.11 (Figure 1B). Area of inhibition also
showed as a significant inverse correlation with age, with the
amount of inhibition after cTBS gradually reducing with advanc-
ing age (r = —0.478; p = 0.003). Figure 2B displays this corre-
lation. Finally, the mean minimum MEP amplitude following
cTBS was —0.28 = 0.10 mV and was significantly and positively
correlated with age (r = 0.420; p = 0.011), with older subjects
showing smaller minimum MEP amplitude than their younger
counterparts (Figure 2C).

DISTANCE-TO-COIL EFFECTS IN MOTOR CORTICAL PLASTICITY FINDINGS
The age-range and mean age of the subset of participants (1 = 6;
20-73 years, 48.17 £ 22.52 years) in whom we performed MRI-
based anatomical measurements were representative of the
overall sample. There was no significant difference between the
ages of this subgroup and of the remaining participants (n = 30,
50.70  17.95 years; p = 0.764). The average coil-to-brain dis-
tance was 26.93 £ 0.39 mm. As expected, we found an increase in
coil-to-brain distance with advancing age, but this trend was not
significant (r = —0.774; p = 0.071). Furthermore, there were no
significant correlations between coil-to-brain distance and MEP
amplitude at baseline (r=-0.093; p=0.861), time-to-baseline after
cTBS (r=-0.143; p = 0.788), area of inhibitory effect after cTBS
(r=-0.467; p = 0.351), or minimum MEP amplitude after cTBS
(r=-0.163; p=0.758). Figure 3 displays the MRI-based anatomical
measurement performed in one of the subjects.

DISCUSSION

In this cross-sectional study with subjects ranging from 19 to
81 years of age, we found that motor cortical plasticity, as induced
by cTBS, progressively and linearly declines across the human
lifespan. This effect was consistent across various measures of the
cTBS effect. These findings suggest that LTD-like plasticity in the
motor cortex is progressively reduced with aging.

Theta-burst stimulation has been shown to induce reliable and
consistent cortical modulation that can be assessed by single-pulse
TMS-induced MEPs (as in the present study), TMS-induced elec-
troencephalographic (EEG) potentials or functional MRI (fMRI)
responses (Huerta and Volpe, 2009). The modulatory effects of TBS
on human local cortical reactivity are thought to mimic paradigms
used to assess synaptic plasticity in animal models (Huang et al.,
2005, 2008). Although the neurobiological mechanisms of TBS
in humans are not fully understood, a recent review concludes
that this protocol modifies synaptic efficacy and induces LTP- and

LTD-like effects (Cardenas-Morales et al., 2010). Whether such
changes affect excitatory, inhibitory, or various types of synapses
and at what cortical layers is unclear. Nevertheless, different pat-
terns of TBS might modulate the activity of inhibitory cortical
systems and protein expression differently, as suggested by ani-
mal studies (Benali et al., 2011). Additionally, in the motor cortex,
these effects have been shown to reflect intracortical, rather than
spinal, modulation of plasticity (Di Lazzaro et al., 2005). When
TBS is applied continuously over the motor cortex — as it was in
this study — the amplitude of TMS-induced MEPs following cTBS
is reduced, consistent with an LTD-like form of plasticity (Huang
etal., 2005). Increased GABAergic activity appears to underlie the
effects of cTBS over the primary motor cortex (Stagg et al., 2009),
consistent with the LTD dependency primarily on the GABAergic
system (Hess and Donoghue, 1996).

Our findings confirm and extend recently reported findings by
Todd et al. (2010) who found reduced motor cortex plasticity in
older as compared to younger subjects in response to 10 min of
6-Hz rTMS at low intensity. The repetitive TMS (rTMS) protocol
used by Todd et al. (2010) is thought to be less specific in the neu-
robiological substrates of the induced neuromodulation than TBS
(Rossi et al., 2009). Furthermore, there is substantial inter- and
even intra-individual variability in the modulation of cortico-spinal
excitability by rTMS (Maeda et al., 2000), while the modulatory
effects of TBS are more consistent within and across subjects. As
compared with Todd et al. (2010), we studied a wider range of
ages (19-81 years) and our paradigm enabled us to go beyond the
comparison of two cohorts, and demonstrate a significant, inverse
correlation with age.

We investigated the effects of cTBS, thought to capture LTD-like
plasticity. A different TBS paradigm, intermittent or iTBS, allows
the study of LTP-like plasticity (Huang et al., 2005), which may
also undergo a progressive decline with advancing age. Another
plasticity-inducing TMS paradigm, paired associative stimulation
(PAS) — which involves the pairing of an electric stimulus to the
peripheral median nerve with a TMS pulse over the contralateral
motor cortex — has revealed an age-dependent reduction of LTP-
like plasticity (Fathi et al., 2010). PAS captures heterotypic, sen-
sory-motor spike timing-dependent plasticity (Stefan et al., 2000;
Wolters et al., 2003). Future studies with iTBS might be interesting
to assess homotypic, motor plasticity across aging.

The functional significance of the observed corticomotor plas-
ticity decrement across the lifespan is unclear. Serial reaction time
tasks may be useful in the investigation of the association between
our neurophysiologic findings and the putative age-related defi-
cits in sequence skill learning acquisition and consolidation (e.g.,
Brown et al., 2009). Indeed, Rogasch et al. (2009) recently exam-
ined training-induced changes in corticomotor excitability and
plasticity in young and old adults, immediately and 30 min after a
thumb abduction training task, and showed that MEP amplitudes
became significantly larger in younger but not in older subjects,
thus suggesting the existence of reduced use-dependent corti-
comotor plasticity with advancing age. In a more recent study,
the same group showed an age-related decline in motor learning
only in the dominant hand (Cirillo et al., 2010). Thus, future
studies correlating TBS measures of cortical plasticity with behav-
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ioral measures of motor learning are important. The progressive  decline in hand motor function (e.g., longer reaction time)
decrease in cTBS-induced plasticity we found in the motor cortex  observed during healthy aging (e.g., Carmeli et al., 2003) and,
with advancing age may indeed be associated with age-dependent  especially, to age-related deficits in motor learning (e.g., Howard
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FIGURE 3 | Exemplification of the MRI-based measurement of distance
from scalp to hotspot in a 22-year-old subject.

and Howard, 1989, 1992; Cherry and Stadler, 1995; Curran, 1997;
Daselaar et al., 2003; Bunce et al., 2004; Brown et al., 2009). Age-
related compensatory mechanisms have been suggested based on
functional neuroimaging evidence of differential age-related brain
activation during motor (e.g., Mattay et al., 2002) and a variety
of cognitive tasks (e.g., Resnick et al., 2007). Such compensatory
mechanisms are typically characterized by over-recruitment of
other brain regions (e.g., Cabeza et al., 2002), even when task
difficulty is controlled for (Davis et al., 2008). It has been argued
that such age increases in brain activity may, at least in part, be
indicative of neural inefficiency (e.g., Grady, 2008). Indeed, there
is recent evidence of increased activity on a subset of regions
of the task-positive network (TPN) being associated with — and
predictive of — worse performance (Grady et al., 2010), i.e., the
greater the extent of the activity in the TPN in the older, the
poorer the performance. This additional recruitment may still
reflect an age-related compensatory mechanism, but may be the
consequence of decreased neural efficiency in elders (Grady et al.,
2010). Our results agree with such findings, and suggest that the
progressive, insidious development of deficits in the mechanisms
of neural plasticity may trigger, as a consequence, a cascade of
adaptive or maladaptive responses resulting in a more or less
salient decline of function.

Our findings of decreasing motor cortical plasticity with age
may also be related to structural changes occurring during aging.
The growth and stability of the dendritic arbor is highly regu-
lated by intrinsic signals and extrinsic molecular mechanisms
(Urbanska et al., 2008), namely neuronal activity-dependent
effects (for review, Parrish et al., 2007). Additionally, AMPA
(Haas etal.,2006) and NMDA (Sin et al., 2002) receptor-mediated
glutamatergic and GABA-based (Gascon et al., 2006) neurotrans-
mission may be involved in the dynamics of proper dendritic
arborization. Altered plasticity mechanisms may, as a result,
impair synaptic terminals and induce further remodeling of the
dendritic arborization, eventually leading to structural abnor-
malities of brain tissue characterizing healthy aging and even
psychiatric disorders (Penzes et al., 2011). Cross-sectional stud-
ies have consistently identified morphometric changes driven by
healthy aging, typically encompassing regional cortical thinning,
volumetric subcortical reductions, and ventricular enlargement
(e.g., Walhovd et al., 2005, 2009; Fjell et al., 2009b). Longitudinal
studies have demonstrated annual atrophy rates for brain volume,
hippocampus, and entorhinal cortex (e.g., Scahill et al., 2003;
Fotenos etal.,2005), and atrophy in cortical brain regions over dif-
ferent periods of time (Raz et al., 2005; Driscoll et al., 2009), often

exceeding cross-sectional estimates (Raz et al., 2005). Notably,
volumetric reductions of cortical and several subcortical brain
regions, as well as ventricular expansion, have recently been shown
after only 1 year in the healthy elderly (Fjell et al., 2009a) without
subclinical cognitive disorders (Fjell et al., 2010). Motor cortex,
in particular, undergoes prominent cortical thinning with age
(Ziegler et al., 2008). Our findings may therefore provide a neu-
rophysiologic correlate of the morphometric changes revealed by
serial brain imaging studies across aging. Obviously, though, our
cross-sectional findings warrant a follow-up longitudinal study
to further characterize the results and explore inter-individual
differences likely to be present.

It is important to examine whether our findings could be
accounted for by age-related brain atrophy or an increase of coil-
to-hotspot distance. It is known that the impact of TMS, and thus
also TBS, depends on the distance between cortex and scalp as the
magnetic field, and thus also the induced electric field, decreases
with distance (Wagner et al., 2004, 2008). Furthermore, modeling
work suggests that current density distribution is critically influ-
enced by brain morphology and tissue characteristics (Wagner
et al., 2007, 2008). Brain atrophy can thus substantially alter the
impact of TMS (Wagner et al., 2007) not only because of the effect
of greater scalp-to-brain distance, but also due to increased current
shunting in the cerebrospinal fluid (CSF) compartment. Therefore,
it is relevant to consider the possibility that age-related differ-
ences in TMS or TBS effects might simply reflect cortical atrophy.
We did find a trend for an increased coil-to-brain distance with
advancing age in the subset of subjects analyzed, and it is possible
that we could have found significant results if similar measure-
ments had been performed in the total number of participants
(greater power). Nevertheless, our data make the possibility of a
major influence of brain atrophy on our neurophysiologic results
very unlikely. First, baseline MT and MEP amplitudes showed no
significant correlation with age. Second, correlations between coil-
to-brain distance and MEP at baseline, duration of TBS effect, area
of inhibitory effect, or minimum MEP after cTBS were all weak
and non-significant. Therefore, while we cannot completely rule
out a possible contribution of atrophy, our findings seem prima-
rily related to age-associated modifications of the physiological
processes measured by TMS rather than anatomical differences.
Nevertheless, future studies fully accounting for this potential
confound are warranted.

Finally, it is worth noting that statistical analyses revealed
that samples from Boston and Barcelona behaved similarly, with
congruent effects obtained across study sites in regard to base-
line MEPs and modulation after ¢TBS for all measures, except
for the minimum MEP amplitude reached after ¢TBS. The
significance of the differences in this one measure is unclear.
Importantly, all other measures are consistent and all show the
same impact of aging, for the Boston and Barcelona samples
separately and combined.

CONCLUSION

Our cross-sectional results demonstrate a linear decline of
human motor cortical plasticity during healthy aging. We focused
our study on the motor cortex, but predict that similar changes
in the mechanisms of plasticity may be found in non-motor,
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associative neocortical areas underlying cognitive decline. Our
paradigm enables the study of plasticity mechanisms in non-
motor cortical brain regions if combined with EEG measures in
areal-time integrated approach (Thut and Pascual-Leone, 2010).
The presented measures, in the setting of longitudinal studies,
may allow for the assessment of the impact of environmental
and biological factors (e.g., diet, physical activity, chronic stress,
sleep deprivation, stroke, traumatic brain injury, hypertension,
diabetes or menopause) on age-associated changes in plastic-
ity. Furthermore, such measures of cortical plasticity may serve
as biomarkers to guide plasticity-based interventions aimed at
promoting healthy aging and cognitive well-being across the
age-span. Such interventions may include non-invasive brain
stimulation approaches, as recently proposed by Zimerman and
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