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Abstract

Repeated pairing of transcranial magnetic stimulation (TMS) over left and right primary motor cortex (M1), at intensities
sufficient to generate descending volleys, produces sustained increases in corticospinal excitability. In other paired associative
stimulation (PAS) protocols, in which peripheral afferent stimulation is the first element, changes in corticospinal excitability
achieved when the second stimulus consists of brief bursts of transcranial alternating current stimulation (tACS), are com-
parable to those obtained if TMS is used instead (McNickle and Carson 2015). The present aim was to determine whether
associative effects are induced when the first stimulus of a cortico-cortical pair is tACS, or alternatively subthreshold TMS.
Bursts of tACS (500 ms; 140 Hz; 1 mA) were associated (180 stimulus pairs) with single magnetic stimuli (120% resting
motor threshold rtMT) delivered over the opposite (left) M1. The tACS ended 6 ms prior to the TMS. In a separate condition,
TMS (55% rMT) was delivered to right M1 6 ms before (120% rMT) TMS was applied over left M 1. In a sham condition,
TMS (120% rMT) was delivered to left M1 only. The limitations of null hypothesis significance testing are well documented.
We therefore employed Bayes factors to assess evidence in support of experimental hypotheses—defined precisely in terms
of predicted effect sizes, that these two novel variants of PAS increase corticospinal excitability. Although both interven-
tions induced sustained (~20-30 min) increases in corticospinal excitability, the evidence in support of the experimental
hypotheses (over specified alternatives) was generally greater for the paired TMS-TMS than the tACS-TMS conditions.
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Introduction

In the period since the first utilisation of the technique,
paired associative stimulation (PAS) has become a method
of choice with which to investigate the expression of neural
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plasticity at a systems level in humans (Carson and Kennedy
2013). The appeal arises, at least in part, from a resemblance
to certain facets of spike-timing dependent plasticity (STDP,
e.g., Miiller-Dahlhaus et al. 2010). In particular, it has been
observed that: (1) the polarity of the changes in corticospinal
excitability induced by PAS are contingent upon the order
in which stimulation is delivered to the (presumed) pre- and
post-synaptic targets, and (2) that to be effective the ISIs
must lie within a restricted (milliseconds) range (Wolters
et al. 2003). These observations notwithstanding, qualita-
tively equivalent outcomes (i.e., suggestive of associative
plasticity) have been achieved using methods that deviate
from the notional requirements for STDP—for example
using stimulus pairs that cannot be defined in terms of a dis-
crete ISI (e.g.,Ridding and Taylor 2001; Carson et al. 2013;
McNickle and Carson 2015; Shulga et al. 2016; Carson and
Rankin 2018; Tolmacheva et al. 2019).

In assessing the effects of PAS on corticospinal excitabil-
ity, as for many other forms of non-invasive brain stimulation
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(NIBS), it has been customary to rely upon null hypothesis
significance testing (NHST). This approach is used to establish
whether, on the basis of the observed data, the null-hypothesis
of no effect can be rejected. The limitations of this approach
have been outlined exhaustively (e.g.,Wagenmakers 2007;
Greenland et al. 2016). Detailed description of these deficien-
cies is beyond the scope of the present article. Suffice to say,
it has been shown that NHST can increase publication bias
(Ioannidis 2005; van Assen et al. 2014), and the prevalence of
undesirable research practices (Masicampo and Lalande 2012;
O’Boyle et al. 2016; Perneger and Combescure 2017). The use
of Bayesian inference in general, and the adoption of Bayes
factors in particular, has been advocated widely as a means
of dealing, at least in part, with the problems of NHST (e.g.,
Dienes 2016). In contrast to the significant/non-significant
dichotomy of NHST, Bayes factors yield evidence concern-
ing each of the hypotheses under consideration. A specific
advantage of this approach is that models and parameters that
are predictive of empirical data receive a boost in credibility.
Models and parameters that exhibit poor levels of prediction
suffer a consequential decline in plausibility (Wagenmakers
et al. 2016). It has been proposed previously (de Graaf and
Sack 2018) that with respect to NIBS, Bayesian methods may
be used to help formalize the inferences drawn on the basis
of null results. In the present study, we take the further step
of using Bayes factors to assess the evidence in support of
specific experimental hypotheses—concerning two types of
PAS, which are defined quantitatively in terms of predicted
effect sizes.

We evaluated two new variants of an associative protocol
involving stimulation of interconnected brain areas (Rizzo
et al. 2009, 2011; Koganemaru et al. 2009), in which pairs of
magnetic stimuli at intensities sufficient to generate descend-
ing corticospinal volleys (i.e., in extant studies) were delivered
over left and right M1. In the first new variant, the intensity of
the first stimulus was lower than that used previously—55% of
resting motor threshold (rMT), and the ISI set to 6 ms. It has
been shown that these parameters can potentiate the amplitude
of the motor evoked potential (MEP) elicited by the second
stimulus of the pair (Bdumer et al. 2006). In the second new
variant, 500 ms of transcranial alternating current stimulation
(tACS) at 140 Hz was used instead as the first stimulus of the
associated pair. Quantitative hypotheses expressing the degree
to which these variants would induce increases in corticospinal
excitability were formulated using effect size estimates derived
from previous research.
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Material and methods
Participants

Fourteen healthy volunteers (nine females, mean age =24,
s.d=2.58; and five males, mean age =25, s.d =1.54) par-
ticipated in the study. All were right handed according
to the Edinburgh handedness inventory (Oldfield 1971),
and gave informed consent to procedures approved by the
relevant Trinity College Dublin Ethics Committee, which
(with the exception of study pre-registration) were con-
ducted in accordance with the Declaration of Helsinki.
The sample size was guided by previous experiments in
which tACS-based associative stimulation protocols were
employed (McNickle and Carson 2015). In the language
of Bayesian analysis, our stopping rule was to run as many
participants as is “traditional” in the field (Dienes 2008). It
was our original intent to recruit and test 16 participants.
Due to circumstances unrelated to the testing protocol,
one person was able to complete only a single session.
Another participant exhibited consistently high levels of
background EMG that precluded their inclusion. The order
of allocation to conditions was partially counterbalanced
across participants. In line with current recommendations
(Nitsche et al. 2008), successive testing sessions were
separated by at least 7 days. For each participant, all ses-
sions commenced at the same time of day—to control for
any potential influence of circadian rhythms (Sale et al.
2007). None of the participants had previous experience
of transcranial alternating or direct current stimulation.

Recording and stimulation procedures

The participants were seated with the upper limbs sup-
ported and stabilized by vacuum cushions, the forearms
in mid-pronation and the elbows semi-flexed (100-120°).
Electromyographic (EMG) activity was recorded from the
right flexor carpi radialis (FCR) and extensor carpi radia-
lis brevis (ECR) muscles (Riek et al. 2000), using pairs
of silver chloride (AgCl) electrodes. EMG signals were
amplified (gain = 1000), bandpass filtered (30-1000 Hz),
and digitized at a sampling rate of 4 kHz.

Magnetic stimuli were delivered to the left primary
motor cortex (M1) by a Magstim 200 stimulator (Mag-
stim Company, Whitland, Dyfed, UK), using a figure of
eight coil (internal wing diameter 70 mm), located at the
optimal position (“hot spot”) to obtain a motor evoked
potential (MEP) in the FCR muscle of the contralateral
(right) arm. The coil was placed so that the axis of inter-
section between the two loops was oriented at approxi-
mately 45 degrees to the sagittal plane, to induce posterior
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to anterior current flow across the motor strip. Once the
hot spot was established, the lowest stimulation intensity
at which MEPs with peak-to-peak amplitude of approxi-
mately 50 uV were evoked in at least five of ten consecu-
tive trials was taken as resting motor threshold (rMT). In
the paired TMS-TMS condition, the first magnetic stim-
ulus was delivered at the “hot spot” overlying the right
primary motor cortex via a separate coil (internal wing
diameter 60 mm) and Magstim 200 stimulator. This coil
was also oriented at approximately 45 degrees to the sagit-
tal plane, to induce posterior to anterior current flow. The
rMT for the left FCR was then established independently,
as described above. Markings to aid in guidance of the
coils were made directly on the scalp. The coils were sup-
ported by means of clamps. The positions and orientations
of the coils was monitored continuously, and if necessary
adjusted to align with the scalp markings.

Prior to each intervention (Pre), a MEP recruitment
curve was obtained by delivering TMS over the left
hemisphere at 10% increments of intensity between 90
and 160% of the rMT. Six stimuli were delivered at each
level of intensity. A further 12 stimuli were delivered at
120% rMT. The order of delivery was randomised. The
interval between successive stimuli was 10 s on average—
“jittered” by 50%, such that the range was between 5 and
15 s. The total duration of the sequence was approximately
5 minutes. Average MEP amplitudes obtained at 90% and
100% rMT were calculated to ensure that the threshold
had been correctly determined. In cases where the aver-
aged MEPs for these intensities did not correspond to the
expected values (i.e. <50 pV at 90% rMT, 50-100 pV at
100% rMT), the threshold intensity was adjusted accord-
ingly and another recruitment curve was obtained. Equiva-
lent sets of stimuli (without adjustments of threshold) were
delivered immediately following the intervention (Post0)
and at 10 (Post10), 20 (Post20) and 30 (Post30) minutes
thereafter (Fig. 1). The first of these sets (i.e., Post0)
always commenced within 30 s following completion of
the intervention. There was a break of 5 minutes after the

RC

Pre

Intervention

TIME
(mins)™ |
-35 -30

Fig.1 The time course of each experimental session is represented
schematically. A recruitment curve (RC) was measured at the begin-
ning of testing (‘Pre’) followed by a 30 min intervention that differed
according to the experimental condition. Further recruitment curves

delivery of each such set of stimuli prior to commence-
ment of the subsequent set.

Transcranial alternating current stimulation (tACS)

Flexible electrode paddles were placed within two saline-
soaked 5 cm x 5 cm sponges and fixed securely on the scalp
using non-conducting elastic straps. One electrode was
placed over right M1 at the FCR “hot spot” determined pre-
viously by TMS. The other electrode was placed over the
contralateral supraorbital area. A battery-driven stimulator
(AM Systems Model 2200, U.S.A.) controlled by Signal
software (Cambridge Electronic Design, Cambridge, UK.)
was used to deliver 500 ms duration bursts of bipolar sinu-
soidal alternating current at a frequency of 140 Hz and an
amplitude of 1 mA. The current density was 0.04 mA/cm?>.
Electrode impedance was monitored and maintained below
5kQ.

Interventions

Sham condition. The electrode paddles were placed on the
scalp in the manner described above. Following the comple-
tion of (Pre) MEP recruitment curve procedure, direct cur-
rent stimulation (tDCS) was applied such that it increased
linearly from O to 1 mA over a period of 10 seconds, and
then decreased to 0 mA during the 10 seconds following.
The participants perceived the tDCS as a weak tingling sen-
sation localised to the scalp. Thereafter, 180 TMS pulses
were applied over the left M1 at an intensity of 120% rMT
(Fig. 2a). The interval between successive pulses was 10 s on
average (~0.1 Hz)—"jittered” by 50%, such that the range
was between 5 and 15 s.

Paired TMS-TMS condition
A total of 180 magnetic stimuli were delivered over the left

M1 at an intensity of 120% rMT. The interval between suc-
cessive stimuli was 10 s on average (~0.1 Hz)—"jittered” by

RC

Post00

RC

Post10

RC

Post20

RC

Post30

0 5 10 15 20 25 30 35

were measured immediately following (‘Post00’) and at 10 (‘Post10"),
20 (‘Post20") and 30 (‘Post30") minutes following the completion of
the intervention
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Fig.2 The three interventions A
are represented schematically.
In each case, 180 TMS pulses
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50%, such that the range was between 5 and 15 s. Six (6) ms
prior to each such stimulus, TMS was delivered to the right
MI1 at an intensity of 55% rMT (Fig. 2b).

Paired tACS-TMS condition

Magnetic stimuli were delivered over the left M1 in the man-
ner described for the paired TMS-TMS condition. A 500 ms
duration train of tACS applied between the electrode placed
over right M1 and the contralateral supraorbital electrode, at
a frequency of 140 Hz and an amplitude of 1 mA (zero cen-
tred, i.e., 0.5 mA zero-to-peak/trough), commenced 506 ms
prior to, and concluded 6 ms prior to, each of the 180 mag-
netic stimuli applied to left M1 (Fig. 2c).

In all conditions, the duration of the intervention was
30 min.

@ Springer
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Data analysis

The root mean square (rms) of the background EMG
recorded in FCR and ECR was calculated for a window
93 ms to 3 ms before TMS onset. If the value was greater
than 2.5 pV for either muscle, the corresponding MEP was
disregarded. As a further means of eliminating instances in
which elevated excitability of the spinal motoneuron pool
may have influenced the MEP amplitude, we first calculated
for each participant (separately for FCR and ECR) the quar-
tiles for all background rms EMG values retained following
the screening procedure described above. In the event that
an individual rms value was above the upper whisker of the
distribution (in this instance set to the third quartile plus 1.5
times the interquartile range) the corresponding MEP was
disregarded. Overall, 86.4% of the responses were retained
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(Pre-87.2%, Post0-86.7%, Post10-83.4%, Post20-89.2%
and Post30-85.5%). Following Cavaleri et al. (2017), it
was a further requirement that a minimum of five qualify-
ing MEP amplitude measurements were present for every
analysis cell (i.e., for every stimulation intensity for every
person in every condition).

For the retained recordings, the mean (peak-to-peak) of
the natural logarithm transformed amplitude of the MEPs
elicited at the eight respective stimulation intensities was
calculated (Nielsen 1996). The values thus obtained were
then inverse transformed to SI units (i.e., mV). For each time
of measurement (Pre, Post0, Post10, Post20 and Post30),
the summated area under the recruitment curve (AURC)—
bounded by magnetic stimulation intensity and MEP ampli-
tude (in units of mV.T), was obtained using the trapezoidal
rule. It has been demonstrated elsewhere (Carson et al. 2013)
that the AURC is a reliable measure of the state of corti-
cospinal projections to hand and forearm muscles, which
has construct, face, and concurrent validity.

The normality of the distribution of AURC values
obtained in each analysis cell (i.e., separately for each condi-
tion) was assessed using the Shapiro-Wilks test. On the basis
of these analyses it could not be inferred that any distribu-
tion of AURC values deviated from normality to a reliable
degree (Sham: p =0.05-0.94; tACS-TMS: p=0.31-0.92;
TMS-TMS: p=0.19-0.36). As a consequence of the strin-
gent steps that were applied to eliminate the influence of
MEPs generated in the context of elevated spinal motoneu-
ron excitability (described above), there were a small num-
ber of cells within the analysis design for which an AURC
measure was not available (i.e. for a single participant at a
single time of measurement). There were 2 such values (of
70) in the sham condition, 2 (of 70) in the tACS-TMS condi-
tion, and 2 (of 70) in the TMS-TMS condition. For all such
instances (1 at Post0, 2 at Post10, 1 at Post20, 2 at Post30)
no participant accounted for more than one such value. As
the Bayesian analysis methods applied in the present study
do not deal easily with such “missing values”, these were
imputed using a sequential nearest neighbour imputation
(kNN) method (using a k value of 10), implemented via the
VIM package in R (Templ et al. 2011, 2012). This is a non-
parametric method, that matches a (missing) point with its
closest k neighbours in a multi-dimensional space defined
by relevant variables. Replacements for missing values are
extracted from cases (donors) that are similar to the recipient
with respect to observed characteristics—in this case: the
participant, the condition, and the time point. The assump-
tion is that the missing value can be approximated by the
values of the points closest to it.

The generation of Bayes Factors was conducted sepa-
rately for each condition, and each time of measurement
contrast (i.e., pre versus post) using the BayesFactor package
in R (Rouder et al. 2009). In all cases, an informed prior was

used. The point estimate of the prior (Table 1) was based on
effect size estimates (Cohen’s d) derived from data given
in Rizzo et al. (2009), for contrasts between measurements
obtained before the intervention (Pre), and at each time
point following the intervention (PostO, Post10, Post20,
Post30). The values shown for the Post10 and Post20 con-
trasts were interpolated (linearly) on the basis of the test
statistics reported for PostO and Post30 in the Rizzo et al.
(2009) paper. The lower and upper boundaries of the priors
defined on the basis of these effect size estimates (Table 1)
were calculated using the 95% confidence intervals for the
effect sizes given in McNickle and Carson (2015) (i.e., cor-
responding to contrasts between Pre and Post0, Post10,
Post20, and Post30, respectively).

To facilitate the generation of standardized effect sizes for
the data obtained in the present study, and permit compari-
son with statistics reported conventionally in the context of
null hypothesis testing, analogous paired ¢ tests were under-
taken. As the motivating hypotheses were directional, i.e.,
the tACS-TMS and TMS-TMS interventions were predicted
to increase the magnitude of the AURC values, the t-tests
were one tailed. Confidence intervals (95%) for the effect
size estimate associated with each ¢ test (Cohen’s d) were
generated using 10,000 bootstrap samples. With respect
to the calculation of d, in accordance with recommenda-
tions concerning repeated measures designs (Cumming
and Finch 2001), the “standardiser” was the estimate of the
standard deviation of the measurements obtained prior to
the intervention.

Supplementary analyses

To characterize potential time-dependent differences
between conditions in a manner that might satisfy the

Table 1 Effect size estimates (Cohen’s d) derived from data given
in Rizzo et al. (2009), for contrasts between measurements obtained
prior to the intervention (Pre), and at each time point following the
intervention (Post0, Post10, Post20, Post30)

Effect size (d) Lower Upper

Contrast
Pre vs. Post00 0.601 0.403 0.799
Pre vs. Post10 0.684 0.474 0.893
Pre vs. Post20 0.766 0.556 0.976
Pre vs. Post30 0.849 0.634 1.063

The values shown for the Post10 and Post20 contrasts were interpo-
lated (linearly) on the basis of the test statistics reported for PostO and
Post30 in the Rizzo et al. (2009) paper. The lower and upper bounda-
ries of the priors defined on the basis of these effect size estimates
were calculated using the 95% confidence intervals for the effect
sizes given in McNickle and Carson (2015) (i.e., corresponding to
contrasts between Pre and Post0, Post10, Post20, and Post30, respec-
tively)
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curiosity of the reader looking for a more typical presenta-
tion, we also generated effect size estimates and confidence
intervals for contrasts between the paired TMS-TMS and
sham conditions, and between the tACS-TMS and sham
conditions. Careful consideration of the analysis model is
required in the context of experimental designs in which
participants are engaged in different conditions (i.e., of non-
invasive brain stimulation) at intervals of 1 week or longer.
In such circumstances, inter-session variability of meas-
urement contributes to that of the estimates for the experi-
mental conditions. In a study in which a PAS protocol was
administered on five separate occasions at 1-week intervals,
intra-individual variations in the level of response to the
intervention (i.e., across sessions) were considerable (Kim
et al. 2017). It is well established that the intra-day vari-
ability of TMS-derived measurements is lower than when
measurements are obtained several days apart (Beaulieu
et al. 2017; Cavaleri et al. 2017). In the present case, the
relatedness (i.e., intraclass correlation) across sessions of the
AURC measurement obtained prior to the intervention was
relatively modest (ICC(3)=0.34; 95% CI: 0.02-0.68). For
this reason, in undertaking the present analyses, we first sub-
tracted (i.e., independently for each participant) the AURC
value obtained prior to the intervention from the AURC cal-
culated for all post-intervention measurements. In applying
this step (i.e., separately for each condition), the impact of
inter-session variability in the pre-intervention measure-
ments was mitigated to some extent. Confidence intervals
(95%) for the effect size estimates were generated using
10,000 bootstrap samples. With respect to the calculation of
d, in accordance with recommendations concerning repeated

measures designs (Cumming and Finch 2001), the “stand-
ardiser” was in this case the estimate of the standard devia-
tion of the measurements obtained for the sham condition.

Results

The Bayes factor is a likelihood ratio that expresses the
degree to which the data support the experimental hypoth-
esis over the null. If the Bayes factor is greater than 1, the
data support the experimental hypothesis over the null. If
the Bayes factor is less than 1, the data support the null
over the experimental hypothesis. Strictly, the Bayes factor
indicates the degree to which the prior odds in favour of an
experimental hypothesis (over the null hypothesis) should be
multiplied in light of the data (e.g., Dienes 2008). In the pre-
sent study, each experimental hypothesis was defined quan-
titatively—in terms of an effect size range, on the basis of
previous research (Table 1). It is considered both a strength
and weakness of the Bayesian approach that each person
can have their own sense of how the odds represented by a
Bayes factor should be interpreted. Various guidelines have
been written with the intent that Bayes Factors can be com-
prehended in a scientific context. For example, Wetzels and
Wagenmakers (2012) propose that Bayes factors in the range
1-3 be considered “anecdotal evidence”, in the range 3—10
“substantial evidence”, and in the range 10-30 “strong evi-
dence”. Ultimately however it is for the reader to decide how
to view the odds in favour of the experimental hypotheses
that are reported (Table 2; Fig. 3).

Table 2 Bayes Factors
BF (13 d d(l d
(BF) for planned contrasts 13 P (lower) (upper)
conducted (separately for TMS-TMS
each condition) between the Pre vs. Post00 2.0 1.43 0.088 0.43 0.03 1.16
AURC value obtained prior
to the intervention (Pre), and Pre vs. Post10 17.9 2.69 0.009 0.64 0.21 1.05
the AURC value calculated for Pre vs. Post20 3.5 1.88 0.041 0.57 0.07 1.37
each time point following the Pre vs. Post30 225 2.82 0.007 0.93 0.26 1.76
intervention (Post0, Post10, g
Post20, Post30) (ACS-TMS
Pre vs. Post00 1.2 1.18 0.130 0.35 0.01 0.98
Pre vs. Post10 3.9 1.85 0.043 0.35 0.01 0.78
Pre vs. Post20 4.9 2.03 0.031 0.66 0.13 1.74
Pre vs. Post30 2.2 1.79 0.049 0.47 0.02 1.08
Sham
Pre vs. Post00 0.4 0.61 0.276 0.19 0.00 0.83
Pre vs. Post10 0.2 0.49 0.317 0.12 0.00 0.50
Pre vs. Post20 0.2 0.59 0.282 0.11 0.00 0.39
Pre vs. Post30 0.1 0.58 0.284 0.11 0.00 0.44

The test statistic () and p value (p) for the corresponding #-test are given, along with the associated effect
size estimate (d), and the lower and upper bootstrapped 95% bias-corrected and accelerated (BCa) confi-
dence intervals for each effect size estimate
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Fig.3 The differences between the AURC values obtained prior to
the intervention (Pre), and the AURC values calculated for each time
point following the intervention (PostO, Post10, Post20, Post30) are
illustrated using separate violin plots for each experimental condi-
tion: paired TMS-TMS (a); paired tACS -TMS (b); and Sham (c).
Violin plots show the probability density of the data at different val-
ues, smoothed by a kernel density estimator. Individual data points
corresponding to the difference (post—pre) values (AAURC (mV.T))
obtained for each of the 14 participants are also plotted. Each par-
ticipant is represented by a distinct colour. The filled circle symbols
indicate the means. The error bars are the associated 95% confi-
dence intervals derived from 10,000 bootstrap samples. In each case
the dashed horizontal line corresponds to zero change in the AURC
value obtained following the intervention, relative to the AURC value
obtained prior to the intervention

In the paired TMS-TMS condition, the index of corti-
cospinal excitability (AURC) was elevated at 10, 20 and
30 min following the cessation of stimulation (Fig. 3a). The
corresponding Bayes factors were 17.9, 3.5, and 22.5 respec-
tively. In other words, 30 min following the cessation of the
intervention, the odds in favour of the experimental hypoth-
esis that the effect size (d) corresponding to the (positive)
change in corticospinal excitability was in the range 0.634
to 1.063, over the alternative hypothesis that the effect size
did not lie within this range, was 22:1.

In the tACS-TMS condition (Fig. 3b), post-intervention
elevations in the AURC were less marked. With respect to
the Post20 contrast, the odds in favour of the hypothesis
that the effect size (d) was in the range 0.556-0.976 (over
the alternative hypothesis that it lay outside this range)
were approximately 5:1. The calculated effect size was
0.66 (“medium” i.e.>0.50 (Cohen 1988)). For the Post10
contrast, the odds (with respect to the effect size range
0.474-0.893) were approximately 4:1. In this case, the
observed effect size was 0.47.

In the sham condition (Fig. 3c), all Bayes factors were
less than 1 (0.1-0.4). The corresponding effect sizes were
all less than 0.20.

Supplementary analyses

In a manner that was consistent with the outcomes of the
analyses conducted for the individual conditions, the mag-
nitude of the difference between the paired TMS-TMS and
the sham condition was greatest for the Post30 contrast, and
the magnitude of the difference between the tACS-TMS
and the sham condition was greatest for the Post20 contrast
(Table 3). As might be anticipated given the contribution
of variability in measurement across testing sessions, the
effect sizes obtained for the contrasts between conditions/
sessions were smaller than those present for contrasts within
sessions. For example, the effect sizes corresponding to the
Post30 contrast (versus sham) for the paired TMS-TMS
condition (0.48), and to the Post20 contrast (versus sham)
for the tACS-TMS condition (0.48), were below the lower
boundary of the customary designation of a medium sized
effect (0.50).

Discussion

Using Bayes factors to express the degree to which the data
supported specific experimental hypotheses—which were
defined quantitatively in terms of predicted effect sizes, we
demonstrated that two novel forms of associative stimulation
increase the excitability of corticospinal projections to the
forearm. The weight of evidence in support of the experi-
mental hypotheses was however greater for the variant in
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Table 3 Effect size estimates (d) for contrasts between the AURC val-
ues obtained in the sham condition and 1) the AURC values obtained
in the TMS-TMS condition, and 2) the AURC values obtained in the
tACS-TMS condition, respectively, at each time point following the
intervention (Post0, Post10, Post20, Post30)

d d (lower) d (upper)

TMS-TMS

Post00 0.02 <0.01 0.02

Post10 0.20 <0.01 0.66

Post20 0.23 <0.01 0.76

Post30 0.48 0.02 1.24
tACS-TMS

Post00 0.04 <0.01 0.13

Post10 0.12 <0.01 0.42

Post20 0.48 0.03 0.97

Post30 0.30 <0.01 0.93

The lower and upper bootstrapped 95% bias-corrected and acceler-
ated (BCa) confidence intervals for each effect size estimate are also
given

which a weak magnetic stimulus was paired repeatedly with
a suprathreshold magnetic stimulus delivered to the opposite
primary motor cortex, than for the variant in which the first
stimulus of the pair was a 500 ms duration burst of (140 Hz)
tACS.

The effect sizes obtained empirically were generally
smaller for the tACS-TMS condition than for the TMS-TMS
condition. One key aspect of Bayesian analyses is that there
need not be concordance between the magnitude of the effect
size and the magnitude of the associated Bayes factor. A key
consideration in this regard is that the prior defines a specific
range of effect sizes. In the event that the effect size obtained
empirically is, for example, larger than this range, the Bayes
factor may be smaller than for a value of the effect size that
lies within the pre-specified range. The Bayesian approach
thus places an emphasis on precision in the formulation of
experimental hypotheses. There is an obvious contrast with
NHST that makes a two-way distinction: evidence against
the null hypothesis versus anything else. Bayes factors pro-
vide for a continuous estimate of the evidence in favour of
one model or set of parameters as opposed to another (e.g.,
Rouder et al. 2009). In this vein it should be noted that in the
present case the informed prior defined in conjunction with
the generation of Bayes factors were derived from a previ-
ous study in which a paired TMS protocol was employed
(i.e., Rizzo et al. 2009). The effect sizes obtained empirically
for the tACS-TMS condition tended to lie at the lower end
of the ranges defined for the experimental hypotheses (i.e.,
for the individual pre versus post contrasts). In the event
that the study was to be repeated, the experimental hypoth-
esis associated with the tACS-TMS Post20 contrast—as an
example, would be adjusted (downward) to be defined as
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the effect size range 0.45-0.87 (using the same confidence
intervals), rather than 0.556-0.976 (Table 1). In the event
that the same effect size (0.66) was obtained again (and all
other factors being equal), the corresponding Bayes factor
would be larger.

It has been noted previously for projections to forearm
muscles that the magnitude of the increases in corticospi-
nal excitability brought about by an associative protocol
(in young adults) tends to increase over a period of time
following the cessation of the intervention (e.g.,Carson
et al. 2013; McNickle and Carson 2015; Carson and Rankin
2018). This was also the case in the present study. In the
paired tACS-TMS condition, the largest AURC values were
obtained 20 min after the intervention ended. Following
paired TMS-TMS, the largest AURC values were present
30 min later (as per Rizzo et al. 2009, 2011). Indeed, the
variation in the magnitude of the effects observed by Rizzo
and colleagues over the interval following the associative
stimulation was incorporated explicitly in the formulation
of the priors used in the present study. This illustrates fur-
ther that in the deployment of Bayesian analyses, emphasis
may be placed on the precise specification of experimental
hypotheses, guided either by prior empirical findings or by
predictions generated through other means.

Conclusions

The outcomes of this study emphasise that the induction of
increases in the excitability of corticospinal projections aris-
ing from a paired associative protocol, does not depend on
temporally discrete cortical stimulus events. In the present
case a 500 ms burst of 140 Hz 1 mA tACS—when used as
the first stimulus in the pair was effective, as was 55% rMT
TMS, in promoting subsequent increases in corticospinal
excitability. These results contribute to an accumulating
body of evidence that associative effects may be expressed at
the systems level in humans when the timing of the contribu-
tory elements is not precisely circumscribed (e.g.,McNickle
and Carson 2015; Shulga et al. 2016). They further support
the view that multiple cellular pathways—extending beyond
the domain of STDP, are likely to mediate the LTP-type
response typically ascribed to PAS (Carson and Buick 2019;
Carson and Kennedy 2013; Seeman et al. 2017).

Funding The research reported herein did not receive specific fund-
ing. It was performed as part of the employment of the authors: Trinity
College Dublin, Queen’s University Belfast, and Maastricht Univer-
sity. In this respect, the work is part of the research programme VICI
(awarded to Alexander T. Sack) with project number 453-15-008,
which is (partly) financed by the Netherlands Organisation for Sci-
entific Research (NWO). Richard G. Carson thanks Atlantic Philan-
thropies for their generous support, through their funding of the NEIL



Experimental Brain Research (2021) 239:21-30

29

(Neuro-Enhancement for Independent Lives) programme at Trinity
College Institute of Neuroscience. We thank an anonymous reviewer
for constructive commentary.

Data availability The data reported in this study are available via:
https://zenodo.org. The Digital Object Identifier (DOI) is: 10.5281/
zenodo.4010860.

Compliance with ethical standards

Conflict of interest There are no conflicts of interest of which the au-
thors are aware.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Béumer T, Bock F, Koch G et al (2006) Magnetic stimulation of human
premotor or motor cortex produces interhemispheric facilitation
through distinct pathways. J Physiol 572:857-868. https://doi.
org/10.1113/jphysiol.2006.104901

Beaulieu LD, Flamand VH, Massé-Alarie H, Schneider C (2017) Reli-
ability and minimal detectable change of transcranial magnetic
stimulation outcomes in healthy adults: a systematic review. Brain
Stimul Basic Transl Clin Res Neuromodul 10(2):196-213. https
://doi.org/10.1016/j.brs.2016.12.008

Carson RG, Buick AR (2019) Neuromuscular electrical stimulation-
promoted plasticity of the human brain. J Physiol. https://doi.
org/10.1113/JP278298

Carson RG, Kennedy NC (2013) Modulation of human corticospinal
excitability by paired associative stimulation. Front Hum Neurosci
7:823. https://doi.org/10.3389/fnhum.2013.00823

Carson RG, Rankin ML (2018) Shaping the effects of associative brain
stimulation by contractions of the opposite limb. Front Psychol
9:2249. https://doi.org/10.3389/fpsyg.2018.02249

Carson RG, Nelson BD, Buick AR et al (2013) Characterizing changes
in the excitability of corticospinal projections to proximal mus-
cles of the upper limb. Brain Stimul. https://doi.org/10.1016/].
brs.2013.01.016

Cavaleri R, Schabrun SM, Chipchase LS (2017) The number of stimuli
required to reliably assess corticomotor excitability and primary
motor cortical representations using transcranial magnetic stimu-
lation (TMS): a systematic review and meta-analysis. Systematic
reviews 6(1):48. https://doi.org/10.1186/s13643-017-0440-8

Cohen J (1988) Statistical power analysis for the behavioural sciences
(2nd ed.) Hillsdale NJ: L. Erlbaum Associates

Cumming G, Finch S (2001) A primer on the understanding, use, and
calculation of confidence intervals that are based on central and
noncentral distributions. Educ Psychol Measur 61:532-574. https
://doi.org/10.1177/0013164401614002

de Graaf TA, Sack AT (2018) When and how to interpret null results
in NIBS: a taxonomy based on prior expectations and experi-
mental design. Front Neurosci 12:915. https://doi.org/10.3389/
fnins.2018.00915

Dienes Z (2008) Understanding psychology as a science: an introduc-
tion to scientific and statistical inference. Macmillan International
Higher Education, Basingstoke

Dienes Z (2016) How Bayes factors change scientific practice. J Math
Psychol 72:78-89. https://doi.org/10.1016/j.jmp.2015.10.003

Greenland S, Senn SJ, Rothman KIJ et al (2016) Statistical tests, P
values, confidence intervals, and power: a guide to misinterpreta-
tions. Eur J Epidemiol 31:337-350. https://doi.org/10.1007/s1065
4-016-0149-3

Ioannidis JPA (2005) Why most published research findings are false.
PLoS Med 2:e124. https://doi.org/10.1371/journal.pmed.0020124

Kim Y, Ngo JP, Deblieck C, Edwards DJ, Dobkin B, Wu AD, Iacoboni
M (2017) Individual level reliability of PAS-induced neural plas-
ticity. bioRxiv 57:509

Koganemaru S, Mima T, Nakatsuka M et al (2009) Human motor
associative plasticity induced by paired bihemispheric stimula-
tion. J Physiol 587:4629-4644. https://doi.org/10.1113/jphys
101.2009.174342

Masicampo EJ, Lalande DR (2012) A peculiar prevalence of p values
just below.05. Q J Exp Psychol (Colchester) 65:2271-2279. https
://doi.org/10.1080/17470218.2012.711335

McNickle E, Carson RG (2015) Paired associative transcranial alter-
nating current stimulation increases the excitability of corticospi-
nal projections in humans. J Physiol 593:1649-1666. https://doi.
org/10.1113/jphysiol.2014.280453

Miiller-Dahlhaus F, Ziemann U, Classen J (2010) Plasticity resembling
spike-timing dependent synaptic plasticity: the evidence in human
cortex. Front Synaptic Neurosci 2:34. https://doi.org/10.3389/
fnsyn.2010.00034

Nielsen JF (1996) Logarithmic distribution of amplitudes of compound
muscle action potentials evoked by transcranial magnetic stimula-
tion. J Clin Neurophysiol 13:423-434

Nitsche MA, Cohen LG, Wassermann EM et al (2008) Transcranial
direct current stimulation: state of the art 2008. Brain Stimul
1:206-223. https://doi.org/10.1016/j.brs.2008.06.004

O’Boyle EH Jr, Banks GC, Gonzalez-Mulé E (2016) The chrysalis
effect. J Manag 43:376-399. https://doi.org/10.1177/0149206314
527133

Oldfield RC (1971) The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychologia 9:97-113

Perneger TV, Combescure C (2017) The distribution of P-values in
medical research articles suggested selective reporting associated
with statistical significance. J Clin Epidemiol 87:70-77. https://
doi.org/10.1016/j.jclinepi.2017.04.003

Ridding MC, Taylor JL (2001) Mechanisms of motor-evoked potential
facilitation following prolonged dual peripheral and central stimu-
lation in humans. J Physiol 537:623-631

Riek S, Carson RG, Wright A (2000) A new technique for the selec-
tive recording of extensor carpi radialis longus and brevis EMG.
J Electromyogr Kinesiol 10:249-253. https://doi.org/10.1016/
S$1050-6411(00)00017-1

Rizzo V, Siebner HS, Morgante F et al (2009) Paired associative stimu-
lation of left and right human motor cortex shapes interhemi-
spheric motor inhibition based on a Hebbian mechanism. Cereb
Cortex 19:907-915. https://doi.org/10.1093/cercor/bhn144

Rizzo V, Bove M, Naro A et al (2011) Associative cortico-cortical plas-
ticity may affect ipsilateral finger opposition movements. Behav
Brain Res 216:433-439. https://doi.org/10.1016/j.bbr.2010.08.037

Rouder JN, Speckman PL, Sun D et al (2009) Bayesian t tests for
accepting and rejecting the null hypothesis. Psychon Bull Rev
16:225-237. https://doi.org/10.3758/PBR.16.2.225

@ Springer


https://zenodo.org
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1113/jphysiol.2006.104901
https://doi.org/10.1113/jphysiol.2006.104901
https://doi.org/10.1016/j.brs.2016.12.008
https://doi.org/10.1016/j.brs.2016.12.008
https://doi.org/10.1113/JP278298
https://doi.org/10.1113/JP278298
https://doi.org/10.3389/fnhum.2013.00823
https://doi.org/10.3389/fpsyg.2018.02249
https://doi.org/10.1016/j.brs.2013.01.016
https://doi.org/10.1016/j.brs.2013.01.016
https://doi.org/10.1186/s13643-017-0440-8
https://doi.org/10.1177/0013164401614002
https://doi.org/10.1177/0013164401614002
https://doi.org/10.3389/fnins.2018.00915
https://doi.org/10.3389/fnins.2018.00915
https://doi.org/10.1016/j.jmp.2015.10.003
https://doi.org/10.1007/s10654-016-0149-3
https://doi.org/10.1007/s10654-016-0149-3
https://doi.org/10.1371/journal.pmed.0020124
https://doi.org/10.1113/jphysiol.2009.174342
https://doi.org/10.1113/jphysiol.2009.174342
https://doi.org/10.1080/17470218.2012.711335
https://doi.org/10.1080/17470218.2012.711335
https://doi.org/10.1113/jphysiol.2014.280453
https://doi.org/10.1113/jphysiol.2014.280453
https://doi.org/10.3389/fnsyn.2010.00034
https://doi.org/10.3389/fnsyn.2010.00034
https://doi.org/10.1016/j.brs.2008.06.004
https://doi.org/10.1177/0149206314527133
https://doi.org/10.1177/0149206314527133
https://doi.org/10.1016/j.jclinepi.2017.04.003
https://doi.org/10.1016/j.jclinepi.2017.04.003
https://doi.org/10.1016/S1050-6411(00)00017-1
https://doi.org/10.1016/S1050-6411(00)00017-1
https://doi.org/10.1093/cercor/bhn144
https://doi.org/10.1016/j.bbr.2010.08.037
https://doi.org/10.3758/PBR.16.2.225

30

Experimental Brain Research (2021) 239:21-30

Sale MV, Ridding MC, Nordstrom MA (2007) Factors influencing
the magnitude and reproducibility of corticomotor excitability
changes induced by paired associative stimulation. Exp Brain Res
181:615-626. https://doi.org/10.1007/s00221-007-0960-x

Seeman SC, Mogen BJ, Fetz EE, Perlmutter SI (2017) Paired Stimula-
tion for spike-timing-dependent plasticity in primate sensorimo-
tor cortex. J Neurosci 37(7):1935-1949. https://doi.org/10.1523/
JNEUROSCI.2046-16.2017

Shulga A, Zubareva A, Lioumis P, Mikeld JP (2016) Paired associa-
tive stimulation with high-frequency peripheral component leads
to enhancement of corticospinal transmission at wide range of
interstimulus intervals. Front Hum Neurosci 10:2355-2356. https
://doi.org/10.3389/fnhum.2016.00470

Templ M, Kowarik A, Filzmoser P (2011) Iterative stepwise regression
imputation using standard and robust methods. Comput Stat Data
Anal 55:2793-2806. https://doi.org/10.1016/j.csda.2011.04.012

Templ M, Alfons A, Filzmoser P (2012) Exploring incomplete data
using visualization techniques. Springer. https://doi.org/10.1007/
s11634-011-0102-y

Tolmacheva A, Mikeld JP, Shulga A (2019) Increasing the frequency
of peripheral component in paired associative stimulation
strengthens its efficacy. Sci Rep 9:3849. https://doi.org/10.1038/
$41598-019-40474-0

@ Springer

van Assen MALM, van Aert RCM, Nuijten MB, Wicherts JM (2014)
Why publishing everything is more effective than selective pub-
lishing of statistically significant results. PLoS ONE 9:e84896.
https://doi.org/10.1371/journal.pone.0084896

Wagenmakers E-J (2007) A practical solution to the pervasive prob-
lems of p values. Psychon Bull Rev 14:779-804. https://doi.
0rg/10.3758/bf03194105

Wagenmakers E-J, Morey RD, Lee MD (2016) Bayesian benefits for
the pragmatic researcher. Curr Dir Psychol Sci 25:169-176. https
://doi.org/10.1177/0963721416643289

Wetzels R, Wagenmakers E-J (2012) A default Bayesian hypothesis
test for correlations and partial correlations. Psychon Bull Rev
19:1057-1064. https://doi.org/10.3758/s13423-012-0295-x

Wolters A, Sandbrink F, Schlottmann A et al (2003) A temporally
asymmetric Hebbian rule governing plasticity in the human motor
cortex. J Neurophysiol 89:2339-2345. https://doi.org/10.1152/
jn.00900.2002

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s00221-007-0960-x
https://doi.org/10.1523/JNEUROSCI.2046-16.2017
https://doi.org/10.1523/JNEUROSCI.2046-16.2017
https://doi.org/10.3389/fnhum.2016.00470
https://doi.org/10.3389/fnhum.2016.00470
https://doi.org/10.1016/j.csda.2011.04.012
https://doi.org/10.1007/s11634-011-0102-y
https://doi.org/10.1007/s11634-011-0102-y
https://doi.org/10.1038/s41598-019-40474-0
https://doi.org/10.1038/s41598-019-40474-0
https://doi.org/10.1371/journal.pone.0084896
https://doi.org/10.3758/bf03194105
https://doi.org/10.3758/bf03194105
https://doi.org/10.1177/0963721416643289
https://doi.org/10.1177/0963721416643289
https://doi.org/10.3758/s13423-012-0295-x
https://doi.org/10.1152/jn.00900.2002
https://doi.org/10.1152/jn.00900.2002

	A Bayesian approach to analysing cortico-cortical associative stimulation induced increases in the excitability of corticospinal projections in humans
	Abstract
	Introduction
	Material and methods
	Participants
	Recording and stimulation procedures
	Transcranial alternating current stimulation (tACS)
	Interventions
	Paired TMS-TMS condition
	Paired tACS-TMS condition

	Data analysis
	Supplementary analyses

	Results
	Supplementary analyses

	Discussion
	Conclusions
	References




