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Abstract

Repetitive paired-pulse transcranial magnetic stimulation (TMS) at indirect

(I)-wave periodicity (iTMS) can increase plasticity in primary motor cortex

(M1). Both TMS coil orientation and muscle activation can influence I-wave

activity, but it remains unclear how these factors influence M1 plasticity with

iTMS. We therefore investigated the influence of TMS coil orientation and

muscle activation on the response to iTMS. Thirty-two young adults (24.2

± 4.8 years) participated in three experiments. Each experiment included two

sessions using a modified iTMS intervention with either a posterior–anterior
orientation (PA) or anterior–posterior (AP) coil orientation over M1. Stimula-

tion was applied in resting (Experiments 1 and 3) or active muscle

(Experiments 2 and 3). Effects of iTMS on M1 excitability were assessed by

recording motor evoked potentials (MEPs) and short-interval intracortical

facilitation (SICF) with PA and AP orientations in both resting (all experi-

ments) and active (Experiment 2) muscle. For the resting intervention, MEPs

were greater after AP iTMS (Experiment 1, P = .046), whereas SICF was com-

parable between interventions (all P > .10). For the active intervention,

responses did not vary between PA and AP iTMS (Experiment 2, all P > .14),

and muscle activation reduced the effect of AP iTMS during the intervention

(Experiment 3, P = .002). Coil orientation influenced the MEP response after

iTMS, and muscle activation reduced the response during iTMS. While this

suggests that AP iTMS may be beneficial in producing a neuroplastic modula-

tion of I-wave circuits in resting muscle, further exploration of factors such as

dosing is required.

Abbreviations: AMT, active motor threshold; AP, anterior–posterior; CS, conditioning stimulus; EMD, estimated mean difference; EMG, surface
electromyography; EMM, estimated marginal means; FDI, first dorsal interosseous; GLMM, generalised linear mixed model; iTMS, repetitive paired-
pulse transcranial magnetic stimulation; M1, primary motor cortex; MEP, motor-evoked potential; MSO, maximum stimulator output; MVC, maximal
voluntary contraction; PA, posterior–anterior; RMT, resting motor threshold; TMS, transcranial magnetic stimulation; TS, test stimulus.
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1 | INTRODUCTION

Neural plasticity refers to the capacity of the brain to
functionally and structurally modify itself (for review, see
von Bernhardi et al., 2017), which is essential for learning
and memory (for review, see Sweatt, 2016), and recovery
from brain injury (for review, see Nudo, 2013). Transcra-
nial magnetic stimulation (TMS) is a commonly used
non-invasive approach for investigating neural plasticity:
This technique uses a strong magnetic pulse to activate
areas of cortex via electromagnetic induction (Barker
et al., 1985). When applied over primary motor cortex
(M1), TMS generates a volley of activity in corticospinal
neurons that summates at the spinal cord to produce a
motor-evoked potential (MEP) within target muscles, the
amplitude of which provides an indirect measure of corti-
cospinal excitability. However, applying trains of stimuli
can produce changes in corticospinal excitability that are
thought to reflect the induction of neuroplasticity in the
brain (Hamada et al., 2007; Huang & Rothwell, 2004;
Stefan et al., 2002).

The corticospinal descending volley generated by
TMS involves several waves with complex origins that
are not well understood. Despite this, it is recognised
that the earliest wave reflects direct activation of the
corticospinal neuron (and is therefore referred to as a
D-wave) and the following waves reflect indirect
activation via recruitment of local intracortical circuits
(di Lazzaro et al., 2001). These indirect (I) waves occur
with a periodicity of �1.5 ms and are numbered in order
of appearance (I1, I2, I3, etc.). Importantly, TMS para-
digms that induce neuroplasticity also result in specific
alterations to I-wave amplitude, providing evidence that
the changes in excitability produced by these interven-
tions are cortical in origin (di Lazzaro et al., 2008). In
addition, more recent work has shown that specific
I-waves have unique functional roles (Hamada et al.,
2014). Consequently, the targeted manipulation of
different I-wave circuits represents a potentially powerful
approach to induce specific functional benefits.

Although existing plasticity paradigms can modulate
I-wave amplitude (for review, see di Lazzaro et al., 2012),
this was generally not a feature of their design. In contrast,
I-wave periodicity repetitive TMS (iTMS) was developed
specifically to target the I-wave generating circuits
(Thickbroom et al., 2006), although it is likely to also
activate cortical circuits in addition to those involved in
I-wave generation (di Lazzaro et al., 2007). This paradigm
involves the repeated application of stimulus pairs timed

to coincide with I-wave periodicity. Changing the timing
of stimuli therefore means iTMS can be modified to target
different elements of the descending volley, and prelimi-
nary work has shown this to be functionally beneficial
(Long et al., 2017). However, we have recently shown that
altering the timing of iTMS may have limited effects on
which I-wave circuits are targeted by the intervention
(Sasaki et al., 2023). Investigating alternative approaches
to target different I-wave circuits is therefore important.

While altering the timing of stimulation is one
approach to potentially influence I-wave recruitment, an
alternative approach is to instead change the direction of
cortical current induced by TMS. For example, stimula-
tion is conventionally applied to induce a posterior to
anterior (PA) current (relative to the central sulcus),
which preferentially recruits I1-waves. In contrast, an
anterior to posterior (AP) current instead results in
preferential recruitment of later I-waves (di Lazzaro
et al., 2001). Furthermore, neuroplasticity induced by
paired associative stimulation (PAS) has been shown to
be more effective when AP TMS is applied during activa-
tion of the target muscle (Kujirai et al., 2006). Despite
this, iTMS has only ever been applied in resting muscle
with a PA current. Within the current study, we therefore
aimed to investigate if changes to current direction and
activity state can alter the I-wave circuits targeted by
iTMS. We expected that iTMS applied with a PA current
would target early I-waves, whereas iTMS with an AP
current would target later I-waves. However, we also
expected that the response to these interventions would
be influenced by muscle activation.

2 | METHODS

2.1 | Participants

Thirty-two healthy young adults (12 men and 20 women;
mean age ± SD = 24.2 ± 4.8 years; age range = 19–
35 years) were recruited from the university and wider
community to participate in the current study. Based on
self-reporting, 31 participants were right-handed, and
one was left-handed. All participants were free of neuro-
logical and psychiatric disorders and were not taking any
drugs that influence the central nervous system. Contra-
indications to TMS were assessed using the TMS adult
safety screening (Rossi et al., 2009). A nominal reim-
bursement of $15 per hour was offered to compensate for
time and cost of participation. Written-informed consent
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was provided prior to inclusion, and the study was
conducted in accordance with the Declaration of Helsinki.
All experimental procedures were approved by the Uni-
versity of Adelaide Human Research Ethics Committee
(approval number: H-026-2008).

2.2 | Experimental arrangement

Within each experiment, participants visited the labora-
tory for two sessions that were approximately 2 h long,
held at the same time of day and were separated by a
period of at least 1 week (Figure 1). As diurnal varia-
tions in cortisol may influence the neuroplastic
response to TMS (Sale et al., 2007), experimental ses-
sions were performed after 11:00 AM (around 11:00 AM
or 2:00 PM). The order of iTMS sessions, measures in
different coil orientations (PA and AP) and measures in
different states of muscle activation (rest and active)
were randomised within a participant. The project
involved three separate experiments (see below), with
1 participant contributing data to all three experiments,
13 participants contributing data to two out of three
experiments and 18 participants contributing data to
one out of three experiments.

During each experimental session, participants were
seated in a comfortable chair with their right hand
pronated on an arm rest and were instructed to keep
their eyes open. Surface electromyography (EMG) was
recorded from the right first dorsal interosseous (FDI)
muscle via disposable Ag/AgCl electrodes arranged in a
belly–tendon montage on the skin above the muscle, with
an additional Ag/AgCl electrode placed over the right
ulnar styloid as an earth. EMG signals were sampled at
2 kHz using a CED1401 interface (Cambridge Electronic
Design, Cambridge, United Kingdom), amplified (1,000�)
and band-pass filtered (20–1000 Hz) by a CED1902 signal
conditioner (Cambridge Electronic Design, Cambridge,
United Kingdom). Line noise was removed using a
Humbug mains noise eliminator (Quest Scientific, North
Vancouver, Canada), and recordings were stored on a
computer for off-line analysis. While participants were
required to maintain complete relaxation of the target
FDI muscle during resting conditions, active conditions
instead required contraction of FDI via index finger flex-
ion to 5% of maximum (maintained using visual feedback
of force production). Maximal voluntary contraction
(MVC) force was assessed during index finger flexion,
using a series of 3 s contractions separated by a 30 s
break. The highest force level achieved was set as MVC.

F I GURE 1 Experimental protocol. Each experiment involved two experimental sessions that were separated by at least 1 week.

Experiment 1 applied 10 min iTMS (PA and AP orientations) at rest and recorded changes in MEPs/SICF with PA and AP orientations in

resting muscle. Experiment 2 applied 5 min iTMS (PA and AP orientations) during weak muscle contraction and recorded changes in MEPs/

SICF with a combination of coil orientations (PA and AP) and activation states (rest and active). Experiment 3 involved 5 min iTMS (resting

and active muscle) with AP orientation and recorded changes in MEPs/SICF with PA and AP orientations at rest. Abbreviations: AMT,

active motor threshold; AP, anterior–posterior; iTMS, I-wave periodicity repetitive transcranial magnetic stimulation; MEP, motor-evoked

potential; PA, posterior–anterior; RMT, resting motor threshold; SICF, short-interval intracortical facilitation.
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2.3 | TMS

Monophasic TMS pulses were applied to the left M1 using
a figure-of-eight branding iron coil connected to two
Magstim 2002 stimulators via a Bistim unit (Magstim,
Dyfed, United Kingdom). The coil was held tangentially
to the scalp at an angle of approximately 45� to the sagit-
tal plane, at the location producing the largest stable
response in the relaxed right FDI muscle. The current
induced by stimulation was applied perpendicular to the
assumed direction of the central sulcus with either a PA
or AP orientation. The hot spot was co-registered to the
MNI-ICBM152 brain template (Fonov et al., 2011) using a
Brainsight neuronavigation system (Rogue Research Inc,
Montreal, Canada) in each experimental session. Stimula-
tion was applied at a rate of .2 Hz with a 10% jitter
between trials to avoid anticipation of the stimulus. Rest-
ing motor threshold (RMT) was defined as the minimum
intensity needed to evoke MEPs ≥ 50 μV in at least 5 of
10 consecutive trials during relaxation of the right FDI
muscle. In contrast, active motor threshold (AMT) was
defined as the minimum intensity that elicited MEPs of
≥200 μV in at least 5 of 10 consecutive trials, while partic-
ipants maintained a light muscle contraction of 10%
MVC. Stimulus intensity was expressed as a percentage of
maximum stimulator output (MSO). At the start of each
experimental session, the stimulus intensity producing
the required test MEP amplitude (range: .5–1.0 mV in
Experiments 1 and 3, 1.0–2.0 mV in Experiment 2;
averaged over 15 trials) was assessed. The same intensity
was then reapplied following application of iTMS to
characterise changes in corticospinal excitability.

2.3.1 | SICF

SICF involved a subthreshold conditioning stimulus
(CS) applied following a suprathreshold test stimulus
(TS) at ISIs of 1.5 (SICF1.5ms) and 4.3 ms (SICF4.3ms),

corresponding to the first and third SICF peaks
(Delvendahl et al., 2014; Opie et al., 2018). Intensity of
the CS was set at 90% RMT (for resting trials) or 90%
AMT (for active trials), whereas the TS was set at the
intensity required to produce an MEP of �.5–1 mV in
Experiments 1 and 3 and �1–2 mV in Experiment
2 (when averaged over 15 trials). SICF at each time point
was assessed using a single block of 45 trials (15 each of
SICF1.5, SICF4.3ms and TS), with the order of each stimu-
lus condition pseudorandomised within a block. The
same intensities were applied following the intervention.

2.4 | Study design

2.4.1 | Experiment 1: PA- and AP-iTMS in
resting muscle

This experiment involved 16 young adults (mean age ±
SD: 24.1 ± 4.9, 12 females) and sought to investigate how
the direction of current applied during iTMS influences
the neuroplastic response to the intervention. Within each
session, iTMS was applied with a 1.5 ms ISI using either
PA (PA iTMS) or AP (AP iTMS) coil orientation. The
intensity of stimulation during iTMS was the same for
both stimuli (Opie et al., 2021; Thickbroom et al., 2006)
and was adjusted so that paired stimulation produced a
response amplitude of �1 mV (assessed over 15 trials
before the intervention). Neuroplastic changes in corti-
cospinal excitability were assessed by recording PA and
AP MEPs and SICF before, 5 min after and 30 min after
application of iTMS (Figure 1 and Table 1). All measures
were applied during complete relaxation of FDI. Although
previous studies have applied iTMS over 15 min (Long
et al., 2017; Opie et al., 2018), the higher intensities
required when using an AP coil orientation meant that
coil heating precluded this duration of stimulation. Given
that 10 min of iTMS has been previously shown to induce

TAB L E 1 iTMS parameters in each experiment.

Pairs Time (min) Orientation State during iTMS

Experiment 1 (n = 16)

Session 1 120 10 PA Rest

Session 2 120 10 AP Rest

Experiment 2 (n = 17)

Session 1 60 5 PA Active

Session 2 60 5 AP Active

Experiment 3 (n = 14)

Session 1 60 5 AP Rest

Session 2 60 5 AP Active

Abbreviations: AP, anterior–posterior; iTMS, I-wave periodicity repetitive transcranial magnetic stimulation; PA, posterior–anterior.

SASAKI ET AL. 3273
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M1 plasticity (Sewerin et al., 2011) and to maximise the
number of participants we were able to include, iTMS in
Experiment 1 was therefore limited to 10 min of stimula-
tion, resulting in application of 120 stimulus pairs
(in contrast to the 180 pairs with conventional iTMS).

2.4.2 | Experiment 2: PA- and AP-iTMS in
active muscle

This experiment involved 17 young adults (mean age ±
SD: 23.9 ± 4.9, 13 females) and sought to assess the influ-
ence of voluntary activation on the neuroplastic response
to iTMS applied with different current directions. Each
session again involved either PA iTMS or AP iTMS, with
an ISI of 1.5 ms and intensity producing a 1 mV response
(following paired stimulation over 15 trials). However, in
contrast to Experiment 1, iTMS was applied during low-
level voluntary contraction (5% MVC) of FDI. While PA
and AP MEPs and SICF were again recorded in resting
muscle at pre and 5 min post time points, these measures
were also repeated during voluntary activation of FDI
(5% MVC) (Figure 1 and Table 1). As previous work has
shown that voluntary activation increases the efficacy
of neuroplasticity induction (Kujirai et al., 2006) and to
reduce the generation of muscle fatigue (Kotan et al.,
2015), the iTMS intervention was further shortened to
60 stimuli applied over 5 min.

2.4.3 | Experiment 3: AP-iTMS in resting
and active muscle

This experiment involved 14 young adults (mean age ±
SD: 25.7 ± 5.6, 7 females) and sought to assess how
activating the muscle during pre- and post-intervention
measurements influenced the response to 5 min of AP
iTMS. Consequently, AP-iTMS was applied during both
rest and voluntary activation of FDI muscle (5% MVC),
whereas pre- and post-intervention PA and AP MEPs and
SICF were only recorded in the resting state. Consistent
with Experiment 2, iTMS involved 60 stimuli applied
over 5 min, using an ISI of 1.5 ms and intensity set to
produce a 1 mV response to paired stimulation.

2.5 | Data analysis

MEP data were inspected visually and trials with muscle
activity >20 μV peak-to-peak amplitude in the 100 ms
prior to TMS were rejected. MEP amplitude recorded in
each trial was then quantified peak to peak and expressed
as a percentage of the baseline test MEP. For post-
intervention responses, previous work suggests that
increased facilitation following iTMS correlates with the

increased response to single pulse stimulation and that
this relationship cancels the effects of iTMS on SICF if
the post-intervention single-pulse MEPs are used to nor-
malise post-intervention SICF values (Cash et al., 2009).
As Spearman’s rank correlation test revealed a similar
relationship within the data of the current study
(Experiment 1: rho = .6, P = .02; Experiment 2: rho = .5,
P = .03; Experiment 3: rho = .9, P < .01), individual post-
intervention SICF trials were instead expressed relative
to the mean pre-intervention single-pulse MEP (Cash
et al., 2009; Liao et al., 2022; Opie et al., 2021). MEP
amplitudes recorded during iTMS were averaged over
10 consecutive stimuli, resulting in a total of 12 blocks in
Experiment 1 and 6 blocks in Experiments 2 and 3. All
responses during iTMS were expressed relative to the
mean response amplitude from the first block.

2.6 | Statistical analysis

All analyses were performed using PASW statistics
software version 28 (SPSS; IBM, Armonk, NY,
United States). Visual inspection and Kolmogorov–
Smirnov tests revealed non-normal (all P < .05), posi-
tively skewed distributions for all TMS data residuals. To
facilitate investigation of non-normally distributed data,
generalised linear mixed models (GLMMs) were used to
perform all TMS data analyses (Lo & Andrews, 2015;
Puri & Hinder, 2022). Models were fitted using Gamma
distributions, with identity link functions used for
raw MEP amplitudes and log link functions used for
responses expressed as a percentage (baseline-normalised
responses, normalised iTMS responses and baseline
SICF) (Lo & Andrews, 2015; Puri & Hinder, 2022). All
random subject effects (intercepts and slopes) were
included, provided that the model converged (Barr
et al., 2013). Model fit was optimised by testing different
covariance structures, with the structure providing the
best fit (assessed with the Bayesian Schwartz Criterion;
BIC) within a model that was able to converge used in
the final model. All main effects and interactions were
performed using custom contrasts with Bonferroni cor-
rection, and significance was set at P < .05. All data are
presented as estimated marginal means (EMM) and 95%
confidence intervals (95% CI), whereas pairwise compari-
sons are presented as the estimated mean difference
(EMD) and 95% CI.

2.6.1 | Experiment 1

Baseline characteristics were investigated by assessing
the effects of iTMS session (resting PA iTMS and resting

3274 SASAKI ET AL.
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AP iTMS) and coil orientation (PA and AP) on stimula-
tion intensities for RMT, AMT and TS and the effects of
session on the stimulation intensity used for iTMS.
Baseline TMS responses were investigated by assessing
the effects of session and coil orientation on test MEP,
SICF1.5ms and SICF4.3ms, in addition to the effects of ses-
sion on MEP amplitude during the first block of iTMS.
Changes in responses as a result of iTMS were investi-
gated by assessing the effects of session, coil orientation
and time (5 and 30 min) on baseline-normalised test
MEP, SICF1.5ms and SICF4.3ms. Responses during iTMS
were investigated by assessing the effects of session and
iTMS block (Blocks 2–12) on responses normalised to the
first iTMS block.

2.6.2 | Experiment 2

Baseline characteristics were investigated by assessing
the effects of session (active PA iTMS and active AP
iTMS) and coil orientation on stimulation intensities for
RMT, AMT, resting TS and active TS and the effects of
session on the stimulation intensity used for iTMS. Base-
line TMS responses were investigated by assessing the
effects of session and coil orientation on the resting and
active conditions of test MEP, SICF1.5ms and SICF4.3ms, in
addition to the effects of session on MEP amplitude
during the first block of iTMS. Changes in responses due
to iTMS were investigated by assessing the effects of
session and coil orientation on the resting and active
conditions of baseline-normalised test MEP, SICF1.5ms

and SICF4.3ms. Responses during iTMS were investigated
by assessing the effects of session and iTMS block (Blocks
2–6) on normalised iTMS responses.

2.6.3 | Experiment 3

Baseline characteristics were investigated by assessing
the effects of session (resting AP iTMS and active AP
iTMS) and coil orientation on stimulation intensities for
RMT and TS and the effects of session on the stimula-
tion intensity used for iTMS. Baseline TMS responses
were investigated by assessing the effects of session and
coil orientation on test MEP, SICF1.5ms and SICF4.3ms,
in addition to the effects of session on MEP amplitude
during the first block of iTMS. Changes in responses
due to iTMS were investigated by assessing the effects
of session and coil orientation on baseline-normalised
test MEP, SICF1.5ms and SICF4.3ms. Responses during
iTMS were investigated by assessing the effects of ses-
sion and iTMS block (Blocks 2–6) on normalised iTMS
responses.

3 | RESULTS

Although 31 participants completed all sessions, one
participant withdrew from Experiment 3, as they experi-
enced a mild headache following completion of the first
session (in resting muscle). While these participant’s data
were able to be included within analysis of the resting
condition for Experiment 3, the cohort for the active con-
dition was reduced to n = 13. No other adverse reactions
were reported. A total of 4.2% of MEP trials in resting
muscle were removed due to muscle activity across all
participants in the three experiments. Baseline stimulus
characteristics and TMS responses for each experiment
are presented in Table 2, with the stimulus characteristics
reported in detail within supporting information results.
Furthermore, normalised MEP and SICF data (% base-
line) are described in detail below, with absolute data
provided in the supporting information results.

3.1 | Experiment 1

Baseline test MEP amplitude did not differ between
sessions (F1, 925 = .4, P = .5) or coil orientations (F1, 925 = .1,
P = .8), and there was no interaction between factors
(F1, 925 = .8, P = .4). Baseline SICF1.5ms did not vary
between sessions (F1, 940 = .1, P = .8) or coil orientations
(F1, 940 = 2.6, P = .1), and there was no interaction
between factors (F1, 940 = 2.5, P = .1). Baseline SICF4.3ms

did not vary between sessions (F1, 941 = .3, P = .6) or
coil orientations (F1, 941 = .01, P = .9), and there was no
interaction between factors (F1, 941 = .4, P = .5). The first
block of iTMS revealed no differences between sessions
(F1, 318 = .3, P = .6).

Figure 2a shows changes in MEP amplitude during
iTMS, normalised to the first block. While no differences
were shown between sessions (F1, 3,420 = .1, P = .7), MEP
amplitude varied over blocks (F10, 3,420 = 2.0, P = .03),
although post hoc comparisons revealed no differences
(all P > .05). There was no interaction between factors
(F10, 3,420 = 1.0, P = .5).

Figure 2b shows test MEP amplitude following iTMS.
While there were no differences between coil orientations
(F1, 1,881 = 1.6, P = .2) or times (F1, 1,881 = .4, P = .5),
MEP amplitude varied between sessions (F1, 1,881 = 4.0,
P < .05), with post hoc revealing increased responses
following resting AP iTMS relative to resting PA iTMS
(EMD = 22.0% [.0, 44.0], P < .05). There were no signifi-
cant interactions between factors (all P > .05).

Figure 2c,d shows SICF responses following iTMS.
SICF1.5ms (Figure 2c) did not vary between sessions
(F1, 1,883 = 2.6, P = .1), coil orientations (F1, 1,883 = .02,
P = .9) or time points (F1, 1,883 = .05, P = .8), and no
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interaction between factors (all P > .05). SICF4.3ms

(Figure 2d) did not vary between sessions (F1, 1,874 = 2.3,
P = .1), coil orientations (F1, 1,874 = 2.8, P = .1) or time
points (F1, 1,874 = .07, P = .8) and no interaction between
factors (all P > .05).

Given that there were differences in PA and AP
iTMS intensities (Table 2), we performed two additional
analyses to determine if a greater AP iTMS intensity con-
tributed to a greater iTMS response. First, we performed
a Spearman’s rank-order correlation of the difference in
PA and AP iTMS intensities in each participant with the
difference in the magnitude of the response (MEP and
SICF) after PA and AP iTMS. This was performed to
determine if larger differences in PA and AP iTMS
intensities resulted in greater differences in post iTMS
effects. This analysis showed no correlation between the
difference in AP-PA iTMS intensity (% MSO) and the post
iTMS difference in MEP (PA MEP.5-1mV difference,
ρ = �.103, P = .703; AP MEP.5-1mV difference, ρ = �.065,
P = .811) or SICF (PA SICF1.5 difference, ρ = .055,
P = .841; AP SICF1.5 difference, ρ = .04, P = .883; PA
SICF4.3 difference, ρ = �.256, P = .339; AP SICF4.3 differ-
ence, ρ = �.001, P = .996). Second, we performed a sub-
sample analysis where participants were separated into
those with small (≤15% MSO difference; range 4–15%
MSO; nine participants) or large (>15% MSO; range

18–29% MSO; seven participants) differences in PA and
AP iTMS intensity and then compared the difference
in the response to PA and AP iTMS between groups
(Table 3). If differences in PA and AP iTMS intensities
were contributing to the greater responses following AP
iTMS, then we would expect to see greater differences in
the response in participants with large differences in AP-PA
iTMS intensities (>15% MSO). GLMM analysis showed
that there were no significant differences in any MEP or
SICF measure between groups (Table 3; all P > .05).

3.2 | Experiment 2

Baseline resting test MEP amplitude did not differ between
sessions (F1, 987 = 2.4, P = .1) or coil orientations
(F1,987 = .5, P = .5), and there was no interaction between
factors (F1, 987 = .1, P = .8). In contrast, while baseline
active test MEP amplitude did not vary between coil orien-
tations (F1, 1,008 = 1.1, P = .3) and had no interaction
between factors (F1, 1,008 = 1.6, P = .2), responses varied
between sessions (F1, 1,008 = 9.5, P = .002), with compari-
sons showing increased responses during the active PA
iTMS session relative to responses during active AP iTMS
(EMD = .3 mV [.1, .5], P = .002). Baseline resting
SICF1.5ms did not vary between sessions (F1, 1,009 = .04,

F I GURE 2 Corticospinal and

intracortical excitability changes

induced by PA and AP iTMS in resting

muscle (Experiment 1). (a) Responses

during PA iTMS (blue circles) and AP

iTMS (orange squares) in the resting

muscle were averaged over

10 consecutive MEP trials, with Blocks

2–12 normalised to Block

1. (b) Baseline-normalised PA and AP

MEP amplitudes following iTMS.

Baseline-normalised PA and AP

SICF1.5ms (c) and SICF4.3ms (d) following

iTMS. *P < .05.
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P = .8) or coil orientations (F1, 1,009 = .2, P = .6), and there
was no interaction between factors (F1, 1,009 = .6, P = .5).
Baseline active SICF1.5ms did not differ between sessions
(F1, 1,004 = 3.6, P = .06) or coil orientations (F1, 1,004 = .9,
P = .4), and there was no interaction between factors
(F1, 1,004 = .1, P = .7). Baseline resting SICF4.3ms did not
vary between sessions (F1, 987 = .6, P = .4) or coil orienta-
tions (F1, 987 = 1.8, P = .2), and there was no interaction
between factors (F1, 987 = .3, P = .6). Baseline active
SICF4.3ms did not differ between sessions (F1, 1,027 = 2.1,
P = .1) or coil orientations (F1, 1,027 = .3, P = .6), and there
was no interaction between factors (F1, 1,027 = 1.1, P = .3).
MEP amplitude during the first block of iTMS showed
no differences between sessions (F1, 338 = 2.0, P = .2).

Figure 3a shows changes in MEP amplitude during
iTMS in an active muscle. There were no differences
between sessions (F1, 1,676 = 1.5, P = .2) or blocks (F4,
1,676 = .6, P = .6), and there was no interaction between
factors (F4, 1,676 = 1.0, P = .4).

Figure 3b,c shows the resting and active test MEP
amplitude following iTMS. While resting test MEP
amplitude (Figure 3b) did not differ between sessions
(F1, 996 = .004, P = 1) or coil orientations (F1, 996 = .5,
P = .5), there was an interaction between factors
(F1, 996 = 3.9, P < .05). However, post hoc comparisons
revealed no differences (all P > .05). For active test
MEP amplitude (Figure 3c), there were no differences
between sessions (F1, 1,031 = 2.1, P = .1) or coil orienta-
tions (F1, 1,031 = .83, P = .4), and there was no interaction
between factors (F1, 1,031 = 1.8, P = .2).

Figure 3d–g shows the resting and active responses
for SICF following iTMS. While resting SICF1.5ms

(Figure 3d) did not vary between sessions (F1, 1,010 =

.002, P = 1) or coil orientations (F1, 1,010 = .2, P = .7),
there was an interaction between factors (F1, 1,010 = 4.1,
P = .04). However, post hoc did not show any differences
(all P > .15). While active SICF1.5ms (Figure 3e) did not
differ between coil orientations (F1, 1,016 = .1, P = .8),

responses varied between sessions (F1, 1,016 = 3.9,
P = .049). However, post hoc analysis did not show
a difference (P = .052). There was no interaction
between factors (F1, 1,016 = 1.2, P = .3). Resting SICF4.3ms

(Figure 3f) did not vary between sessions (F1, 975 = .1,
P = .7) or coil orientations (F1, 975 = 1.2, P = .3), and
there was no interaction between factors (F1, 975 = 3.8,
P = .052). Lastly, active SICF4.3ms (Figure 3g) did not
differ between sessions (F1, 998 = 1.9, P = .2) or coil
orientations (F1, 998 = .004, P = .5), and there was no
interaction between factors (F1, 998 = .4, P = .5).

3.3 | Experiment 3

Baseline test MEP amplitude did not vary between
sessions (F1, 755 = 3.3, P = .07) or coil orientations
(F1, 755 = 2.6, P = .1), and there was no interaction
between factors (F1, 755 = .2, P = .6). Baseline SICF1.5ms

did not vary between sessions (F1, 786 = .7, P = .4) or coil
orientations (F1, 786 = .5, P = .5), and there was no inter-
action between factors (F1, 786 = .06, P = .8). Baseline
SICF4.3ms did not differ between sessions (F1, 781 = .7,
P = .4) or coil orientations (F1, 781 = .1, P = .7), and there
was no interaction between factors (F1, 781 = .6, P = .4).
In contrast, MEP amplitude during the first block of
iTMS differed between sessions (F1, 268 = 5.5, P = .02),
with comparisons showing increases in the responses
during the active AP iTMS relative to resting AP iTMS
(EMD = .5 mV [.1, 1.0], P = .02).

Figure 4a shows changes in MEP amplitude during
resting and active AP iTMS. While there were no
differences between blocks (F4, 1,305 = .8, P = .5), MEP
amplitude differed between sessions (F1, 1,305 = 10,
P = .001), with post hoc revealing increased responses
during resting AP iTMS relative to active AP iTMS
(EMD = 30.4% [11.5, 49.3], P = .002). There was no
interaction between factors (F4, 1,305 = .6, P = .7).

TAB L E 3 Differences in post-intervention MEP amplitude and SICF between AP iTMS and PA iTMS for participants whose AP-PA

iTMS stimulation intensity ≤15% MSO (n = 9) and >15% MSO (n = 7).

Measure (% baseline)

Differences between AP iTMS and PA iTMS

AP-PA iTMS % MSO ≤ 15 AP-PA iTMS % MSO > 15 P value

PA MEP.5-1mV 6.1 [�32.8, 45.0] �17.6 [�61.7, 26.5] .403

AP MEP.5-1mV 28.0 [�18.2, 74.3] 2.9 [�49.5, 55.3] .453

PA SICF1.5ms �53.8 [�122.5, 14.8] �34.9 [�112.7, 43.0] .701

AP SICF1.5ms �7.5 [�81.6, 66.6] �32.4 [�116.5, 51.6] .641

PA SICF4.3ms 16.3 [�24.1, 56.8] 3.3 [�42.6, 49.1] .654

AP SICF4.3ms 52.0 [�3.1, 107.2] �13.8 [�76.3, 48.8] .113

Note: Data are presented as EMM (95% CI; lower, upper), with positive values indicating larger responses for AP iTMS.
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Figure 4b shows changes in MEP amplitude following
iTMS. MEP amplitude did not vary between sessions
(F1, 751 = 3.7, P = .06) or coil orientations (F1, 751 = 1.7,
P = .2), and there was no interaction between factors
(F1, 751 = 1.9, P = .2).

Figure 4c,d shows changes in SICF following iTMS.
While SICF1.5ms (Figure 4c) did not differ between coil
orientations (F1, 782 = .3, P = .6), responses varied
between sessions (F1, 782 = 6.9, P = .009), with post hoc
revealing increased responses after active AP iTMS
relative to resting AP iTMS (EMD = 38.4% [8.0, 68.8],
P = .013). There was no interaction between factors
(F1, 782 = .4, P = .5). For SICF4.3ms (Figure 4d), responses
did not vary between sessions (F1, 780 = 3.8, P = .052) or
coil orientations (F1, 780 = .37, P = .5) and no interaction
between factors (F1, 780 = .8, P = .4).

4 | DISCUSSION

An extensive body of literature has established the ability
of TMS current direction to influence the intracortical
circuits recruited by stimulation. Within the current
study, we investigated if this feature of TMS could be uti-
lised to manipulate which intracortical circuits contribute
to plasticity induction in M1. To achieve this aim, we
completed a series of experiments involving a shortened
iTMS intervention, within which current direction and
muscle activity state were systematically modified, and
the influence on both corticospinal and intracortical
excitability was examined. Our findings show that AP
iTMS produced greater changes in corticospinal excitabil-
ity than PA iTMS after the intervention, and muscle
activation reduced the effectiveness of AP iTMS on

F I GURE 3 Corticospinal and

intracortical excitability changes

induced by PA and AP iTMS in active

muscle (Experiment 2). (a) Responses

during PA iTMS (light blue circles) and

AP iTMS (light orange squares) in active

muscles were averaged over six

consecutive MEP trials, with Blocks 2–6
normalised to Block 1. (b) Baseline-

normalised PA and AP MEP amplitudes

the resting muscle following iTMS.

(c) Baseline-normalised PA and AP

MEP amplitudes the active muscle

following iTMS. Baseline-normalised PA

and AP SICF1.5ms in the resting (d) and

active (e) muscle following iTMS.

Baseline-normalised PA and AP

SICF4.3ms in the resting (d) and active

(e) muscle following iTMS.
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corticospinal excitability during the intervention. How-
ever, there were no consistent changes in intracortical
excitability (as tested with SICF) after the intervention
with either PA or AP iTMS in resting or active muscle.

4.1 | Current direction influences the
response to iTMS in resting muscle

Previous work using iTMS has reported reliable potentia-
tion of MEP amplitude both during and after the
intervention (for review, see Kidgell et al., 2016; Sasaki
et al., 2023), which has been suggested to reflect the
induction of neuroplastic changes in M1 (di Lazzaro
et al., 2007). Using a shorter protocol (10 min) than most
previous studies (15–30 min), we demonstrated a small
change in MEP amplitude during the intervention
(�130%, Figure 2b) that was similar to that observed in a
previous study that used a 10 min iTMS intervention
(Sewerin et al., 2011). However, the magnitude of these
effects was less than the facilitation (�200%) that is often
seen following conventional iTMS (for review, see Kidgell
et al., 2016). In addition, SICF was largely unaffected by
the intervention, which contrasts previous studies that
applied 15 min of iTMS with a PA current (Sasaki

et al., 2023). One explanation for this reduced efficacy is
the lower number of stimuli that were applied during the
intervention, which may have resulted in a level of
activation that was below the dose required to achieve
robust neuroplastic effects. Our decision to reduce the
number of stimuli during iTMS was primarily based on
the need to avoid TMS coil overheating due to the
increased TMS intensity required to activate AP circuits,
with the knowledge that previous studies have shown a
plateau of MEP facilitation after 10 min of iTMS (for
review, see Kidgell et al., 2016) and a demonstration of
MEP facilitation following a 10 min iTMS intervention
(Sewerin et al., 2011). Consequently, it will be important
for future work to examine how dosing influences the
response to AP iTMS.

Despite the reduced magnitude of effect with a
10 min iTMS intervention, it is interesting to note that
Experiment 1 revealed a sensitivity of iTMS to current
direction. Specifically, post-intervention changes in MEP
amplitude were greater when iTMS was applied with AP
compared with PA stimulation. However, this effect was
not dependent on the current direction used to record
post-intervention MEPs, as AP iTMS produced greater
changes in both PA and AP MEPs compared with PA
iTMS. One explanation for this lack of specificity is that

F I GURE 4 Corticospinal and

intracortical excitability changes by AP

iTMS in resting and active muscle

(Experiment 3). (a) Normalised

responses during AP iTMS in resting

muscle (orange squares) and AP iTMS

in active muscle (light orange squares).

(b) Baseline-normalised PA and AP

MEP amplitudes following iTMS.

Baseline-normalised PA and AP

SICF1.5ms (c) and SICF4.3ms (d) following

iTMS. *P < .05.
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the increased stimulus intensities required for AP iTMS
activated a neuronal pool that included elements able to
be recruited by both PA and AP stimulation (when
recording post-intervention MEPs). This is supported by
our data showing that the average stimulus intensity
applied during AP iTMS represented a substantially
higher proportion of RMT for PA (138%) than AP
(109%) current. To further examine this difference, we
performed two additional analyses to examine the effect
of differences in PA and AP iTMS intensity on the post
iTMS response. We found no correlation between the
difference in AP-PA iTMS intensity and the difference in
the post iTMS response in individual participants.
Furthermore, using a sub-sample analysis, there was no
difference in the post iTMS response when separating
participants who had small (≤15% MSO) or large (>15%
MSO) differences in PA and AP iTMS intensity (Table 3).
These findings indicate that differences in intensity
between PA and AP iTMS did not influence the response
to iTMS.

4.2 | Muscle activation did not improve
the efficacy of iTMS

Previous work has shown that TMS current direction and
muscle activation state can be used to influence neuro-
plasticity induction. For example, relative to PA TMS in
resting or active muscle, the response to PAS is increased
when applied in an active muscle using subthreshold AP
TMS (Kujirai et al., 2006). This was suggested to reflect
more isolated modulation of the late I-wave circuits,
which have been strongly implicated in the response to
many plasticity-inducing paradigms, including PAS
(di Lazzaro et al., 2012). Within Experiment 2, we there-
fore reasoned that it may be possible to manipulate
which I-waves contribute to the iTMS response by apply-
ing stimulation in an active muscle. However, muscle
activation abolished any effects of iTMS on MEPs and
SICF, both during and after the intervention. Further-
more, this occurred irrespective of how post-intervention
responses were assessed (i.e., current direction or activa-
tion state). Like Experiment 1, the reduced number of
stimuli (60 pairs over 5 min) applied during iTMS in an
active muscle may have contributed to this outcome.
However, this was necessary to avoid muscle fatigue from
a prolonged contraction. Furthermore, this duration is
similar to a previous study that induced M1 plasticity
with 50 pairs of stimuli during muscle activation with
PAS (Kujirai et al., 2006). Nonetheless, data from Experi-
ment 3 (Resting vs. Active AP iTMS over 5 min) showed
a reduced MEP facilitation during active compared with
resting AP iTMS when using the same number of stimuli

(60 pairs of stimuli over 5 min), suggesting that muscle
activation influences the change in corticospinal excit-
ability during (but not after) AP iTMS.

Consistent with the reduction in corticospinal excit-
ability during iTMS in an active muscle, previous work
applying theta burst stimulation (TBS) reported that vol-
untary activation during stimulation removed neuroplas-
tic effects of the intervention (Huang et al., 2008). One
explanation proposed by the authors was that contraction
and TBS targeted the same synapses, the activity of which
were saturated by activity associated with contraction.
Consequently, the input associated with TBS was unable
to evoke additional activation that would be required to
modify the synapse (Huang et al., 2008). It is therefore
possible that the sensitivity of iTMS to muscle activation
may also involve similar mechanisms. Furthermore, it
highlights the likely importance of the afferent stimulus
involved in PAS for mediating a beneficial effect of con-
traction on plasticity induction. While the specific mech-
anisms remain unclear, it could be possible that the
afferent volley with PAS provides an interruption to
ongoing synaptic input (associated with contraction) that
is sufficient for TMS-associated activation to also influ-
ence the synapse. Additionally, priming effects of the
afferent input may alter excitation levels in an extended
neuronal pool, such that the pool responding to TMS
extends beyond the pool involved with voluntary activa-
tion. One question that stems from these possibilities is
whether the combination of afferent input, iTMS and
contraction would facilitate greater manipulation of the
circuits targeted by iTMS. It will therefore be interesting
to investigate this possibility in future work.

4.3 | Pre- and post-interventional
contraction did not influence the response
to AP iTMS

In addition to the direct influence of concurrent activa-
tion during iTMS, the results of Experiment 2 could also
be explained by the contractions that occurred before
and after the intervention (i.e., for measuring MEPs/SICF
in active muscle). For example, voluntary activation
both prior to and following application of TBS has been
shown to invert (Iezzi et al., 2008) or abolish (Gentner
et al., 2008) effects on corticospinal excitability, possibly
via higher order plasticity mechanisms such as metaplas-
ticity (for review, see Ziemann & Siebner, 2008) and de-
potentiation/de-depression (for review, see Zhou & Poo,
2004). We assessed this possibility in Experiment 3, where
the response to AP iTMS applied in both resting and
active muscle was assessed after iTMS using resting state
measures only. In contrast to Experiment 2, there was a

3282 SASAKI ET AL.

 14609568, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.16099 by U

niversity of A
delaide A

lum
ni, W

iley O
nline L

ibrary on [04/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



facilitation of SICF1.5ms by AP iTMS in active muscle
(Figure 4c). However, this was relative to the resting state
only and was not influenced by current direction.
Furthermore, consistent with Experiment 2, MEPs
after active iTMS remained unchanged. Consequently, it
seems unlikely that muscle activation during the inter-
vention had any meaningful effect on the broad neuro-
plastic capacity of AP iTMS or on its ability to selectively
modulate different intracortical circuits.

4.4 | Limitations and other
considerations

In order to examine the effect of TMS coil orientation
and muscle activation on the neuroplastic response to
iTMS, we had to use a modified iTMS protocol that was
specific to each experimental session. In particular, we
used a shortened protocol of 10 min (120 paired stimuli)
in Experiment 1 to avoid coil overheating during AP
iTMS, and we used a 5-min protocol (60 paired stimuli)
in Experiments 2 and 3 to avoid fatigue during muscle
activation. This resulted in a different number of paired
stimuli for each experiment, making it difficult to
directly compare the magnitude of neuroplastic effects
between experiments. Furthermore, the iTMS approach
was based on a standard ISI of 1.5 ms, which reflects
the periodicity of high frequency descending volleys
with TMS (Day et al., 1989). However, there can be sub-
stantial variability in the latency of the early I-wave
response in different individuals, and a greater iTMS
response can be achieved if the iTMS ISI is adjusted to
the individual I-wave periodicity (Sewerin et al., 2011).
Unfortunately, it is not possible with current techniques
to directly quantify the effectiveness of iTMS on I-wave
periodicity during the intervention, potentially resulting
in differences in the effectiveness of iTMS and greater
variability between participants. Finally, TMS at the
intensities used here is likely to activate a combination
of I-waves, and voluntary contraction is known to
increase the number and size of I-waves (di Lazzaro
et al., 1998). We found that AP iTMS increased both PA
and AP MEPs when applied in a resting but not active
muscle, so it is possible that AP iTMS activates specific
cortical circuits, and these are more amenable to
stimulation in a resting muscle. However, as far as we
are aware, it is not known how voluntary contraction
influences I-wave characteristics for TMS with an AP
current.

In conclusion, the current study aimed to alter which
intracortical circuits were targeted by iTMS, by manipu-
lating current direction and activation state. While this

approach identified increased corticospinal excitability
with AP iTMS compared with PA iTMS when applied at
rest, this effect involved both PA and AP I-wave circuits.
Furthermore, effects of AP iTMS on corticospinal
excitability were removed when iTMS was applied in an
active muscle. Although these findings do not support
the concept of targeted I-wave modulation, further inves-
tigation is required to assess how dosing and afferent
input may modulate this outcome.
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