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Highlights

e Plasticity responses to cTBS and iTBS were assessed using MEP input/output
curves.

e LTD-like response to cTBS was greatest when probed using high stimulus
intensities.

e LTP-like response to iTBS was greatest when probed using low stimulus

intensities.



Abstract

Objective: To determine whether the intensity of transcranial magnetic stimulation
(TMS) used to probe changes in corticospinal excitability influences the measured
plasticity response to theta burst stimulation (TBS) of the human primary motor

cortex.

Methods: Motor evoked potential (MEP) input/output (I/O) curves were recorded
before and following continuous TBS (cTBS) (Experiment 1; n = 18) and intermittent

TBS (iTBS) (Experiment 2; n = 18).

Results: The magnitude and consistency of MEP depression induced by cTBS was
greatest when probed using stimulus intensities at or above 150% of resting motor
threshold (RMT). In contrast, facilitation of MEPs following iTBS was strongest and

most consistent at 110% of RMT.

Conclusions: The plasticity response to both cTBS and iTBS is influenced by the

stimulus intensity used to probe changes in corticospinal excitability.

Significance: The results highlight the importance of the test stimulus intensity used
to assess TBS-induced changes in corticospinal excitability when interpreting
neuroplasticity data, and suggest that a number of test intensities may be required to

reliably probe the plasticity response.

Keywords: transcranial magnetic stimulation; cTBS; iTBS; motor evoked potential,

input/output curve; plasticity



1. Introduction

A number of non-invasive brain stimulation (NIBS) techniques have been developed
that provide significant opportunities to gain novel insights into human brain function.
In particular, techniques such as transcranial magnetic stimulation (TMS) can be used
not only to test the excitability of cortical networks, but also modulate excitability in a
bidirectional and reversible manner when applied in trains of repetitive stimuli (i.e.,
repetitive TMS; rTMS) (Vallence and Ridding, 2014). The changes in excitability
induced by rTMS are likely due to processes similar to the long-term potentiation
(LTP) and long-term depression (LTD) described in animal models (Huang et al.,
2007; Teo et al., 2007), which are key neural mechanisms involved in learning and
memory (Cooke and Bliss, 2006). As a result, rTMS is useful for probing human
cortical plasticity and may be of potential therapeutic benefit in a range of different

neurological and psychiatric disorders (Ridding and Rothwell, 2007).

Conventional rTMS approaches involve a constant rate of stimulation, with low
frequencies (<1 Hz) reducing cortical excitability (Chen et al., 1997) and high
frequencies (>5 Hz) increasing cortical excitability (Berardelli et al., 1998). More
recently, however, patterned protocols such as theta burst stimulation (TBS) have
been developed which require less stimulation time and lower stimulation intensities
than conventional rTMS protocols. Consisting of repeated bursts of high-frequency
subthreshold magnetic stimuli, TBS can either depress (when applied as continuous
TBS; i.e., cTBS) or increase (when applied as intermittent TBS; i.e., iTBS) cortical
excitability (Huang et al., 2005). Although the initial report of TBS demonstrated
long-lasting and robust changes, emerging evidence suggests these effects can vary

considerably between individuals (for example, Hamada et al., 2013).



When applied to the human primary motor cortex (M1), the plasticity induced by TBS
is usually quantified by recording a change in the electromyographic (EMG) response
to single-pulse TMS (i.e., the motor evoked potential; MEP) from peripheral muscles.
Most studies measure MEPs from a single TMS intensity to probe the plasticity
response to TBS, typically using an intensity sufficient to evoke MEPs at baseline
with peak-to-peak amplitudes of ~1 mV (Sliny) (Gentner et al., 2008; Hamada et al.,
2013; Huang et al., 2007). However, given that MEP amplitudes are highly variable
between subjects, using this arbitrary value potentially results in test MEPSs being used
that fall on different parts of the input/output (1/O) curve (Burke and Pierrot-
Deseilligny, 2010). Therefore, this approach may potentially add to the inter-subject
variability of the TBS response. To date, the potential importance of the stimulus
intensity used to probe changes in MEPs following TBS has not been investigated

systematically.

Generating 1/O curves by applying TMS at a range of stimulus intensities can provide
a sensitive measure of corticospinal excitability (Devanne et al., 1997; Ridding and
Rothwell, 1997; Vallence et al., 2012). Here, we constructed 1/O curves before and
following cTBS and iTBS (assessed separately), to determine the range of test
stimulus intensities that provide the most sensitive and reliable measure of TBS-

induced plasticity.

2. Methods

2.1 Subjects
A total of 27 right-handed subjects (16 females) aged from 18 to 32 years (mean +

SEM: 22.1 £ 0.7 years) participated in this study, which consisted of two experiments:
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Experiment 1 examined the response to cTBS (18 subjects, including 11 females; 22.7
+ 1.0 years), and Experiment 2 examined the response to iTBS (18 subjects, including
10 females; 22.1 + 1.0 years). Nine subjects participated in both experiments. This
study was performed in accordance with the Declaration of Helsinki and approved by
the University of Adelaide Human Research Ethics Committee. All subjects gave
informed written consent prior to testing and were screened for any contraindications

to TMS (Rossi et al., 2009).

2.2 Stimulation and recording

Surface EMG was recorded from the relaxed right first dorsal interosseous (FDI)
using two Ag/AgCl electrodes arranged in a belly-tendon configuration. EMG activity
was amplified with a gain of 1000, band-pass filtered between 20 and 1000 Hz
(Cambridge Electrical Design 1902 amplifier, Cambridge, UK), and digitised at a

sampling rate of 5 kHz (Cambridge Electrical Design 1401, Cambridge, UK).

Single-pulse TMS was applied with monophasic waveform using a figure-of-eight
coil (90 mm external wing diameter) connected to a Magstim 200 magnetic stimulator
(Magstim, Whitland, UK). The coil was positioned over the left M1 tangential to the
scalp, with the handle pointing posterolaterally at a 45° angle to the sagittal plane
(i.e., posterior—anterior current flow across M1). Stimuli were applied systematically
to different scalp locations using a suprathreshold stimulus intensity to identify the
optimal site for consistently evoking MEPs in the relaxed FDI. Once located, this site
was marked on the scalp using a felt marker, and resting motor threshold (RMT) was
determined. RMT was defined as the minimum stimulus intensity (expressed as

percentage of maximum stimulator output; MSO) required to elicit an MEP in the



relaxed FDI with peak-to-peak amplitude >50 uV in at least 5 out of 10 consecutive

trials.

2.3 Theta burst stimulation

TBS was applied with biphasic waveform (posterior—anterior/anterior—posterior
current flow) using an air-cooled figure-of-eight coil connected to a Magstim Super
Rapid magnetic stimulator (Magstim, Whitland, UK). The pattern consisted of short
bursts of three stimuli at 50 Hz, repeated at a frequency of 5 Hz. For cTBS
(Experiment 1), this pattern of stimuli was applied as a continuous 40-s train, whereas
for iTBS (Experiment 2), bursts of stimuli were applied for 2 s at 10-s intervals for a
total duration of 190 s (Huang et al., 2005). Stimulation intensity was set to 70% of
RMT (Gentner et al., 2008; Goldsworthy et al., 2014a; Goldsworthy et al., 2012a),
which was assessed just prior to TBS application using the same coil and biphasic

pulse waveform.

2.4 Input/output curves

I/O curves were constructed using monophasic single TMS pulses applied at 10
different stimulus intensities between 90 and 180% RMT (inclusive), with increments
of 10% RMT. Stimulus intensities were determined at baseline for each experiment
and remained constant for all 1/0 curve measurements. For each 1/O curve, eight
stimuli were delivered at each intensity in a pseudo-randomised order, using an
interstimulus interval of 5 s (+ 10% variance). The time taken to obtain each curve
was ~7 min. Curves were measured at five time periods during each experiment:
twice at baseline (B1 and B2), and during the periods 0-7, 15-22, and 30-37 min
post-TBS (P1, P2, and P3, respectively) (Fig. 1). EMG activity was monitored at all

times post-TBS in both experiments to ensure complete relaxation of the right FDI



and minimise the influence of voluntary contraction on the TBS response

(Goldsworthy et al., 2014b; Huang et al., 2008).

2.5 Data analysis
Statistical analyses were performed with IBM SPSS Statistics 20 (IBM SPSS,
Armonk, NY, USA). Identical analyses were performed in parallel for cTBS

(Experiment 1) and iTBS (Experiment 2) data.

Peak-to-peak MEP amplitudes were calculated for each trial; those contaminated with
background EMG activity during the 200 ms prior to TMS were excluded from
analysis. Mean MEP amplitudes were calculated for each stimulus intensity at each
time period. To test for differences between the two I/O curves obtained at baseline,
two-way repeated measures ANOVA (RM-ANOVA) with within-subject factors
TIME (2 levels: B1 and B2) and INTENSITY (10 levels: 90, 100, 110, 120, 130, 140,
150, 160, 170, 180% RMT) were performed on raw MEP amplitudes. Since there
were no significant differences between baseline curves in either Experiment (see
Results), the two baseline I/O curves were averaged. The maximum mean MEP
amplitude (MEPmax) of the average baseline 1/0 curve was determined for each
subject, and was defined as the largest recorded mean MEP amplitude at any stimulus
intensity after averaging between baseline curves. All data were normalised to this

average baseline MEP . value for the main analysis.

As with the baseline curves, post-TBS 1/O curves did not differ between P1, P2, and
P3 in either Experiment (see Results), and therefore were pooled across time periods.
For the main analysis examining the plasticity response to each of the TBS protocols,
two-way RM-ANOVA were performed with TIME (2 levels: average baseline and

average post-TBS) and INTENSITY (10 levels) as within-subject factors. Conditional



on a significant interaction between main effects, post hoc comparisons between
baseline and post-TBS MEP amplitudes were conducted for each stimulus intensity

using Fisher’s PLSD test.

Further analyses were performed to examine the variability of TBS-induced effects
probed using four different test stimulus intensities: (1) 110% RMT (the lowest
suprathreshold intensity tested), (2) Slimv (defined as the intensity between 110—
180% RMT, inclusive, at which average baseline MEP amplitudes were closest to 1
mV), (3) Slso (defined as the intensity at which average baseline MEP amplitudes
were closest to 50% of the average baseline MEPmax), and (4) 180% RMT (the highest
stimulus intensity tested). Paired t tests were performed to compare raw MEP
amplitudes at baseline (average of B1 and B2) with those recorded post-TBS (average

of P1, P2, and P3) at each intensity.

The responses to cTBS and iTBS were compared in the subset of nine subjects that
participated in both experiments. For this analysis, average post-TBS mean MEP
amplitudes for both the cTBS and iTBS protocols were expressed as a ratio of the
average baseline mean MEP amplitude for each suprathreshold test stimulus intensity
(i.e., between 110-180% RMT, inclusive). Comparisons between the two TBS
protocols were performed using two-way RM-ANOVA with PROTOCOL (2 levels:
cTBS and iTBS) and INTENSITY (8 levels: 110, 120, 130, 140, 150, 160, 170, 180%
RMT) as within-subject factors, and post hoc analyses were conducted using Fisher’s

PLSD test when a significant interaction was identified.

Finally, to examine possible ceiling and floor effects (that is, biases in the direction
and magnitude of the induced response, whereby maximal MEPs are more likely to be

depressed following stimulation and liminal MEPs are more likely to be facilitated),



correlation analyses were performed to determine the relationship between the
plasticity response probed at high (150-180% RMT) and low (100-120% RMT)
stimulus intensities, and the likelihood that baseline MEP amplitudes elicited at those
intensities were near the ceiling or floor of the testable range, respectively. Ceiling
and floor assessments were based on the slope of the linear regression line fitted to
average baseline mean MEP amplitudes (normalised to average baseline MEP )
between 150-180% RMT for the ceiling, and between 100-120% RMT for the floor.
In both instances, slope values close to 0 indicated that baseline MEPs elicited using
these intensities were nearer the ceiling or floor of the testable range. The Pearson
correlation coefficient was used for all correlation analyses, except where

assumptions of normality were violated (in which case, Spearman’s rho was used).

All analyses were two-tailed, and all data represent group mean + SEM. Data were
checked for normality using the Kolmogorov—Smirnov test. Mauchly's Test of
Sphericity was performed and, where necessary, degrees of freedom were adjusted

using Huynh-Feldt corrections. Statistical significance was accepted for P < 0.05.

3. Results

3.1 Baseline measures

Mean RMT at baseline was 39.2 + 1.0% MSO and 42.3 + 1.3% MSO for Experiments
1 and 2, respectively. No significant differences were observed between raw 1/0
curves recorded at B1 and B2 in Experiment 1 (TIME: Fy 17 = 0.49, P = 0.49; TIME x
INTENSITY: Fs9, = 0.64, P = 0.68) or Experiment 2 (TIME: Fy17 =2.91, P = 0.11;

TIME % INTENSITY: Fg 105 = 1.53, P = 0.17). Raw mean MEP amplitudes recorded

10



at baseline (average of B1 and B2 trials) for each stimulus intensity are shown in

Table 1.

3.2 Experiment 1 — cTBS

There was no significant difference between post-cTBS 1/O curves recorded at P1, P2,
and P3 in Experiment 1 (TIME: F;34 = 0.43, P = 0.65; TIME x INTENSITY: F12205 =
0.62, P = 0.83). Two-way RM-ANOVA on normalised data pooled into average
baseline and average post-cTBS revealed significant main effects of TIME (F117 =
5.33, P =0.03) and INTENSITY (Fsg, = 320.6, P < 0.0001), as well as a significant
interaction between these two factors (F4 73 = 4.01, P =0.004). This was due to a
reduction in post-cTBS MEP amplitudes, compared with baseline, at stimulus
intensities 120, 150, 160, 170, and 180% RMT (for all, paired t;; > 2.16, P <0.04)

(Fig. 2A).

Slimv varied between 110 and 180% RMT (median: 125% RMT), and produced
baseline MEPs with mean amplitude 0.94 + 0.06 mV. The range for Sls, was between
120 and 140% RMT (median: 130% RMT), evoking MEPs at baseline with mean
amplitude 1.46 = 0.26 mV. While raw MEP amplitudes recorded post-cTBS did not
differ from those recorded at baseline for the 110% RMT (Fig. 2B), Slimv (Fig. 2C),
and Slso (Fig. 2D) stimulus intensities, a significant MEP depression was observed at
180% RMT (paired ty7 = 3.27, P = 0.004) (Fig. 2E). The expected decrease in MEP
amplitudes occurred in 33% of subjects at 110% RMT (Fig. 2F), 72% at Slimv (Fig.
2G), and 61% at Slsp (Fig 2H), compared with 83% of subjects at 180% RMT (Fig.

21).
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3.3 Experiment 2 —iTBS

Post-iTBS I/O curves were not significantly different between P1, P2, and P3 in
Experiment 2 (TIME: F;26 = 0.86, P = 0.41; TIME % INTENSITY: F11183 =0.95, P =
0.49). Two-way RM-ANOVA on normalised data pooled into average baseline and
average post-iTBS revealed a significant main effect of INTENSITY (F65 = 289.4, P
< 0.0001) but not TIME (F117 = 0.053, P = 0.82). However, a significant TIME x
INTENSITY interaction was observed (Fs 76 = 2.98, P = 0.02), and this was due to the
increased amplitude of post-iTBS MEP amplitudes, compared with baseline, at the

110% RMT stimulus intensity (paired t;; =-2.67, P = 0.02) (Fig. 3A).

Slimv was between 110 and 180% RMT in Experiment 2 (median: 120% RMT),
resulting in mean MEP amplitudes of 0.94 + 0.13 mV at baseline. Slsy was between
120 and 140% RMT (median: 130% RMT), evoking baseline MEPs with mean
amplitude 1.86 + 0.26 mV. Raw post-iTBS MEP amplitudes were significantly
facilitated compared with baseline for the 110% RMT (paired t;7 = -3.43, P = 0.003)
(Fig. 3B) and Slymy (paired t;; = -2.73, P = 0.01) (Fig. 3C) stimulus intensities;
however, no change was observed at Slso (Fig. 3D) or 180% RMT (Fig. 3E). In
contrast to Experiment 1, the largest proportion of subjects responding in the expected
direction to iTBS was observed at 110% RMT, with 83% showing an increase in
MEP amplitudes (Fig. 3F). The proportion of subjects responding in the expected
direction decreased at higher intensities, with the expected increase in MEP
amplitudes occurring in 72%, 56%, and 44% of subjects for Slimv (Fig. 3G), Slso (Fig.

3H), and 180% RMT (Fig. 3I), respectively.

12



3.4 Comparison between TBS protocols

In the subset of nine subjects who participated in both experiments, average baseline
I/O curves for the cTBS and iTBS protocols did not differ (PROTOCOL: F; 5 =0.27,
P =0.62; PROTOCOL x INTENSITY: F219 = 0.19, P = 0.86). However, comparison
of average post-TBS mean MEP amplitudes expressed as a ratio of average baseline
for all suprathreshold intensities showed a difference between cTBS and iTBS, with
significant main effects of PROTOCOL (F1=5.87, P =0.04) and INTENSITY
(F218 = 6.10, P =0.008), as well as a PROTOCOL x INTENSITY interaction (F327 =
3.65, P =0.02). This was due to differences between protocols at the 110 and 120%
RMT stimulus intensities (for both, paired ts >2.49, P < 0.04), with a greater increase

in MEP amplitudes at these stimulus intensities following iTBS compared with cTBS

(Fig. 4).

3.5 Potential ceiling and floor influences on TBS-induced plasticity

While the slope between 150-180% RMT showed no association with the plasticity
response to cTBS probed using these high stimulus intensities (r =0.11, P = 0.68)
(Fig. 5A), a significant correlation was observed for iTBS, with steeper slope
associated with greater MEP facilitation (r = 0.48, P = 0.04) (Fig. 5B). Conversely,
while there was evidence for a floor effect for cTBS, with a trend observed between
the plasticity response probed at 100-120% RMT and the slope of average baseline
mean MEP amplitudes elicited at these intensities (r = -0.46, P = 0.06) (Fig. 5C), no

association was observed for iTBS (r; = -0.20, P = 0.43) (Fig. 5D).
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4. Discussion

The present study shows that the measured plasticity response (indexed as a change in
MEP amplitude) to both cTBS and iTBS is influenced by the stimulus intensity used
to probe corticospinal excitability. While a consistent cTBS-induced MEP depression
was observed at higher stimulus intensities, lower intensities were optimal for

detecting iTBS-induced MEP potentiation.

To date, few studies have investigated the influence of plasticity-inducing NIBS
techniques on corticospinal excitability using test intensities that cover the full range
of MEP responses. Muellbacher et al. (2000) recorded 1/O curves before and at two
time points following 1 Hz rTMS and, although an initial depression of MEP
amplitudes was observed for all stimulus intensities, only MEPs evoked using high
stimulus intensities (>140% RMT) were still depressed 30 min following stimulation.
Similarly, Gangitano et al. (2002) showed that the depressive effects of 1 Hz rTMS
and the facilitatory effects of 20 Hz rTMS were most significant for MEPs evoked
using higher stimulus intensities (>160% RMT for 1 Hz rTMS, and >130% RMT for
20 Hz rTMS). The changes in corticospinal excitability evoked by cTBS in the
present study were largely consistent with these previous findings: although a
significant depression of MEP amplitudes was observed at the 120% RMT stimulus
intensity following cTBS, the largest effect occurred at stimulus intensities at or

above 150% RMT.

There are at least two possible explanations for this finding. First, the more robust
inhibitory effect at higher stimulus intensities might be related to differences in the
neuronal pool (and thus the nature of the descending volley) activated by TMS at

these intensities. Hamada et al. (2013) showed that inter-individual differences in the
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intracortical network of neurons preferentially activated by single-pulse TMS
contributed to ~50% of the variability in subjects’ responses to both cTBS and iTBS,
with those subjects in whom late indirect waves (I-waves) were preferentially
recruited displaying a greater plasticity response (characterised by a change in MEP
amplitudes in the expected direction) to both protocols compared with those subjects
with preferential early I-wave recruitment. TMS applied at low intensities with a
posterior—anterior current direction (such as that used here) usually initially evokes a
single early I-wave (termed 11); as stimulus intensity increases, late I-waves are
recruited in addition to 11 (Di Lazzaro and Rothwell, 2014). Therefore, it is possible
that the larger pool of M1 synaptic connections activated at high stimulus intensities,
resulting in the recruitment of both early and late I-waves in the majority of subjects,
may have increased the likelihood of testing those networks preferentially affected by

TBS.

It is worth noting that, in addition to early and late I-waves, an even earlier wave
resulting from direct excitation of corticospinal tract axons (termed D-wave) can
sometimes be observed when TMS is applied with a posterior—anterior current
direction at high stimulus intensities (Di Lazzaro and Rothwell, 2014). While reduced
amplitude of the D-wave, but not I-waves, could potentially explain the greater
response to cTBS in Experiment 1 when probed using higher intensities, we consider
this unlikely as the D-wave has previously been shown to be unaffected by cTBS (Di

Lazzaro et al., 2005).

If the greater response to cTBS at higher stimulus intensities was due to the activation
of a larger (and more consistent) pool of intracortical neuronal networks, then it might

be expected that the response to iTBS would also be optimal at higher stimulus
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intensities. This was examined in Experiment 2. However, in contrast to the results of
Experiment 1, only MEPSs evoked using low stimulus intensities were significantly
potentiated following iTBS. Studies which recorded descending volleys from the
epidural space in chronic pain patients showed that cTBS reduced the amplitude of 11
(Di Lazzaro et al., 2005), whereas iTBS increased the amplitude of late I-waves (Di
Lazzaro et al., 2008). It is possible that iTBS-induced increases in the excitability of
late 1-wave circuitry resulted in greater late I-wave recruitment at lower stimulus
intensities, thereby facilitating MEP amplitudes. While this would be consistent with
the findings of Di Lazzaro et al., it might be expected that smaller MEPs generated by
more discrete 11 recruitment following cTBS would demonstrate a greater degree of
inhibition at lower stimulus intensities. However, this was not the case. Given this, it
appears that the relationship between changes in MEP amplitudes induced by TBS
protocols and the components of the descending volley responsible for this change are

highly complex.

Another possible explanation for the results of the present study is that ceiling and
floor effects influenced the intensity range over which optimal responses to cTBS and
ITBS were observed. This explanation would suggest that the strongest response to
cTBS would be seen at near-maximal MEP amplitudes where facilitation of the
response is unlikely, biasing the response towards inhibition. In contrast, the strongest
response to iTBS would be seen with small MEP amplitudes where reductions in
amplitude are limited, biasing the response towards facilitation. The possible
influence of ceiling and floor effects on our results is difficult to exclude based on the
current data. Although the lack of difference between TBS protocols at higher

stimulus intensities may be indicative of a ceiling effect for the cTBS response (see
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Fig. 4), it should be remembered that this comparison was performed on only a small

subset of subjects.

An important consideration is that, for both Experiments 1 and 2, not all subjects’
baseline MEP amplitudes had reached a plateau at the upper end of the I/O curve. We
reasoned that if a ceiling effect was responsible for the different responses observed
for cTBS and iTBS when probed using high stimulus intensities, then those subjects
whose MEPs had reached an upper plateau (that is, the ceiling of the testable range) at
these intensities should show a greater inhibitory response to cTBS in Experiment 1,
and a lesser facilitatory response to iTBS in Experiment 2. While this was the case for
ITBS, suggesting the lack of iTBS-induced facilitation of MEPs probed using
stimulus intensities above 150% RMT may be at least partially explained by a ceiling
effect, the MEP depression induced by cTBS was not influenced by whether subjects’
MEPs had reached a plateau. Conversely, whereas the inhibitory response to cTBS
probed using low stimulus intensities between 100-120% RMT tended to be reduced
in those subjects whose baseline MEPs were nearer the floor of the testable range,
similar floor effects were not seen for iTBS-induced MEP facilitation at the lower end
of the 1/0 curve. This provides evidence against the notion that ceiling and floor
influences are solely responsible for the strong plasticity responses to cTBS and iTBS
probed using high and low stimulus intensities, respectively. While we do not exclude
the possibility that differences in the makeup of the descending volley evoked at these
intensities may have contributed to our findings, it is clear that additional
experimentation directly recording descending volleys is required to further examine

this issue.

17



In recent years, there has been a considerable body of research investigating the
determinants of NIBS-induced plasticity. A number of factors have been identified
that influence the direction and magnitude of induced effects, including the age of
study participants, their genetics, and their history of physical activity (Ridding and
Ziemann, 2010). Although initial studies suggested TBS protocols were capable of
inducing robust LTP and LTD-like plasticity in the human M1 (Huang et al., 2007;
Huang et al., 2005), the response to stimulation can vary considerably between
individuals (Hamada et al., 2013) and between studies (Di Lazzaro et al., 2011,
Gentner et al., 2008; Goldsworthy et al., 20144, b; Goldsworthy et al., 2012a, b;
Hasan et al., 2012; McAllister et al., 2011; Todd et al., 2009; Vallence et al., 2013;
Zafar et al., 2008). Most studies use a standard MEP amplitude of ~1 mV to probe the
plasticity response to TBS. For both cTBS and iTBS, 72% of subjects responded with
changes in MEP amplitudes in the expected direction when probed using Slimy in the
present study, resulting in a significant group response for iTBS, but not cTBS. It
should be noted that Sli, corresponded to a wide range of stimulus intensities,
varying between near threshold in some subjects and near maximal in others.
Considering this, it is somewhat surprising that for both protocols, the plasticity
responses at this intensity were relatively consistent between subjects. Nevertheless,
the potential for MEP amplitudes probed at Sliy to fall on different parts of the 1/0
curve in different subjects may have contributed to some of the variability in subjects’

responses to TBS in previous studies.

The rationale for using Slymy is that, in most subjects, this provides a baseline
measure of excitability that is roughly midway between the smallest and largest
response, thus providing an equal opportunity for change in either direction.

Corresponding to a stimulus intensity that produces an MEP amplitude that is ~50%
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of the largest response, Slsq represents a more effective approach for consistently
targeting the dynamic linear portion of the stimulus-response curve (Devanne et al.,
1997), and should therefore be more sensitive to excitability changes following TBS.
However, in the present study, neither cTBS nor iTBS induced a significant group-
level response when probed at this intensity, with large variability observed between
individual subject response profiles in both experiments. Although, by definition, the
Slsg point of the 1/0 curve is consistent, the nature of the descending volley (i.e., D-
and I-wave contributions) at this intensity may differ significantly between subjects.
This highlights the difficulties with selecting a single appropriate test stimulus
intensity. On this basis, we suggest that, where possible, the MEP response to a
number of test intensities should be recorded to reliably probe plastic changes in

corticospinal excitability.

5. Conclusions

The present study shows that the stimulus intensity used to probe changes in
corticospinal excitability following TBS is an important factor determining the
magnitude and consistency of the induced plasticity response, with high stimulus
intensities more sensitive to the LTD-like after-effects to cTBS and low intensities
more sensitive to the LTP-like after-effects of iTBS. These findings have important

implications for future studies investigating TBS-induced M1 plasticity.
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Figure captions

EXPERIMENT 1: cTBS
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Figure 1. Experimental design. 1/O curves were recorded twice at baseline (B1 and
B2) and at three time periods post-TBS (P1, P2, and P3) for both experiments. RMT

was determined using both monophasic (m) and biphasic (bi) pulse waveforms.
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Figure 2. Probing cTBS-induced after-effects on corticospinal excitability using TMS
1/0 curves (Experiment 1). (A-E) Influence of cTBS on (A) averaged 1/O curves

(normalised to average baseline MEP,x), and on raw MEP amplitudes evoked using

25



stimulus intensities (B) 110% RMT, (C) Slimv, (D) Slsp, and (E) 180% RMT. #

denotes a significant difference between baseline (average of B1 and B2) and post-

cTBS (average of P1, P2, and P3) MEP amplitudes (P < 0.05). Data represent group

means = SEM. (F-I) Inter-subject response variability to cTBS probed using stimulus

intensities (F) 110% RMT, (G) Slimv, (H) Slso, and (1) 180% RMT. Data represent

mean percentage change of post-cTBS MEP amplitudes from baseline, with positive

values indicating an increase in MEP amplitudes following cTBS, and negative values

indicating a decrease in MEP amplitudes.
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Figure 3. Probing iTBS-induced after-effects on corticospinal excitability using TMS

I/0 curves (Experiment 2). (A—E) Influence of iTBS on (A) averaged I/O curves

(normalised to average baseline MEPy,x), and on raw MEP amplitudes evoked using

stimulus intensities (B) 110% RMT, (C) Slimv, (D) Slso, and (E) 180% RMT. #
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denotes a significant difference between baseline (average of B1 and B2) and post-
ITBS (average of P1, P2, and P3) MEP amplitudes (P < 0.05). Data represent group
means = SEM. (F-I) Inter-subject response variability to iTBS probed using stimulus
intensities (F) 110% RMT, (G) Slimv, (H) Slso, and (I) 180% RMT. Data represent
mean percentage change of post-iTBS MEP amplitudes from baseline, with positive
values indicating an increase in MEP amplitudes following iTBS, and negative values

indicating a decrease in MEP amplitudes.
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Figure 4. Comparison between the MEP response to cTBS and iTBS at different
suprathreshold stimulus intensities. Data are shown as average post-TBS mean MEP
amplitudes expressed as a ratio of the average baseline mean MEP amplitude, with
values >1.0 indicating an increase in MEP amplitudes following TBS, and values <1.0
indicating a decrease in MEP amplitudes. Data are group means + SEM from subjects
that participated in both experiments (n = 9). # denotes a significant difference

between TBS protocols (P < 0.05).
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Figure 5. Contribution of ceiling and floor effects to TBS-induced plasticity probed
using high (150-180% RMT) and low (100-120% RMT) stimulus intensities. Smaller
slope values indicate average baseline MEP amplitudes were nearer either the ceiling
(A: cTBS; B: iTBS) or floor (C: cTBS; D: iTBS) of the testable range. Each data
point represents results from an individual subject.
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Tables

Table 1. Average baseline MEP amplitudes

Stimulus intensity

Mean amplitude (mV) + SEM

(% RMT) Exp()e_rrigg;t 1 Exrzg_;igse)nt 2
c i
90 0.02 +£0.00 0.02 +£0.00
100 0.14 +£0.03 0.17 £0.03
110 0.37+0.05 0.54+0.13
120 0.99+0.20 1.34+0.24
130 1.59+0.29 2.12+0.34
140 1.96 £ 0.38 2.63+0.39
150 2.37£0.42 2.90 £ 0.42
160 2.57 £0.45 3.16+041
170 2.69+0.46 3.17+0.41
180 2.75+0.46 3.38+0.42
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