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Abstract

To assess motor cortex neurophysiology, including the mechanisms of neuroplasticity, transcranial 

magnetic stimulation (TMS) is typically applied to the motor “hotspot”— the optimal site for 

inducing a twitch in a given target muscle. It is known that the effects of suprathreshold repetitive 

TMS (rTMS) spread along functional connections beyond the specific cortical stimulation target, 

and yet, it is unknown whether the aftereffects of subthreshold intermittent theta-burst stimulation 

(iTBS), an ultra-high frequency patterned rTMS protocol, extend beyond the targeted muscle.

We investigated whether and to what extent iTBS induces changes in the cortical output to other 

intrinsic hand muscles with adjacent cortical representation to the target. 16 healthy adults 

underwent neuronavigated TMS-iTBS targeting the first dorsal interosseus (FDI) hotspot. 

Proportion of motor evoked potentials (MEPs) at the resting motor threshold (RMT), baseline 

MEP amplitude, and iTBS-induced changes in MEP amplitude were compared between FDI, 
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abductor pollicis brevis (APB) and abductor digiti minimi (ADM) muscles. MEP amplitudes 

recorded from the three muscles at RMT and suprathreshold intensities indicated the chosen 

hotspots were relatively selective for FDI. Nevertheless, iTBS induced significant facilitation of 

MEPs recorded from both FDI and APB, but not ADM. Surprisingly, the MEP modulation was 

greater in APB, even when controlling for the baseline MEP amplitude. These results indicate that 

iTBS modulation of cortico-spinal excitability extends beyond the representation of the targeted 

muscle. Results have implications both for how iTBS may be used in clinical treatment and for the 

safety guidelines for the application of iTBS.
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Introduction

Transcranial magnetic stimulation (TMS) is a versatile, noninvasive technique for 

investigating human brain neurophysiology in vivo. Most of our knowledge of the 

underlying physiological mechanisms of TMS comes from studying its effects on the motor 

cortex. Despite decades of research, fundamental questions still remain. A single pulse of 

suprathreshold TMS delivered over the primary motor cortex (M1) will evoke a descending 

volley along the cortico-spinal tract reflecting polysynaptic activation via layer-V pyramidal 

neurons (Di Lazzaro & Rothwell, 2014) . The activity summates in the spinal cord and at the 

neuromuscular junction, resulting in a compound muscle action potential, termed a motor 

evoked potential (MEP). The MEP amplitude can be measured via surface electromyography 

(EMG), providing a measure of cortico-motor excitability (Rossini and Rossi, 1998). 

Repetitive TMS (rTMS) uses patterned trains of pulses to induce frequency-specific changes 

in cortical excitability that outlast the stimulation (Pascual-Leone et al., 1994). Applying this 

approach to M1, the change in cortico-motor excitability (i.e., MEP amplitude) following 

rTMS can be used to investigate the mechanisms of cortical plasticity (Hallett, 2007; 

Pascual-Leone et al., 2011).

The first step in nearly any TMS application is to identify the motor hotspot, which 

corresponds to the region in M1 that consistently elicits a visible twitch of the target muscle 

and larger MEPs compared to those from non-target, neighboring muscles (Rossini et al., 

2015). Identification of the motor hotspot for a given target muscle can be improved by 

individual MRI-guided neuronavigation (Julkunen et al., 2009). Most TMS 

neurophysiological studies target one of the following intrinsic hand muscles: first dorsal 

interosseus (FDI), abductor pollicis brevis (APB), and abductor digiti minimi (ADM). 

Despite their partially overlapping representation in M1 (Pascual-Leone et al., 1994), 

hotspots for FDI, APB, and ADM show some orientation specificity (Bashir et al., 2013). 

That is, one can improve the selectivity of TMS for a given target muscle—lower motor 

threshold and/or higher MEP amplitude compared to its neighbors—by changing the 

direction of the induced electrical field relative to precentral gyrus (Laakso et al., 2014).
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The focality of rTMS effects in the brain remains unresolved, despite its implications for 

clinical and basic science applications of rTMS. Early experiments in healthy individuals 

demonstrated that applying short rTMS trains at suprathreshold intensities resulted in a 

spread of excitation beyond the target muscle, likely due to the breakdown of surrounding 

inhibitory cortico-cortical connections, secondary to the rTMS train itself (Pascual-Leone et 

al., 1994). The effects of rTMS have been shown to spread beyond the cortical stimulation 

target along functional connections in the brain (Eldaief et al., 2011; van der Werf et al., 

2010). In the past 15 years, a form of patterned, high-frequency rTMS, termed theta-burst 

stimulation (TBS), has emerged as a potential means for inducing longer-lasting plasticity 

with shorter stimulation durations (Huang et al., 2005). The development of TBS was based 

on electrophysiological studies of long-term potentiation (LTP) and long-term depression 

(LTD) in the rodent hippocampus (Diamond et al., 1988). Accordingly, changes in MEP 

amplitude following intermittent TBS (iTBS) and continuous TBS (cTBS) have been 

interpreted as reflecting LTP- and LTD-like plasticity, respectively. A number of studies 

have explored the effects of iTBS and cTBS on antagonistic muscles at rest and under 

contraction (Fang et al., 2014; Mirdamadi et al., 2016, 2015). Yet, to our knowledge, the 

focality of iTBS aftereffects in synergistic intrinsic hand muscles has not been explored.

Since the spread of the induced electrical field increases with stimulation intensity (Roth et 

al., 2007), it is assumed that selectivity of TMS measures obtained from a given muscle 

(relative to its neighboring muscles) would be greater at subthreshold than at suprathreshold 

intensities. Based on this assumption, it can be hypothesized that the aftereffects of 

plasticity-inducing rTMS protocols that use subthreshold intensities, such as iTBS, should 

be most prominent when measured from the target muscle. To our knowledge, however, this 

hypothesis has never been explicitly tested. We aimed to address this gap by comparing the 

aftereffects of iTBS on MEP amplitudes recorded simultaneously from FDI, APB, and ADM 

when TMS was applied over the FDI hotspot. We predicted that if the target muscle, FDI, 

was relativity isolated (i.e., there was a higher proportion of responses at threshold and/or 

greater amplitude of suprathreshold MEPs recorded from FDI at baseline), iTBS would have 

a greater effect on FDI, compared to non-target muscles, i.e., APB and ADM. In contrast, if 

iTBS aftereffects are comparable between target and non-target muscles the spread may not 

be intensity-dependent and other physiological particularities of the motor pathway may 

play a role (i.e., TMS cortical orientation-specificity of different muscles or relative 

thresholds of overlapping cortical representations (Mirdamadi et al., 2016).

Methods

Participants

Data collected from healthy participants who served as control subjects in a previous iTBS 

study (Fried et al., 2016) were analyzed. All participants provided written informed consent 

prior to enrollment and received monetary compensation upon completion. The study 

protocols were approved by the Institutional Review Board at Beth Israel Deaconess 

Medical Center in accordance with the Declaration of Helsinki. The cohort consisted of 16 

right-handed adults with a mean (± SD) age of 63 (± 8) years. Full details on eligibility 

criteria and participant characteristics can be found in a previous report (Fried et al., 2016).
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Transcranial magnetic stimulation and electromyography

All study protocols followed the recommended guidelines for the safe application of TMS 

endorsed by the International Federation of Clinical Neurophysiology (IFCN) (Rossi et al., 

2009). A frameless stereotaxic neuronagivation system (Nexstim Ltd., Helsinki, Finland) 

was used in conjunction with the subject’s own T1-weighted anatomical MRI to identify the 

hand knob of the left primary motor cortex and ensure consistent targeting throughout the 

session. Peak-to-peak amplitude of MEPs elicited by single-pulse TMS (spTMS) were 

recorded by surface electromyography (EMG; Nexstim) of the FDI, APB, and ADM 

muscles of the right hand using a belly-tendon electrode montage with a common ground on 

the styloid process of the wrist. Responses from ADM were not available in 2 participants. 

ADM responses from a third subject were rejected for excessive background noise in the 

EMG. The eXimia Navigated Brain System v. 3.2 (Nexstim; https://nexstim.com/healthcare-

professionals/nbs-system/) was used to integrate TMS, EMG, and neuronavigation.

Full details on TMS procedures have been reported elsewhere (Fried et al., 2016). Briefly, 

the hotspot for the right FDI was defined as the site that resulted in a visual movement of the 

FDI muscle and MEPs that were generally larger in FDI than APB or ADM. All 

neurophysiological measures including resting motor threshold (rMT) and active motor 

threshold (aMT) as well as spTMS and iTBS intensities were assessed using FDI as the 

target muscle. Following IFCN guidelines (Rossini et al., 2015), rMT and aMT were 

determined individually using the Nexstim and MagPro (MagVenture A/S, Farum, 

Denmark) stimulators, respectively, and used to set the intensity of subsequent stimulation. 

rMT was defined as the minimum intensity of stimulation (as % of the maximum stimulator 

output; MSO) necessary to elicit MEPs ≥ 50 µV in at least 5 of 10 trials with the FDI 

relaxed. aMT was defined as the minimum %MSO necessary to elicit MEPs ≥ 200 µV in at 

least 5 of 10 trials with the FDI slightly contracted (using live EMG to ensure consistent 

contraction between ~100–200 µV). A passively-cooled MCF-B65 figure-of-8 coil fitted 

with a Nexstim tracking array and connected to a MagPro X100 stimulator (MagVenture) 

was used to assess aMT and to perform iTBS at 80% of aMT. The Nexstim and MagPro 

coils were handheld tangentially to the scalp and oriented to induce a biphasic (anterior-

posterior—posterior-anterior) current in the brain perpendicular to the precentral gyrus 

(approximately 45° from the midline). Before and after iTBS, single TMS pulses were 

applied in blocks of 30 pulses at 120% of rMT to assess iTBS-induced changes in cortico-

motor reactivity. Figure 1 illustrates the timeline of the study procedures and representative 

examples of MEPs recorded from the three different hand muscles.

Statistical analyses

Statistical analyses were performed using JMP Pro software version 13.0 (SAS Institute, 

Cary, NC, USA) using two-tailed tests with the α level set to 0.05. Assumptions of linear 

regression analyses were tested using Shapiro–Wilk and Breusch–Pagan tests. In cases 

where these assumptions were not met, data were either log10-transformed or non-

parametric analyses were conducted, as indicated. Data from all three muscles included: (1) 

the proportion of MEPs ≥ 50 µV at 100% of rMT for FDI, (2) the average MEP amplitude 

(mV) from three blocks at baseline, and (3) the average MEP amplitude assessed 5–20 

minutes following iTBS (T5, T10, T20). To compare the effect of iTBS across the three 
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muscles, the mean of all post-iTBS MEPs over T5–T20 was calculated and expressed as the 

percent change from baseline (%ΔMEP). This interval was selected as it represents the 

period of the maximal iTBS-induced facilitation (Wischnewski and Schutter, 2015).

Data analysis proceeded as follows: (1) To statistically confirm the selectivity of the chosen 

hotspot for FDI as the target muscle compared to the two non-target muscles (APB and 

ADM), and to assess its relative specificity at threshold and suprathreshold intensities, the 

proportion of MEPs ≥ 50 µV at 100% rMT and average baseline MEP amplitudes at 120% 

rMT were entered as dependent variables into separate random-effects linear-regression 

models with the main crossed-random effect of Muscle (FDI, APB, ADM). Baseline MEP 

amplitudes were log10-transformed to meet the assumptions of normality. Planned pairwise 

comparisons between FDI and the two non-target muscles (APB, ADM) were performed 

using Student’s t-tests with Holm-Bonferroni adjustment for multiple comparisons. (2) To 

assess the effect of iTBS on cortico-motor reactivity for each muscle, the average MEP 

amplitudes at T5–T20 were compared to baseline MEP amplitudes using separate Wilcoxon 

signed-rank tests. (3) Based on the comparison of MEPs at rMT and baseline, only APB was 

significantly differentiated from FDI (see Results). Therefore, the maximal effect of iTBS 

was compared between FDI and APB by entering %ΔMEP values into a random-effects 

linear model with the main crossed-random effect of Muscle (FDI vs. APB). The ratio of 

MEP amplitudes at baseline (i.e., FDI/APB) was added as a covariate to assess whether 

differences in the effect of iTBS could be attributed to differences in MEP amplitude at 

baseline. For the sake of completeness, a similar comparison of %ΔMEP values between 

FDI and ADM (with the FDI/ADM ratio as a covariate) was conducted on 13 subjects with 

available ADM data. However, as differences between ADM and FDI at threshold or 

suprathreshold intensities (i.e., baseline) did not reach significance, we did not expect the 

iTBS aftereffects to be different in ADM and FDI. (4) Finally, to explore the relationship 

between MEP amplitude and %ΔMEP over T5–T20 from the target muscle and the 

corresponding values from the two non-target muscles, we conducted separate Spearman’s 

Rho correlations between the MEP amplitudes (mV) from FDI and those from either APB or 

ADM ratio, as well as between %ΔMEP values from FDI and those from either APB or 

ADM.

Results

All values represent mean ± standard deviation unless otherwise specified. Across all 

subjects, rMT was 47.38 ±11.7% of Nexstim maximum stimulator output (MSO), while 

aMT was 46.63 ±8.6% of MagPro MSO.

At baseline, the analysis of MEP amplitude in all three muscles confirmed the selectivity of 

the chosen motor hotspot for FDI. The random-effects linear model found a significant main 

effect of Muscle (F2,25 = 4.44, p = .022, ηρ
2 = .26) on the proportion of MEPs ≥ 50 µV at 

threshold (Figure 2). Specifically, the proportion of such MEPs from FDI (0.54) was 

significantly greater than from APB (0.33, p = .013) and numerically, though non-

significantly, greater than from ADM (0.42, p = .141).
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For log10-transformed baseline MEP amplitudes, the random-effects linear model found a 

significant main effect of Muscle (F2,27 = 4.26, p = .025, ηρ
2 = .24). Planed pairwise 

comparisons demonstrated baseline MEP amplitudes from FDI were significantly greater 

than APB (p = .019), but not ADM (p = .393) (Illustrated in Figure 3).

Regarding the magnitude of iTBS aftereffects in each muscle, the Wilcoxon signed-rank test 

found iTBS induced a significant facilitation in MEP amplitude in all three muscles (FDI: 

Z=55.5, p = .002; APB: Z=54.5, p = .003; ADM: Z=42, p = .002) (Figure 3).

The random-effects linear model comparing the effect of iTBS between FDI and APB 

revealed a significant main effect of Muscle (F1,12 = 12.07, p = .045, ηρ
2 = .29), after 

controlling for the FDI/APB ratio of baseline MEPs (Figure 4). Specifically, the magnitude 

of facilitation was greater in APB (84.5 ±81.0%) than FDI (49.3 ±63.8%), while the 

FDI/APB ratio of MEPs at baseline was not a significant predictor (p = .992). Among 13 

participants with available ADM data, and the effect of iTBS on ADM (56.1 ± 58.6%) was 

not significantly different from FDI (F1,9 = 0.71, p = .715, ηρ
2 = .02), after controlling for the 

FDI/ADM ratio of MEPs at baseline, which was not a significant predictor (p = .957).

Lastly, Spearman’s Rho correlations found a significant relationship between the MEP 

amplitudes (mV) over T5–T20 in FDI and ADM (Rho = 0.80, p = <.001) but not between 

those in FDI and APB (Rho = 0.27, p = .316). In contrast, %ΔMEP over T5–T20 were 

significantly correlated between FDI and APB (Rho = 0.71, p = .002) but not between FDI 

and ADM (Rho = 0.34, p = .255) (Figure 5). These results demonstrate a strong association 

between ADM and FDI in the raw MEP amplitudes, but not the effect of iTBS, while the 

opposite was observed for APB and FDI.

Discussion

The present study found that standard iTBS applied over the FDI hotspot induced a co-

modulation of MEPs in other intrinsic hand muscles (i.e., APB and ADM) with adjacent 

cortical representations to FDI. While the proportion of MEPs at FDI threshold and the 

average MEP amplitude at baseline were higher in FDI than APB (confirming the selectivity 

of the chosen hotspot for FDI), iTBS-induced modulation was unexpectedly greater in APB 

than in FDI. Importantly, this effect persisted after controlling for the ratio of baseline MEP 

amplitudes between the two muscles. By contrast, ADM was closer to FDI in terms of both 

the proportion of MEPs at the FDI threshold and average baseline amplitudes; and while 

iTBS did induce significant facilitation from ADM, the magnitude of aftereffects was not 

significantly different from FDI. These results indicated that (1) subthreshold iTBS exerts 

neuromodulatory effects that extend beyond the targeted region, and (2) the pattern of 

coactivation from single pulse TMS and spread of iTBS-induced neuromodulation likely 

reflect important functional and anatomical differences between APB and ADM in terms of 

their relationship with FDI.

Repetitive TMS protocols, both conventional and patterned (TBS), applied to the motor 

cortex are thought to modulate MEP amplitudes by increasing the efficacy of excitatory 
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synapses (Huang et al., 2005; Pascual-Leone et al., 1994a). This was highlighted in a 

previous study (Pascual-Leone et al., 1994a) that found repeated trains of rTMS lead to 

progressively earlier onset of the spread of excitation, and thus modulation of MEPs was 

likely the result of increased efficacy of excitatory synapses. In the present work, the 

modulation of MEPs from APB can be understood given its cortical and peripheral 

proximity to FDI and the functional overlap between the two muscles (Li et al., 2018). 

However, the finding that, even after controlling for differences in baseline MEP amplitude, 

iTBS aftereffects were in fact significantly larger in APB than FDI was unexpected. There 

are a number of possible explanations for this finding. Several studies have provided insights 

into the composition of the descending corticospinal volleys induced by TMS over the motor 

cortex in patients with epidural electrodes surgically implanted into their upper cervical 

segments (Di Lazzaro et al., 2003; Di Lazzaro et al., 2001). These studies have yielded 

evidence suggesting spTMS typically activates pyramidal tract neurons (PTNs) indirectly via 

excitation of pre-synaptic axons, which can be observed as descending volleys of 

synchronized activity, termed I-waves (Di Lazzaro & Rothwell, 2014). These I-waves have 

early (I1 wave) as well as late components (late I-waves), and evidence suggests the pulse 

waveform affects the composition of the TMS-induced corticospinal volleys. In particular, a 

biphasic pulse waveform with an initial anterior-to-posterior (AP) current induced in the 

brain (i.e., AP-PA currents) preferentially elicits I1 waves and at higher stimulus intensities 

can directly activate the PTNs resulting in D-waves (Di Lazzaro et al., 1998). Additionally, 

motor mapping studies have shown that subtle variations in the orientation of the TMS coil 

relative to the precentral gyrus can influence the selectivity of responses in muscles that have 

otherwise partially overlapping representations (Bashir et al., 2013; Wassermann et al., 

1994). Considering these two findings together, it is possible that the coil orientation in the 

present study was optimal for FDI activation at a threshold level and baseline (resulting in 

D-waves and I1 wave), but sub-optimal for APB, resulting in a larger proportion of late I-

waves. While this explanation lacks the explicit confirmation provided by epidural recording 

of descending volleys, it nonetheless fits our observation that MEPs recorded from APB 

tended to be smaller than those from FDI. Additionally, in light of the evidence that iTBS 

has been found to selectively enhance the late I waves without influencing the I1 wave 

(Lazzaro et al., 2008), we postulate that the greater iTBS response in APB than in FDI 

could, in part, be due to the fact that suboptimal stimulation of APB at baseline yielded late 

I-waves that were modulated to a greater extent by iTBS than the I1-/D-waves resulting from 

the more optimally aligned stimulation of the FDI hotspot.

An alternative explanation can be provided based on the relative propensity of iTBS to 

recruit intracortical networks of both target and non-target muscles. A number of previous 

studies have assessed the effects of iTBS (Mirdamadi et al., 2015) and cTBS (Fang et al., 

2014; Mirdamadi et al., 2016) on non-target, antagonistic wrist muscles when stimulation is 

applied to the target muscle. In contrast to our results, these studies found that the magnitude 

of the effect of TBS on the target muscle was a function of the relative difference between 

the rMTs of the two muscle (Mirdamadi et al., 2015). We did not assess the rMT of the non-

target muscles, but our analysis did demonstrate the selectivity of the chosen hotspot for 

FDI; stimulation at rMT and baseline resulted in a significantly greater proportion of MEP 

responses and larger MEP amplitudes from the FDI compared to the APB. In addition, we 
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found that the magnitude of responses in the non-target muscle was not a function of the 

baseline MEP amplitude. The contrasting results in our study may be related to the 

synergistic nature of the target and non-target muscles in the present study compared to the 

antagonist nature of the wrist muscles targeted in the aforementioned studies. Previous 

studies have suggested that the relative recruitment of different interneuron networks of 

target and non-target muscles in the stimulated region is responsible for the aftereffects of 

TBS (Mirdamadi et al., 2016). M1 responses exhibit both convergent and divergent 

properties as well as horizontal interconnections in control of movement (Schieber, 2001); 

the same pyramidal neurons can terminate on spinal motor neurons that innervate different 

muscles (divergence) while contraction of the same muscle can be elicited by stimulating a 

wide region of M1 (convergence).

The finding that the MEP amplitudes over T5–T20 were correlated between FDI and ADM, 

but not between FDI and APB, can be attributed to divergent effects arising from the 

common peripheral innervation of FDI and ADM (by the ulnar nerve), compared to the 

innervation of the APB by the median nerve. In contrast, the finding that the magnitude of 

maximal iTBS aftereffects were correlated between FDI and APB, but not between FDI and 

ADM, is consistent with the notion that iTBS modulates the overlapping representations of 

synergistic intrinsic hand muscles (Wassermann et al., 1994), and can be attributed to the 

convergent recruitment of several intracortical networks arising from the greater overlap 

between cortical representations of FDI and APB compared to those of FDI and ADM.

Activation of corticospinal pathways by TMS is thought to be mediated by activation of both 

inhibitory and excitatory intracortical interneurons that project onto the large pyramidal tract 

neurons in layer V of the cortex (Lazzaro et al., 2001). These inhibitory and excitatory 

inputs typically balance each other out, avoiding the possibility of a horizontal spread of 

excitation (Pascual-Leone et al., 1994). However, rTMS at higher frequencies can result in 

the summation of excitatory post-synaptic potentials leading to a net excitation of 

neighboring pyramidal cells and an eventual horizontal spread of excitation (Pascual-Leone 

et al., 1994). Indeed, early experiments showed that following conventional rTMS protocols 

at suprathreshold (110–200%) intensities, a spread of excitation beyond the target muscle is 

observed (Pascual-Leone et al., 1994). In this study, however, we are concerned with the 

modulation induced by iTBS during several minutes post-stimulation. Yet the present results 

have important safety implications for the therapeutic uses of iTBS. With increased 

likelihood of greater facilitation at higher intensities and frequencies (Rossi et al., 2009), the 

risk of seizure may be heightened. Further, there is evidence that iTBS can yield persistent 

physiological effects even in the absence of parallel behavioral changes (Muellbacher et al., 

2000). This has led to the recommendation that concurrent EEG recordings be used during 

the application of iTBS in those with heightened risk of seizure (Rossi et al., 2009). 

Fortunately, very few seizure events have been reported to date from iTBS when performed 

following the safety guidelines (Rossi et al., 2009; Rossini et al., 2015). Nonetheless, 

documented evidence suggesting iTBS-induced modulation of MEPs from non-target, 

intrinsic hand muscles should be considered in populations with increased risk of seizure. 

This is especially important if iTBS is applied multiple times per day, which has been shown 

to lead to varying degrees of either homeostatic (Müller-Dahlhaus and Ziemann, 2015; 

Morris et al. Page 8

Neuroscience. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Murakami et al., 2012) or non-homeostatic metaplasticity (Opie et al., 2017; Tse et al., 

2018).

The results of the present study should be interpreted in context of the following limitations: 

We only measured the aftereffects of iTBS within the intrinsic hand muscles and, therefore, 

were limited in our ability to assess iTBS aftereffects beyond these three muscles. 

Additionally, we only measured the effect of iTBS on the three muscles when applied over 

the FDI hotspot, but not the APB and ADM hotspots, nor did we assess RMT at these other 

spots. Thus, the present analyses could not assess whether the effects of iTBS on MEPs from 

APB and ADM were influenced by the suboptimal alignment of the coil relative to the 

hotspot for the non-target muscles. This may be of interest to future studies. Finally, the age 

range for the study was 50–75y, representing a span from middle-age to senescence. While 

age has been associated with increased recruitment of areas of association cortex when 

performing cognitive tasks (Cabeza, 2002; Cabeza et al., 2002), we are not aware of any 

evidence of age-related reorganization within intrinsic hand muscles of the motor cortex. A 

simple linear regression revealed age was not associated with the mean %∆ over the first 20 

minutes post-iTBS for any muscle (R’s=−.06 – −.30, p’s= 0.253 – 0.836), thus we do not 

believe age was a factor within this cohort. Nevertheless, we cannot rule out the possibility 

that younger individual might show a different pattern of responses across muscles.

We found that the facilitatory effects of iTBS targeting the FDI hotspot were not specific to 

the MEPs recorded from that muscle and extended to adjacent APB and ADM muscles. 

MEPs from the APB muscle showed significant facilitation that was greater than MEPs from 

FDI. Importantly, these differences could not be accounted for by lack of selectivity of the 

chosen hotspot (for FDI relative to APB) or by differences in baseline MEP amplitude 

elicited by supra-threshold, single-pulse TMS. These results have implications for the safety 

of iTBS application in populations with increased risk of seizure and also regarding the 

selectivity and efficacy of iTBS to modulate cortico-spinal and, potentially, cortico-cortical 

connections.
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Highlights

• iTBS to FDI induces facilitation in non-targeted muscles (APB, ADM) with 

adjacent cortical representation

• iTBS aftereffects were larger in non-targeted APB than FDI.

• The pattern of responses in ADM and APB likely reflect distinct anatomical 

and functional relationships with FDI
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Figure 1. 
Top. Transcranial magnetic stimulation (TMS) assessments of cortical excitability—average 

amplitude of motor evoked potentials (MEPs) elicited by single-pulse TMS—and cortical 

plasticity—the change in excitability induced by intermittent theta-burst stimulation (iTBS). 

(A) Magnetic Resonance (MR)-guided TMS was applied to the left primary motor cortex 

‘‘hand knob” and resulting MEPs were recorded from the right first dorsal interosseous 

(FDI), abductor pollicis brevis (APB) and abductor digiti minimi (ADM) muscles by surface 

electromyography (EMG). (B) Example MEP traces before and after iTBS recorded from 

FDI, APB, and ADM. Bottom. Time-line of the study visit.
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Figure 2. 
Proportion of MEP responses larger than 50 μV at baseline (the criteria for threshold MEP). 

Data shown represent the proportion ± standard error in each muscle. This proportion did 

not reach 50% in either the APB or ADM muscle indicating that the stimulation intensity 

was below threshold on average for these muscles.
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Figure 3. 
MEP amplitude (mV) at baseline and 5–20 minutes after iTBS in each muscle.Error bars 

represent the peak-to-peak MEP amplitude (mean ± standard error). Significance bars 

(below) illustrate differences within each muscle and between baseline values (above).
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Figure 4. 
Effects of iTBS compared between muscles. Data shown represent the average (±standard 

error) %∆ from baseline in MEP amplitude post-iTBS in each muscle.
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Figure 5. 
Correlations between the target (FDI) and non-target muscles (APB, ADM) in MEP 

amplitude and %∆ in MEP amplitude (mV). Top row presents FDI vs APB, bottom row 

represents FDI vs ADM. The left column represents the correlation between MEP amplitude 

and the right column represents the correlation between %∆.
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