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Background: Intermittent Theta Burst Stimulation (iTBS) is a design of repetitive Transcranial Magnetic Stimulation (rTMS) and could be a candidate to replace rTMS in the treatment of depression, thanks to its efficacy, shorter duration, and ease of use. The antidepressant mechanism of iTBS, and whether this mechanism is mediated by a modulation of cortical excitability, remains unknown.

Methods: Using a randomized double-blind, sham-controlled trial, 30 healthy volunteers received either iTBS or a sham treatment targeting the left DorsoLateral PreFrontal Cortex (L-DLPFC), twice a day over 5 consecutive days. Cortical excitability was measured before and after the 5 days of stimulation.

Results: No difference in cortical excitability was observed between active or sham iTBS.

Conclusion: Our study does not support any effect on cortical excitability of repetitive iTBS targeting the L-DLPFC.
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INTRODUCTION

Repeated Transcranial Magnetic Stimulation (rTMS) is a validated non-invasive brain stimulation technique used to treat resistant depression (1).

Intermittent Theta Burst Stimulation (iTBS) is a design of rTMS that uses a very highly modulated frequency to produce a high number of pulses in a shorter time. This increases cortical excitability in a more robust and longer lasting way than rTMS, and in a similar way to High-Frequency (HF) rTMS (2).

Several studies have reported that iTBS is non-inferior to the gold standard 10 Hz rTMS in the treatment of major depression (3, 4). Furthermore, one session of iTBS lasts only 3 min, making it more acceptable to participants than longer lasting protocols such as 10 Hz rTMS, which can last 20–40 min (5).

The exact neurobiological mechanisms of iTBS/rTMS that lead to an antidepressant effect remain unknown.

Some etiologies of depression involve an imbalance of inter-hemispheric neuroexcitability. This imbalance has been identified in the dorsolateral prefrontal cortex (DLPFC) via imaging and EEG studies. This has justified the use of high-frequency (HF) rTMS targeting the left DLPFC to treat major depressive episodes (6, 7). Other studies have identified this imbalance as hypoexcitability of the left motor cortex. Some studies relate this hypoexcitability to an increase in the left rMT in patients with depression compared to healthy subjects (7–9). Other studies report that in patients with depression, the rMT of the left motor cortex was higher than that of the contralateral motor cortex (9, 10). In 2006, Bajbouj et al. (11) reported that the rMT of the left cortex was higher than that of the right cortex in depressed patients, whereas in healthy subjects this phenomenon was reversed. This suggests that, in patients with depression, there is an overall deficit of any excitability in the left hemisphere (7). This possibility has also been supported by other authors (12). Nevertheless, as cortical excitability is specifically related to the motor cortex, there is limited evidence that the enhancement of the excitability of the DLPFC using rTMS/iTBS could result in the same effect in the ipsilateral motor cortex.

We have thus stipulated that the remission of depressive symptoms after an increase in DLPFC excitability via HF rTMS (or iTBS) could also lead to a similar increase in the excitability of the ipsilateral motor cortex. A study by Spampinato et al. (13) supports this hypothesis by reporting that the antidepressant efficacy of HF rTMS (10 HZ) targeting the ipsilateral DLPFC was associated with a decrease in the ipsilateral rMT. The same authors hypothesized that an overall pro-excitability effect of HF rtMS would be mediated by the Long-Term Potentiation (LTP) phenomenon. Triggs et al. (14) also reported a significant decrease in the left rMT in ten patients with depression after a two-week open-label trial of 20 Hz rTMS (2,000 pulses/session, 20 sessions) over the ipsilateral DLPFC. Both studies showed an increase in M1 excitability after HF rTMS targeting the ipsilateral DLPFC. Based on these studies, we hypothesized that iTBS (having the same pro neuroexcitatory profile) targeting the left DLPFC would lead to an increase in the excitability of the ipsilateral M1.

The aim of this study was to assess the effect of iTBS on cortical excitability in the motor cortex in healthy controls.



MATERIALS AND METHODS

This study is a randomized double-blind vs. placebo trial designed to assess cortical excitability in the motor cortex before and after ten sessions of iTBS over the L-DLPFC.


Participants

Thirty volunteers, who had given written consent, were randomly assigned to either an active or a sham iTBS group. Healthy subjects between 18 and 65 years old, with no known history of psychiatric illness, and who had been matched in age, gender and education level, were included. They had to be right-handed, with a BDI (Beck Depression Inventory) score of <8, and an HDRS (Hamilton Depression Rating Scale) score of <8. Healthy female subjects had to confirm that they were not pregnant, and were on oral contraception. The non-inclusion criteria consisted of: being on any psychotropic drug, having any psychiatric disorder on axis I or II of the DSM-IV-TR (Diagnostic and Statistical Manual of Mental Disorders: Revised text), suffering from epilepsy, or having any other contraindications for rTMS.

All participants gave written consent, and the study was approved by the local ethical committee (CPP Ile de France VIII, number 101078, ID-RCB 2010A01032-37).



Cortical Excitability Assessment Procedures

Surface electromyograms were taken from abductor pollicis brevis muscles (APB) via electromyographic (EMG) self-adhesive electrodes, with solid gel coated disposable Ag/AgCl electrodes placed on the belly and tendons of the APB muscles.

To assess cortical excitability, TMS was performed using a standard 70 mm figure-of-eight coil (MCF-B65 Butterfly Coil) attached to a Medtronic MagOption stimulator. The coil was attached to the head with the handle pointing backwards and laterally, at an angle of 45° to the sagittal plane.

EMG activity was amplified 10,000-fold using a Matrix Light amplifier (Micromed, Mâcon, France) through filters set at 20 Hz and 2 kHz with a sampling rate of 16 kHz. The activity was then recorded by a computer using SystemPlus EVOLUTION software (version 1.04, Micromed, Mâcon, France).



Cortical Excitability Parameters Assessment Paradigm

The cortical excitability of each subject was assessed at baseline and 48 h after the end of the treatment. The following features of the left and right cortices were assessed: resting motor threshold (rMT), motor evoked potentials (MEPs), and intracortical facilitation (ICF).

The rMT was defined as the lowest TMS intensity required to induce an MEP with an amplitude of at least 50 microVolts (μV) in at least five out of ten trials (15).

Motor evoked potentials were defined as the overall reaction of a peripheral muscle, as measured by electromyography (EMG), that were induced via TMS of the contralateral motor cortex (16). The peak-to-peak amplitude of MEPs produced from a single TMS pulse provides an objective measure of corticospinal excitability (16). Our standard MEP or “test stimulus” was obtained after a single pulse delivered at 120% of the rMT.

Intracortical facilitation (ICF) was performed using two stimuli with an inter-stimulus interval (ISI) of 15 ms (melliseconds) Intracortical facilitation is believed to be mediated by excitatory inputs from glutamatergic pathways (17). In our study, the intensity of the test pulse was at a suprathreshold of 120% of the rMT and the intensity of the conditioned pulse was at a subthreshold of 80% of the rMT.

For all these excitability parameters, five trials were recorded with an interval of at least 5 s between each trial. For the rMT and MEPs, results were expressed using the mean and standard deviation of the five trials. For the ICF, results were expressed as the ratio of the average of the five MEPs obtained via the ICF paradigm to the average of the standard MEPs (13).



iTBS Procedure

iTBS was applied using parameters described by Huang et al. (2), except for the intensity of the stimulation, which was at 80% of the rMT in our study compared to 80% of the active motor threshold (aMT) initially used by Huang and colleagues in 2005 (2).

Using an intensity at 80% of the rMT instead of 80% of the active motor threshold (aMT) allows for higher stimulation power. Two of the most cited studies that have used iTBS in the treatment of resistant depression, namely Blumberger et al. (4) and Cole et al. (18) used stimulation intensity at 120 and 90% of the rMT respectively, and reported very good tolerance. The use of the rMT instead of aMT is also methodologically easier, since TMS interferes with the ability to maintain steady muscle contraction with stable background EMG activity of 10–20% of maximal contraction (6). Furthermore, the use of aMT could result in the spontaneous pre-activation of target muscles, which may alter the aftereffects of iTBS (18).

Three 50 Hz stimuli were repeated at a frequency of 200 ms for 2 s, which constituted a stimulation train. This train was then repeated every 10 s with a total stimulation duration of 190 s, and a total number of stimuli at 600.

A Magstim Super Rapid stimulator (Magstim, Wales) was used with a 70 mm double air film coil. For the control group, a sham coil providing the same acoustic sensation and visual impact as the active coil was used. The sham coil stimulated the skin and subcutaneous tissue of the scalp, giving the subjects the sensation of magnetic stimulation. The coil was positioned over the left DLPFC using Brainsight, an MRI-guided neuronavigation software (Rogue Research Inc., Canada).

MRI scans were performed on a 3 Tesla scanner (Siemens Healthcare, Erlangen, Germany). A 3D T1-weighted sequence was acquired with the following parameters: 176 contiguous slices, slice thickness = 1.0 mm, repetition time (TR) = 2,300 ms, echo time (TE) = 2.98 ms, field of view = 256*256.

The rTMS coil was applied over the L-DLPFC, which was targeted using established spatial coordinates for this area (Montreal Neurological Institute (MNI) coordinates: x = −50, y = 30, z = 36) (19). To do this, one spherical region of interest (ROI) of a 5 mm radius and centered at these MNI coordinates was generated using the MarsBaR toolbox (http://marsbar.sourceforge.net/) (20). The ROI was de-normalized from the MNI space to the individual space on each patient using the inverse transformation obtained from the VBM8 toolbox. The rTMS coil was positioned tangential to the scalp location overlying the L-DLPFC using an MRI-based frameless stereotactic neuronavigation system (Brainsight, Rogue Research Inc., Montreal, Canada).



Statistical Analysis

Differences between subjects in active and sham arms for sociodemographic characteristics were compared with a Student's t-test.

We computed the delta (baseline - after stimulation) for each measurement (rMT, MEPs, ICF) and for each group (active or sham).

We compared the delta in the active and sham group.

The Gaussian Distribution of each variable was evaluated by the Shapiro-Wilk test.

Some of the variables did not meet the assumptions for parametric statistics (Gaussian distribution for t-test, normal distribution for the residuals of the ANOVA) and is why we chose non-parametric statistical tests (Mann–Whitney U) for some. For the normally distributed variables, we performed t-test instead of ANCOVA because our groups were matched for age and gender, thus there was no confound that we could take into account. All statistical analyses were conducted using Python Statsmodels, an open-source library (21).




RESULTS

There were no significant differences in age or gender ratio between active and placebo groups at baseline (Table 1).


Table 1. Sociodemographic characteristics in iTBS and sham groups.
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The impact of iTBS and sham stimulation on all endpoint parameters is reported in Table 2 and in Figures 1–3.


Table 2. Difference (before and after stimulation) in the placebo and the active arm in resting motor threshold, motor evoked potentials and intracortical facilitation of both cortices before and after stimulation.
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FIGURE 1. Delta rMT in active and placebo groups in left cortex. rMT, resting motor threshold; Delta rMT, difference in rMT before and after iTBS.



[image: Figure 2]
FIGURE 2. Delta MEPs in active and placebo groups in left cortex. MEPs, Motor Evoked Potentials at 120% of rMT; Delta MEPs, difference in MEPs before and after iTBS.



[image: Figure 3]
FIGURE 3. Delta ICF in active and placebo groups in left cortex. ICF, intracortical facilitation; Delta ICF, difference in ICF before and after iTBS. Delta: difference in the resting Motor Threshold (rMT, Figure 1) after minus before active or sham stimulation, the Motor Evoked Potentials (MEPs, Figure 2) and Intracortical Facilitation (ICF) before and after intermittent Theta Burst Stimulation (iTBS) in the placebo (blue) and the active (orange) arm. Hashed lines delineate quartile of the distribution; to central hashed lines refer to the mean of the distribution. We choose the violin plots to provide information about the distribution of the variables, which is not possible with box plots and/or scatter plots. We believe that this representation of the results gives additional information to the reader. The x axis represents both the placebo (blue) and active (orange) group.


No difference was found between active and placebo stimulation in the rMT, MEPs and ICF in the right and the left cortex. There was also no trend suggesting a difference between the active and the sham arm.



DISCUSSION

We found no difference in all cortical excitability measurements between active and placebo stimulation in the left or right hemisphere. This negative result was contrary to our expectations.

The DLPFC has various anatomical projections on M1. These two regions are believed to work closely together to form fundamental circuitry involved in motor tasks of varying complexity (22). It is also widely believed that the impact of rTMS occurs if sessions of rTMS are repeated over a period of several days, leading to a “build-up” effect (23).

We therefore hypothesized that repeated sessions of iTBS over the L-DLPFC would result in increased excitability of the ipsilateral M1.

Studies assessing iTBS on cortical excitability are scarce, but can be divided into three types: (i) studies exploring TBS impact on cortical excitability after only one session of stimulation targeting the M1, (ii) studies exploring iTBS impact on cortical excitability after repeated sessions targeting the M1, (iii) studies exploring iTBS impact on cortical excitability targeting the DLPFC (a protocol template for treating depression).

Regarding (i), Chung et al. (16) replicated the findings of Huang et al. (2), being that one session of iTBS over the M1 in healthy subjects results in an increase in excitability by enhancing MEP amplitude, and that continuous Theta Burst Stimulation (cTBS) results in the opposite effect.

Regarding (ii), Perellón-Alfonso et al. (24) reported that over a 5-day “treatment” protocol, cumulative active iTBS over the M1 in 20 healthy volunteers was not superior to sham stimulation at inducing long-lasting facilitation of corticospinal excitability.

To date (iii), only Cao et al. (25) has assessed the effects of iTBS over the DLPFC on M1 cortical excitability. These authors reported that one iTBS session over the DLPFC, in 15 healthy right-handed participants, decreased the MEP amplitude in the M1, whereas the cTBS session resulted in the opposite effect. The authors explained their results by the Zero-Sum Enhancement theory. According to this theory, the increase in the excitability of the DLPFC is necessarily accompanied by a decrease in the excitability of the M1 at the other end of the network (26).

Triggs et al. (14) and Spampinato et al. (13) reported the opposite results after several sessions of HF rTMS (thought to have the same excitatory properties as iTBS) over the L-DLPFC. They reported a decrease in the rMT of the ipsilateral motor cortex.

Brown et al. (22) found no effect on M1 excitability after stimulation of the ipsilateral DLPFC using the TMS Conditioning-Test Approach. This is a method to evaluate the impact of a TMS conditioning stimulus (CS) applied over the frontal cortex on MEPs elicited by the TMS test stimulus (TS) over the M1 (22).

Our study is the first to evaluate the effect of iTBS over the L-DLPFC on cumulative cortical excitability in healthy subjects, using a “depression stimulation protocol.” Our results do not support any impact of repeated iTBS sessions applied over the L-DLPFC on the excitability of the M1.

The result of our study, especially in view of the scarcity of studies on the subject and their contradictory results, is difficult to explain. Nevertheless, some hypotheses are possible.

First, although a DLPFC-M1 connection has been widely reported (22, 25, 26), it may not be direct, and may be influenced by postsynaptic connections with other brain regions (basal ganglia, thalamus) (22).

Secondly, the stimulated target and coil orientation were probably not optimal to test our hypothesis. Indeed, we targeted an area traditionally used for the treatment of depression, whereas it could have been preferable to vary the target area from patient to patient, to identify a specific area more likely to induce excitability in M1.

Thirdly, the hypothesis linking the antidepressant effect of rTMS/iTBS to a change in cortical excitability may not be accurate. This is because the antidepressant action may be mediated by other neurobiological mechanisms that are distinct from a simple modulation of cortical excitability, such as modulation in dopamine and/or glutamate, connectivity between non-motor brain regions, modulation of gene expression, de novo expression of proteins, morphological changes, and/or changes in intrinsic firing patterns of diverse neocortical neurons or intrinsic membrane properties (27).

The conclusion of our study, which does not support any impact of repeated iTBS sessions applied over L-DLPFC on the excitability of the M1 should be taken with caution. Despite its original design, our study suffers from several limitations: first, the relatively small sample size may have resulted in Type 2 errors. Secondly, our methodology for collecting cortical excitability parameters is probably not optimal. In fact, we conducted five trials of each variable, but more trials would be preferable. Using Transcranial Magnetic Stimulation (TMS) to assess cortical excitability (single pulse TMS for corticospinal processes, rMT and MEPs and paired pulses for intracortical processes) can be considerably affected by interpersonal, intrapersonal and intersessional variability, which reduces the sensitivity and reproducibility of this method. Our results showed a significant interpersonal and intrapersonal variability in cortical excitability between the different sessions that was partly due to the choice of conducting an average of only five trials for each parameter. Biabani et al. (28) reported that the optimal number of TMS trials needed for reproducible measurements of corticospinal excitability and intracortical inhibition was 26. Conducting 30 trials resulted in a significant improvement in the reproducibility of ICF in a single session, but only moderately improved the reproducibility between different sessions. Goldsworthy et al. (29) reported that 20–30 TMS trials are optimal to ensure a stable measure of MEP amplitude with high within- and between-session reliability. Chang et al. (30) reported that the optimal number of neuronavigated trials required to improve the reliability of the evaluation of the amplitude of MEP, latency of MEP, ICF and Short-Interval Intracortical Inhibition (SICI), are 21, 23, 20, and 25 respectively. However, these three authors used 5 out of 10 trials to determine the participants' rMT, as we did.

To the best of our knowledge, the majority of studies using TMS or iTBS in physiology or in therapeutic trials use at least five out of ten positive trials (motor response and/or induction of an EMP with amplitude ≥50 μV) to determine the motor threshold. However, the updated IFCN guidelines Rossini et al. (6) suggest using 10 MEPs out of 20 trials to improve the accuracy of these measurements. In view of this, we suggest that despite it being probably time-consuming, an increase in the number of trials, potentially coupled with a neuronavigation of MEPs, to evaluate the different assessments of cortical excitability parameters, might ultimately increase the consistency of this method of investigation. Thirdly, the reassessment of cortical excitability 48 h after the last iTBS session may be too late, as the brain has probably regained its baseline excitability state through the subsequent homeostatic synaptic plasticity phenomena (27). Our choice to evaluate the effect of repeated iTBS sessions on excitability after 48 h after the last stimulation session was motivated by the search for a possible persistent build-up of cumulative effects on neuroplasticity. Indeed, if iTBS draws its potential antidepressant effect from its modulation of cortical excitability, it would be expected that this effect would persist beyond the stimulation sessions alone. Evaluating immediately or close after the last stimulation session may results in the assessment of only the immediate effect of this last session.

Studies evaluating the cumulative effects of iTBS (or rTMS) on cortical excitability are rare.

Bäumer et al. (31) reported that while the effects of rTMS on ICF after 1Hz rTMS remains 30 min, the effect lasts up to 2 h when the stimulation was made on two consecutive days suggesting build up excitatory effect. Indeed, the evaluation of excitability before each session, 30 min after each session, or before the first session, 30 min after the first session and 30 min after the last session, in addition to the 48-h assessment, could have provided us with more information on the effects of iTBS on cortical excitability in the short- and medium- term.

Another limitation is the fact that in our study we did not control the timing of inclusion, stimulation and assessment of excitability in relation to the phase of the menstrual cycle, which could be a limitation of our study. Given the potential influence of female hormones on cortical excitability, one could speculate that rMT and other indices of cortical excitability may vary with different phases of the menstrual cycle. Indeed, and despite heterogeneous studies, female hormones probably impact cortical excitability. Smith et al. (32) described an excitatory neuronal effect associated with estradiol, and an inhibition effect associated with progesterone. Inghilleri et al. (33) reported similar results, with cortical excitability during the follicular period increasing in conjunction with an increase in estrogen levels. Recently, Schloemer et al. (34) reported that the fluctuation in estrogen (but not progesterone) levels modulates cortical excitability in non-motor (somatosensory and visual) cortices. However, Chagas et al. (35) did not find any variation in rMT according to the phases of the menstrual cycle. Nevertheless, they reported an increase in rMT in women with amenorrhea compared to those at the beginning of their menstrual cycle. In this study our female volunteers were only included if they were taking hormonal contraceptives, which may have minimized the possible influence of hormonal variations caused by the menstrual cycle on cortical excitability. Gender differences were not assessed too. Few studies have evaluated the hypothetical difference in cortical excitability between women and men. Cantone et al. (36) who assessed a large Italian cohort, found some differences between males and females in TMS-induced MEPs of the lower limbs, but not of the upper limbs. Either way, data from the studies cited above strongly suggest that the hormonal status of the women participating in the cortical excitability studies is probably a confounding factor, and should be considered in future studies.

Despite these limitations, we believe that our study has strengths, and that its original design would benefit from being replicated and improved.

To the best of our knowledge, this randomized double-blind controlled study is the first to evaluate the effect of iTBS over the L-DLPFC on cortical excitability in healthy subjects, using a “depression stimulation” protocol with repetitive sessions. Furthermore, this is the largest trial assessing TBS impact on cortical excitability in healthy volunteers. Our study corroborates the safety and the good tolerability of repeated sessions of iTBS.

Even with a higher intensity than that initially used by Huang et al. (2) (80% of rMT instead of 80% of aMT), we observed no serious adverse effects: only a few cases of mild headache that did not persist.
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