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A single- and paired-pulse TMS-EEG investigation of the N100 and
long interval cortical inhibition in autism spectrum disorder
An imbalance of cortical excitation/inhibition, commonly attrib-
uted to widespread dysregulation of gamma-aminobutyric acid
(GABA), has been implicated in the neuropathophysiology of
autism spectrum disorder (ASD) [1].

Unlike magnetic resonance spectroscopy (MRS), which indexes
global metabolite concentration, transcranial magnetic stimulation
(TMS) is capable of probing synaptic reactivity, and paired-pulse
TMS (ppTMS) protocols are particularly relevant to GABA-ergic
mechanisms. Electromyography (EMG) provides some evidence of
reduced short-interval cortical inhibition (SICI)EMG in ASD
following ppTMS to the primary motor cortex (M1). There is no ev-
idence of long-interval cortical inhibition (LICI)EMG deficits in ASD
at this site [2]. To our knowledge, only two studies have measured
cortical reactivity in ASD using combined TMS and electroenceph-
alography (TMS-EEG), neither of which applied ppTMS or investi-
gated GABA-ergic mechanisms [3,4].

In the present study, both single-pulse (sp) and ppTMS-EEG pro-
tocols were applied to investigate the N100 TMS-evoked potential
(TEP), and LICIEEG response, respectively. These outcomes have pre-
viously been implicated in GABAB-ergic mechanisms [5], and are of
specific interest given research into pharmacological modulation of
GABA-ergic pathways in ASD [6].

TMS was applied to the right M1, right temporoparietal junction
(TPJ), and right dorsolateral prefrontal cortex (DLPFC) in a group of
adults with ASD (without intellectual disability) and matched neu-
rotypical controls. The DLPFC and TPJ are widely implicated in the
neuropathophysiology of ASD (Supplementary Material 1). M1
was included given the well-documented motor dysfunction in
ASD.

Twenty-three (11 males, 12 females) adults with ASD and 22 (11
males, 11 females) age, sex, and IQ matched controls participated in
this study. Further details are presented in Supplementary Material
2. Demographic and phenotypic summaries are presented in
Supplementary Tables S1 and S2, respectively.

Stimulation was delivered using a figure-of-eight (70mm diam-
eter) coil and two Magstim 200 stimulators connected via a BiStim
device (Magstim Ltd.). All TMS was applied over a compatible EEG
cap (EASYCAP GmbH) containing 20 silver-silver chloride
(AgeAgCl) sintered ring electrodes placed surrounding our prede-
termined regions of interest (ROIs) (refer to Supplementary Mate-
rial 3.1). All stimulation was individualized to the intensity that
produced an average motor evoked potential (MEP) of 1 mV
(peak-to-peak amplitude; S1mV). S1mV did not differ between
groups (p ¼ .65). 75 single [see also: 4] and 75 paired (100 ms
inter-stimulis-interval; LICI100) TMS pulses were delivered consec-
utively to each site (M1, TPJ, DLPFC) in separate blocks. Refer to
https://doi.org/10.1016/j.brs.2021.12.010
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Supplementary Material 3.2 for detailed TMS processed and site
localization protocols.

EMG data were processed in Signal 7.02, Cambridge Electronic
Design, Cambridge, UK (Supplementary Material 4.1). Single- and
paired-pulse TMS data were processed and analyzed offline using
Matlab (R2020a; The Mathwoks, MA, USA) incorporating the
EEGLAB and TESA toolboxes. For cleaning and processing details
refer to Supplementary Material 4.2. Briefly, data were epoched,
pulse artefact was removed, and data were then down-sampled
to 1 KHz. ICA removed muscle artefacts. Data were band-pass
(1e100 Hz) and bandstop (48e52 Hz) filtered, and TMS-evoked
decay and noise-related activity was suppressed. Remaining arte-
facts were removed using a second round of ICA. Data were re-
referenced to the average of both mastoids.

For spTMS, N100 was defined as the largest negative deflection
occurring 90e140 ms following the TMS pulse, and average ampli-
tude within ±5 ms either side of the detected peak was extracted
and used for statistical analyses (Supplementary Material 4.3). LIC-
IEEG was calculated (Supplementary Material 4.3) across the TEP
(50e275 ms).

Frequentist and Bayesian analysis indicated that groups did not
differ on N100 amplitude or latency at any site following spTMS.
There were no group differences in LICIEEG at any site, and no evi-
dence of group differences in LICIEMG at M1 (Refer to Supplemen-
tary Material 5, Supplementary Table S4 and Fig. S2). Graphical
representations of the spTMS TEPwaveform and the sp- and ppTMS
rectified waveforms are presented in Fig. 1. Handedness did not
affect outcomes (Supplementary Table S5).

To summarize, this study applied spTMS-EEG and ppTMS-EEG to
the right M1, right TPJ, and right DLPFC in a sample of adults with
ASD and matched neurotypical controls. Using this method, the re-
sults of this study do not provide evidence to indicate GABAB-ergic
deficits in this sample.

A recent meta-analysis of EEG andmagnetoencephalography re-
ports prolonged N/M100 latencies and reduced amplitudes in ASD
during auditory processing, albeit limited to distinct elements of
the component [7]. As the reviewed studies did not administer
TMS, however, the difference in outcomes might be protocol/stim-
uli specific. A number of studies have noted an overlap between TEP
components and other sensory/cognitively-evoked potentials. Bia-
bani and colleagues [8], report a positive correlation between TEPs
and peripherally-evoked sensory potentials from TMS applied to
the shoulder (i.e. no transcranial stimulation), particularly for later
components, post 60 ms. This indicates that TMS-EEG outcomes,
particularly later components including the N100, are sensitive to
somatosensory interference even when appropriate noise-
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. A) Butterfly plots demonstrating the TMS-evoked potential (TEP) waveform for the DLPFC, M1 and TPJ post single-pulse transcranial magnetic stimulation spTMS. The thick
blue (control) and red (autism spectrum disorder; ASD) lines represent the TEP waveform as an average over the ROI electrodes for each stimulation site; the thin grey lines
represent all other scalp electrodes. The vertical dashed line at 0 ms indicates the TMS pulse while the surrounding grey bar represents the �5 to 15 ms section of EEG containing
the large TMS artefact which was removed and re-interpolated prior to analysis. The time-window used for detection of the N100 peak is denoted by the yellow shaded bar. B)
Graphical representation of long-interval cortical inhibition (LICI). Rectified single-pulse (SP; grey) and corrected paired-pulse (PPcorrected; orange) waveforms following ppTMS-
EEG are shown. The yellow shaded bar represents the time window used for calculation of LICI. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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masking practices have been applied [8]. This raises important
questions for the interpretation of this component in relation to
GABA-ergic mechanisms. Further, despite a large body of evidence
indirectly supporting that the TMS-induced N100 and LICI response
are largely GABA-mediated, there is also evidence of acetylcholiner-
gic and dopaminergic contributors [5].

The present findings overlap with our previous MRS-based out-
comes indicating no GABAergic differences in a sub-sample of this
same cohort [9]. These findings may, therefore, be sample-specific
and perhaps not generalizable to younger individuals or those with
increased symptom severity.

While there is considerable MRS evidence to suggest that GABA
concentration is reduced in ASD [1], this is challenged by a growing
body of literature using TMS to investigate GABA-related synaptic
activity [2]. TMS outcomes, however, are highly variable. A recent
review [10] summarizes factors potentially contributing to this
variability, including, but not limited to age, handedness, [epi]ge-
netics, biological sex/gender, and cognition.

While these preliminary findings are contrary to expectation,
further research is needed. Large-scale studies investigating these
mechanisms at different ages and developmental stages, as well
as in individuals with various levels of ASD symptom severity, are
needed. Factors contributing to variability in TMS outcomes, partic-
ularly in ASD samples, must also be elucidated. These protocols
could also be incorporated with pharmaceutical trials investigating
the therapeutic potential of GABA-ergic agonists in ASD to under-
stand further the effects of such drugs at cortical regions implicated
in ASD.
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