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By combining transcranial magnetic stimulation (TMS) with electroencephalography, human cortical
circuits can be directly interrogated. The resulting electrical trace contains TMS-evoked potential (TEP)
components, and it is not known whether the amplitudes of these components are stimulus intensity
dependent. We examined this in the left dorsolateral prefrontal cortex in nineteen healthy adult
participants and extracted TEP amplitudes for the N40, P60, N120, and P200 components at 110%,
120%, and 130% of resting motor threshold (RMT). To probe plasticity of putative stimulus intensity
dose-response relationships, this was repeated after participants received intermittent theta burst
stimulation (iTBS; 600 pulses, 80% RMT). The amplitude of the N120 and P200 components exhibited
a stimulus intensity dose-response relationship, however the N40 and P60 components did not. After
iTBS, the N40 and P60 components continued to exhibit a lack of stimulus intensity dose-dependency,
and the P200 dose-response was unchanged. In the N120 component, however, we saw evidence

of change within the stimulus intensity dose-dependent relationship characterized by a decrease in
absolute peak amplitudes at lower stimulus intensities. These data suggest that TEP components have
heterogeneous dose-response relationships, with implications for standardizing and harmonizing
methods across experiments. Moreover, the selective modification of the N120 dose-response
relationship may provide a novel marker for iTBS plasticity in health and disease.

Concurrent transcranial magnetic stimulation and electroencephalography (TMS-EEG) is a powerful and non-
invasive tool used to probe cerebral cortex physiology in health and disease. TMS-evoked potentials (TEPs),
the time-locked signals elicited by single TMS pulses delivered to the cortex, are indicative of the underlying
neuroanatomy and neurophysiology. These negative and positive inflections of the electrical trace represent
the summation of excitatory and inhibitory neurotransmission induced by stimulation®~* and inform function
and connectivity of the target site by characterizing the spatial and temporal spread of cortical activation®’. In
cortical regions that do not have a directly measurable functional output, such as the prefrontal cortex, TMS-EEG
provides a unique lens into human cortical physiology.

Although TMS-EEG is a rapidly growing field with increasing technical rigor and practical application,
there are several aspects of TMS-EEG that remain unstandardized. Dosing of the TMS pulse is one of the most
crucial, yet there is substantial variability in the intensity of stimuli used in TMS-EEG experiments. Intensity
of the TMS pulse is typically defined relative to a motor cortex output, such as the resting motor threshold
(RMT). However, uniformity is lacking, as studies have used varying intensity ranging from 80 to 120% of motor
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threshold to explore cortical excitability®="*. Further, in TMS-EEG studies, RMT itself is variably defined as the
intensity required to elicit a 0.05 mV or 1 mV motor-evoked potential from either the first dorsal interosseous
or the abductor policis brevis!*-”. It is possible that TEP findings vary between studies because of the stimulus
intensity selected and, crucially, because TEP components may not all exhibit the same stimulus intensity dose-
response features.

Here, we focus on the dorsolateral prefrontal cortex (DLPFC), a cortical region that plays a critical role in cog-
nitive control and mood regulation'®'. Structural and functional abnormalities within this region are associated
with numerous psychiatric conditions, and TMS-EEG studies of the DLPFC have uncovered neurophysiological
differences associated with disease and response to interventions. Notably, amplitudes of N40 and N120 TEP
components appear to be larger in individuals with major depressive disorder, a finding that has been validated in
both youth and adults?®*!. Features of DLPFC components have also been linked to aging, mild cognitive impair-
ment, Alzheimer’s disease, and schizophrenia!*17?>?3, The potential utility of TEP components as biomarkers of
disorder is further reinforced by their malleability with TMS protocols that drive synaptic plasticity, including
those that are used therapeutically, such as repetitive TMS and theta burst stimulation®*-*. Increasingly, we
recognize that dosage considerations, such as the length of an iTBS train, are important and may have unique
effects on TEPs?. In addition, interpreting differences across studies depends on an understanding of stimulus
intensity dose-response relationships within the region of interest*~°.

In a group of healthy adults, we systematically examine stimulus intensity dose-response relationships in
TEP component amplitudes in the DLPFC by varying stimulus intensity relative to motor threshold. We then
test whether these stimulus intensity dose-response relationships change after participants undergo a clinically
used TMS protocol. We hypothesized that a) TEP component amplitudes are differentially responsive to vary-
ing stimulus intensities, and b) these stimulus intensity dose-response relationships are significantly altered by
intermittent TBS, a protocol that modulates cortical excitability.

Method

This study was approved by the University of Calgary Conjoint Health Research Ethics Board (REB20-2034)
and was performed in accordance with relevant guidelines and regulations. All participants provided written
informed consent.

Participants

We recruited and tested 21 healthy participants. Data from two participants were excluded from analyses, as
one participant informed us of a neurodegenerative diagnosis shortly after participation and another partici-
pant’s EEG data had quality issues. The final sample therefore consisted of 19 individuals (30.89 +8.35 years,
63% female). Exclusion criteria included pregnancy, unstable medical illness, significant neurological disorder,
history of stroke, intracranial implant, cardiac pacemaker, implanted medication pump, substance use disorder,
and the inability to refrain from alcohol consumption 24 h prior to participation.

Procedure

EEG data were collected concurrently with TMS delivery at three different stimulus intensities, 110%, 120%, and
130% RMT, before and after a course of iTBS (described below in Section “TMS”). These stimulus intensities
reflect suprathreshold increments (relative to motor threshold) abutting the upper bound of stimulator output for
most participants with our TMS-EEG configuration. This is consistent with TMS-electromyography (TMS-EMG)
techniques where dose-response characterizations are more common. During TMS-EEG recordings, participants
kept their eyes focused on a fixation point. To reduce auditory neural responses to the TMS coil discharge, par-
ticipants wore ear plugs and noise-cancelling headphones playing a white noise recording. A memory foam pad
compressible to 2 mm was placed on the coil to maximize comfort and minimize bone conduction. Each testing
session lasted approximately 2 h. See Fig. 1a for a schematic diagram of the study procedure.

TMS

TMS was delivered using biphasic pulses with a MagPro X100 stimulator (MagVenture) and a Cool-B70 figure-
eight coil held tangentially to the head and positioned 45 degrees laterally from the midline. RMT was determined
with motor evoked potentials (MEPs) using an electromyographic electrode placed over the right first dorsal
interosseous (FDI) muscle and a reference electrode placed over the first metacarpophalangeal joint. After locat-
ing the left motor cortex first dorsal interosseous muscle hotspot, RMT was defined as the minimum stimulus
intensity required to generate MEPs at >0.05 mV on at least five of ten stimulations.

TMS was delivered to the left DLPFC defined using the Beam F3 method® and the same location was used
for both single-pulse TMS and iTBS. To ensure fidelity and consistency of coil placement across the experiment,
Neuronavigation was utilized with a template brain registered to the participants anatomy (Visor2, ANT Neuro).

For single-pulse TMS, 150 pulses were delivered in pseudorandom order at 110%, 120%, and 130% RMT (50
pulses at each intensity, 0.2 Hz). iTBS (600 pulses in 20 trains of triplets at 50 Hz repeated at 5 Hz) was delivered
at 80% RMT. Following iTBS, we repeated single-pulse TMS as a train of 150 pulses (0.2 Hz) where the intensity
once again varied pseudorandomly between 110%, 120% and 130% RMT.

EEG

Continuous EEG data were collected using a BrainVision actiCHamp Plus system (Brain Products GmbH; Gilch-
ing, Germany) from an array of 32 TMS-compatible active slim electrodes (10-20 positioning; Cz as reference)
at a rate of 10 kHz. DC-coupling of the amplifier was used to avoid amplifier saturation form the TMS artifact.
Impedances of <10 kQ) were established prior to testing.
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Figure 1. Diagram of the study procedure, region of interest electrodes, and illustrative TMS-evoked potential
traces. (a) Schematic diagram of the study procedure. After determination of resting motor threshold (RMT),
concurrent single-pulse transcranial magnetic stimulation and electroencephalography (TMS-EEG) was
conducted at three different stimulus intensities (110%, 120%, and 130% RMT) before and after intermittent
theta burst stimulation (iTBS) over the left dorsolateral prefrontal cortex. (b) TMS-evoked potentials from the
average of the 120% RMT condition at baseline with components labelled. The vertical line at time=0 marks
the onset of the TMS pulse. The shaded grey bar represents the interpolated region (- 2 to 15 ms). The traces of
each individual electrode are shown in light grey. The region of interest trace is superimposed in blue. c) Scalp
topographic map with electrodes labelled. The average signal from the four circled electrodes (F3, FC5, FC1, C3)
constitute the region of interest. Image generated using EEGLAB v14.1.1 (https://sccn.ucsd.edu/eeglab/downl
oad.php).

TMS-EEG preprocessing

Data were preprocessed and analyzed offline using EEGLAB v14.1.1% with the TESA v1.1.1% plugin in MATLAB
2019a (MathWorks, Inc.). Bad channels were manually identified and spherically interpolated. Data were epoched
— 1000 to 1000 ms around the TMS pulse and epochs were demeaned to remove DC offsets. Data between — 2 and
10 ms around the pulse were removed and cubically interpolated. These missing data points were interpolated
prior to downsampling and filtering to avoid sharp transitions which can introduce ringing artifacts®. Data were
then downsampled to 1000 Hz. Trials containing excessive noise were automatically detected, visually inspected,
and confirmed artifacts were removed. Data values between — 2 and 10 ms were then replaced with constant
amplitude data to improve ICA performance®. Pre- and post-iTBS data were concatenated and submitted to the
FastICA algorithm using default settings. Individual components reflecting TMS decay artifact were detected
using TESA compselect, visually inspected, and removed. The data removal window was then extended to — 2
and 15 ms around the pulse in order to remove residual TMS-evoked artifact®. Next, data were bandpass (fourth
order, Butterworth, 1-80 Hz) and band-stop (second order, Butterworth, 58-62 Hz) filtered. A second round of
FastICA was used to identify artifact associated with eye blinks, eye movements, muscle activity, electrode noise,
and any remaining TMS decay artifact, and constant amplitude data were then linearly interpolated. Finally,
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data from the full epochs were re-referenced to the common average, baseline corrected (- 100 to 0 ms), and
deconcatenated into separate conditions. See Supplementary Table S1 for information on trials, channels, and
components removed for each condition.

TMS-evoked potential amplitudes

To assess the local response to TMS over the left DLPFC, our region of interest (ROI) was the average of four
electrodes around the stimulation site (F3, FC5, FC1, C3). We focused on four components within the follow-
ing time windows: the N40 (20-55 ms), P60 (40-90 ms), N120 (80-150 ms), and P200 (150-250 ms). Trials
were averaged within each condition and TMS-evoked potential (TEP) amplitudes were calculated by averaging
data+5 ms around the identified peak. As broad windows were used for finding peaks, each individual trace was
manually checked before acceptance of peak latency and amplitude values. See Fig. 1b & c for a representative
TEP trace and the topographic location of the electrodes included in the ROI, respectively.

Statistics

Statistical analyses were carried out in IBM SPSS Statistics Version 25. To evaluate the dose-response function at
the three stimulus intensities, separate general linear models (GLM) were conducted for each component using
TEP amplitudes before iTBS with stimulus intensity (110%, 120%, 130%) as the within-subjects factor. General
linear mixed effects models (GLMEM) with within-subjects intercepts were conducted for each component to
evaluate changes in the dose-response function following iTBS, with intensity (110%, 120%, 130%) and timepoint
(pre-iTBS, post-iTBS) as within-subjects factors. Post-hoc tests included pairwise parameter estimation for sig-
nificant main effects and paired t-tests for simple main effects in significant interactions. Bonferroni corrections
were applied to correct for multiple comparisons.

Results

Demographic data are presented in Table 1. All four components of interest (N40, P60, N120, P200) were reli-
ability elicited in all conditions, with latency values presented in Table 2, individual datapoints are presented
in Supplementary Figs. S1 & S2, and topographic maps for grand average components are presented in Supple-
mentary Fig. S3. TEP component peaks were not windowed based on the grand average because the latencies for
these peaks were variable across individuals but highly consistent within individuals (Intra-class correlations:
N40=0.84, P60=0.91, N120=0.92, and P200 = 0.84), consistent with considerable variability in the structure
and function of the prefrontal cortex. Although the P30 component is commonly observed in TEP investigations
of cortical excitability*, the magnitude of the TMS artifact at higher intensities impacted the reliability of this
component and we excluded the P30 from analyses as it was not present in all conditions. As peak identification
parameters (described in Section “TMS-evoked potential amplitudes”) did not always identify local peaks at every
tested electrode in every participant, missing amplitudes were replaced using values from 15 unique datasets
generated via multiple imputation (maximum 200 iterations, fully conditional specification, linear regression).
In total, 3.95% of component amplitudes were not identified within the pre-defined windows, and Littles MCAR
test suggested that these values were missing at random (p>0.999). For datasets with missing values, the median

Characteristic ‘ n ‘ % ‘ Mean (SD)
Gender

Female 12 |63 |-

Male 7 37 |-

Age, years - |- 130.89(8.35)
Education, years - - 17.89 (3.26)
Ethnicity

Asian 9 47 | -

White 10 |53 |-

Table 1. Self-reported demographic characteristics of participants (N=19).

Pre-iTBS Post-iTBS
Component | 110% 120% 130% 110% 120% 130%
N40 41.13 (7.70) 41.35 (5.87) 41.06 (7.02) 35.89 (8.61) 41.12 (8.34) 41.33 (6.72)
P60 61.11 (13.55) 59.95 (12.16) 60.00 (9.84) 59.74 (10.12) 60.44 (10.88) 62.71 (11.74)
N120 113.47 (13.21) | 113.00 (11.04) |114.47(10.10) | 112.63(12.10) | 114.84 (6.36) 111.11 (13.00)
P200 189.58 (25.23) | 198.68 (28.72) | 189.26 (25.56) | 198.53 (27.15) | 202.63 (27.08) | 195.53 (29.97)

Table 2. Latency of TMS-evoked potential component amplitudes in each condition. Values are presented as

the mean (standard deviation) in milliseconds.
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p-value generated by the imputation procedure is reported. See Supplementary Table S2 for outcomes of analyses
with original and imputed datasets. Statistical significance of the effects described below were equivalent with
the original and imputed datasets.

TMS-evoked potential stimulus intensity dose-response

Grand average TEP traces of each component for the three stimulus intensities pre-iTBS are presented in
Fig. 2. Contrary to our hypotheses, no significant effects were identified for the N40 (F(2,36) =1.59, p=0.219,
np?=0.081) and P60 (F(2,36)=0.43, p=0.656, np?=0.023) components (Fig. 2a & b). General linear mod-
els revealed a significant main effect of stimulus intensity for the N120 component (F(2,36) =3.90, p=0.029,
np?=0.178; Fig. 2¢). Pairwise parameter estimation showed that the mean amplitude for the 120% condition was
significantly greater (i.e., more negative) than the 110% condition (p =0.038, 95% C.I.=[0.02, 0.89]). There were
no significant differences between the 130% condition and the 110% condition (p=0.144, 95% C.I.=[- 0.12,
1.14]) and between the 130% and 120% condition (p>0.999, 95% C.I.=[- 0.45, 0.55]). A significant main effect
of stimulus intensity was also identified for the P200 component (F(2,36) =4.88, p=0.013, #p?=0.213; Fig. 2d).
Pairwise parameter estimation showed that the mean amplitude for the 130% condition was significantly greater
than the 110% condition (p=0.006, 95% C.I. = [0.12, 0.78]). There were no significant differences between mean
amplitudes in the 110% and 120% conditions (p >0.999, 95% C.I.=[- 0.43, 0.52]) and the 120% and 130% condi-
tions (p=0.073, 95% C.I.=[- 0.03, 0.83]).

Change in TMS-evoked potential stimulus intensity dose-response following iTBS

Grand average TEP traces at the three stimulus intensities pre- and post-iTBS are illustrated in Fig. 3a. Once
again, there was no evidence of stimulus intensity dose-response relationships, and this was unchanged after
iTBS for the N40 (F(2,36) = 0.62, p=0.543, np>=0.033), P60 (F(2,36) = 0.86, p =0.430, p?=0.046), and P200
(F(2,36)=0.05, p=0.956, np? = 0.003) components (Fig. 3b,c & ). However, general linear mixed effects models
revealed a significant intensity by time interaction for the N120 component (F(2,36) =5.27, p=0.010, np?=0.226;
Fig. 3d). Paired t-tests showed that there was a significant decrease in the absolute mean amplitude for the 120%
condition (i.e., more positive) from pre- to post-iTBS (#(18) =— 3.03, p=0.007). There were no significant differ-
ences in mean amplitudes for the 110% (#(18) =— 1.62, p=0.123) and 130% (£(18) =— 0.95, p=0.354) conditions
following iTBS.
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Figure 2. Grand average TMS-evoked potential traces and dose-response functions before intermittent theta
burst stimulation. Grand average (N=19 participants) TMS-evoked potential traces at the region of interest (F3,
FC5, FC1, C3) and associated dose-response functions for the (a) N40, (b) P60, (c) N1207, and (d) P200 TMS-
evoked potential components before intermittent theta burst stimulation over the left dorsolateral prefrontal
cortex. It is important to note that grand average traces do not directly inform mean amplitudes as these are
extracted on a per participant basis with variability in peak latency. Error bars represent + 1 standard error of the
mean. P-values correspond to general linear models. *p <.05. **p <.01. + One outlier was detected in the 130%
condition but data quality did not justify exclusion from analyses.
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Figure 3. Grand average TMS-evoked potential traces and dose-response functions before and after
intermittent theta burst stimulation. (a) Grand average (N =19 participants) TMS-evoked potential traces at

the region of interest (F3, FC5, FC1, C3) for each stimulus intensity (110%, 120%, 130% RMT) before and after
intermittent theta burst stimulation over the left dorsolateral prefrontal cortex. (b-e) dose-response functions
for the N40, P60, N120, and P200 TMS-evoked potential components, respectively, before and after intermittent
theta burst stimulation over the left dorsolateral prefrontal cortex. It is important to note that grand average
traces do not directly inform mean amplitudes as these are extracted on a per participant basis with variability
in peak latency. Error bars represent + 1 standard error of the mean. P-values correspond to general linear mixed
effects models. *p <.05. **p<.01.
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Discussion

In this study, we evaluated TEP component stimulus intensity dose-response relationships in the left DLPFC
using three stimulus intensities and probed plasticity within these putative dose-response relationships. Contrary
to our hypotheses, our analyses suggest that stimulus intensity dose-response relationships are not generalized
in the DLPFC, and that increasing stimulus intensity selectively impacts later TEP components. Importantly,
it is only a subset of TEP components, those with a pre-existing stimulus intensity dose-response relationship,
that appear to be subsequently modifiable by iTBS.

We observed significant stimulus intensity dose-response relationships in the N120 and P200 components
and, surprisingly, only the N120 dose-response relationship was modified by iTBS, suggesting it is sensitive
to both the effects of varying intensity in single-pulse protocols and plasticity-inducing protocols. However,
when the interest is on earlier TEP components, our data suggest that component amplitudes are consistent and
reliable at lower stimulus intensities such that higher intensity TMS pulses, and their associated TMS-induced
artifact, may not be necessary. Moreover, our data have important implications for the standardization of TMS-
EEG stimulation parameters, particularly for the valid interpretation of the N120 and P200 peaks, and for the
interpretation and synthesis of data with different methodologies.

TMS-evoked potentials in the DLPFC are canonically the N40, P60, N120 and the P200. Pharmacological
studies have revealed different contributions to each of these, with the N40 representing an integration of GABA-
A and NMDA receptor contributions®*, the P60 reflecting glutamatergic AMPA receptor signalling®, the N120
reflecting GABA-A and GABA-B receptor signalling®*-*? and the P200 reflecting the integration of multiple inputs
as a global marker of excitability***!. Accordingly, our data suggests that input-output functions in the DLPFC
may be particularly relevant for the study of GABAergic signalling and plasticity.

The N120 component is also of clinical interest and has been implicated in neuropsychiatric conditions.
For example, Noda and colleagues demonstrated that N120 amplitudes were significantly smaller in partici-
pants with schizophrenia compared with healthy controls?. Tallus and colleagues found that N120 amplitudes
were significantly higher in symptomatic compared to asymptomatic mild traumatic brain injury patients and
controls*2. In a machine learning paradigm, Zhang and colleagues found that the N120 component was able
to differentiate cognitively impaired participants from healthy controls with relatively high accuracy'’. The
N120 also plays a notable role in major depressive disorder, with Voineskos and colleagues demonstrating that
amplitudes are significantly larger in adults with depression compared with healthy controls®!, and Dhami and
colleagues reproducing this effect in depressed youth®.

The N120 is also amenable to change with both single-session and long-term repetitive TMS protocols. For
example, a 6-week randomized controlled trial of repetitive TMS over the left DLPFC in treatment-resistant
depression resulted in decreased N120 amplitudes following active stimulation®. Chung and colleagues have
demonstrated significant modulation of N120 amplitudes following iTBS over the left DLPFC in three different
studies®*~¢. This effect of iTBS on N120 amplitudes has also been observed in primary motor cortex N120%.
The implication of a stimulus intensity dose-response relationship for this GABAergic marker is very relevant,
as GABAergic plasticity is hypothesized to underlie large scale network changes with rTMS*. Further, the iTBS
protocol is thought to induce NMDA receptor dependent plasticity in part through GABA autoreceptor activation
at the theta frequency**®. Our data suggest that future studies examining the N120 component may benefit from
incorporating stimulus intensity dose-response characterizations to maximize the interpretability of findings
and the prognostic utility in therapeutic contexts. Further, we believe it is important to highlight the strength
of the dose-response approach when characterizing cortical function, as it can reveal a shift in dose-response
relationships whereas single intensities may not show the neuroplastic effects of plasticity protocols such as iTBS.
We caution against interpreting that any one stimulus intensity is optimally suited to uncovering these effects
based on statistical separation in post-hoc testing.

An important caveat to our work is the narrow range of stimulus intensities used, all of which were suprath-
reshold to an FDI motor threshold. It is possible that stimulus response relationships in the prefrontal cortex
are observed at intensities that are inferior to motor threshold in earlier TEP components, in which case our
data would instead reflect a ceiling effect once the neural activation threshold of 100 V/m is met*”. This may be
consistent with the sigmoidal function that emerges from TMS-EMG, where motor cortex neurons are recruited
by an increasing stimulus intensity until a limit wherein expanding the volume of stimulated cortex no longer
recruits additional neurons involved in the motor representation and an MEP plateau is reached*®. While it is
possible that DLPFC early components exhibit a dose-response that is saturated at suprathreshold intensities,
in motor cortex subthreshold TMS pulses only elicit weak TEP waveforms*’. We cannot exclude the possibility,
however, that subthreshold pulses would reveal a stimulus-intensity dose-response in the DLPFC. There is con-
siderable evidence that properties of sigmoidal TMS-EMG input-output curves are sensitive to iTBS effects®°.
Therefore, future research should evaluate the full range of TEP properties in DLPFC to determine whether a
similar sigmoidal function is present and its practical applicability to plasticity-inducing protocols.

Limitations
The auditory evoked potential typically manifests 100-200 ms post-stimulation, and despite the steps taken to
mitigate this confound (i.e., ear plugs, noise-cancelling headphones playing white noise, and a foam pad placed
between the coil and head), we cannot exclude the possibility that auditory effects contributed to our stimulus
intensity dose-response findings®*->’. It is also worth noting that we did not confirm effectiveness by asking
participants if they could hear the coil discharge.

‘We were unable to reliably examine the P30 component, and the N40 and P60 peaks were small in amplitude
and may have benefited from more trials to improve signal-to-noise ratio and peak estimation. However, the
validity of a within-individual design including a pre-post iTBS comparison required balancing experimental
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length and the possibility of participant movement. Despite the use of neuronavigation to ensure accuracy and
consistency of placement, subtle shifts would have compromised the interpretation of stimulation effects.

We determined stimulation intensity relative to first dorsal osseous RMT. However, we acknowledge that
anatomical differences between prefrontal cortex and motor cortex (including but not limited to scalp-to-cortex
difference and gyral configuration) introduce important structural and functional variability across participants.
However, this is mitigated in part by the use of a within-subject design.

Lastly, informed by TMS-EEG dose-response relationship in motor cortex*, we did not include stimulus
intensities subthreshold to FDI motor threshold, but it is possible that this precluded detecting stimulus intensity
dose-response relationships in the N40 and P60 components.

Conclusion

Using TMS-EEG to probe stimulus response relationships in the DLPFC, we show that TEP components do
not all exhibit dose-response relationships to suprathreshold stimulation. Furthermore, our data suggest that
neurostimulation, in this case iTBS, produces a selective shift in the stimulus intensity dose-response function
only for the N120 component. Component amplitudes elicited at a single intensity should be interpreted with
caution, and future studies of GABAergic signalling with TMS-EEG would benefit from incorporating stimulus
intensity dose-response characterizations.

Data availability

Data will be made available from the corresponding author upon reasonable request.

Received: 26 May 2023; Accepted: 23 October 2023
Published online: 30 October 2023

References
1. Barker, A. T., Jalinous, R. & Freeston, I. L. Non-invasive magnetic stimulation of human motor cortex. Lancet 325, 1106-1107
(1985).
2. Ilmoniemi, R. J. & Ki¢i¢, D. Methodology for combined TMS and EEG. Brain Topogr. 22, 233-248 (2010).
3. Barr, M. S,, Farzan, E, Davis, K. D,, Fitzgerald, P. B. & Daskalakis, Z. ]. Measuring GABAergic inhibitory activity with TMS-EEG
and its potential clinical application for chronic pain. J. Neuroimmune Pharmacol. 8, 535-546 (2013).
4. Kirschstein, T. & Kohling, R. What is the source of the EEG?. Clin. EEG Neurosci. 40, 146-149 (2009).
5. Rogasch, N. C. & Fitzgerald, P. B. Assessing cortical network properties using TMS-EEG. Hum. Brain Mapp. 34, 1652-1669 (2013).
6. Bonato, C., Miniussi, C. & Rossini, P. M. Transcranial magnetic stimulation and cortical evoked potentials: A TMS/EEG co-
registration study. Clin. Neurophysiol. 117, 1699-1707 (2006).
7. Ilmoniemi, R. J. et al. Neuronal responses to magnetic stimulation reveal cortical reactivity and connectivity. NeuroReport 8,
3537-3540 (1997).
8. Cash, R. FE H. et al. Characterization of glutamatergic and GABA ,-mediated neurotransmission in motor and dorsolateral prefrontal
cortex using paired-pulse TMS-EEG. Neuropsychopharmacology 42, 502-511 (2017).
9. Casula, E. P, Pellicciari, M. C., Picazio, S., Caltagirone, C. & Koch, G. Spike-timing-dependent plasticity in the human dorso-lateral
prefrontal cortex. NeuroImage 143, 204-213 (2016).
10. Ferrarelli, E et al. Reduced natural oscillatory frequency of frontal thalamocortical circuits in schizophrenia. Arch. Gen. Psychiatry
69, 766-774 (2012).
11. Gordon, P. C. et al. Modulation of cortical responses by transcranial direct current stimulation of dorsolateral prefrontal cortex:
A resting-state EEG and TMS-EEG study. Brain Stimul. 11, 1024-1032 (2018).
12. Hill, A. T., Rogasch, N. C,, Fitzgerald, P. B. & Hoy, K. E. Effects of prefrontal bipolar and high-definition transcranial direct current
stimulation on cortical reactivity and working memory in healthy adults. NeuroImage 152, 142-157 (2017).
13. Noda, Y. et al. Characterization of the influence of age on GABA, and glutamatergic mediated functions in the dorsolateral pre-
frontal cortex using paired-pulse TMS-EEG. Aging 9, 556-572 (2017).
14. Joseph, S. et al. Dorsolateral prefrontal cortex excitability abnormalities in Alzheimer’s Dementia: Findings from transcranial
magnetic stimulation and electroencephalography study. Int. J. Psychophysiol. 169, 55-62 (2021).
15. Rogasch, N. C., Daskalakis, Z. J. & Fitzgerald, P. B. Cortical inhibition of distinct mechanisms in the dorsolateral prefrontal cortex
is related to working memory performance: A TMS-EEG study. Cortex 64, 68-77 (2015).
16. Ye, Y., Wang, J. & Che, X. Concurrent TMS-EEG to reveal the neuroplastic changes in the prefrontal and insular cortices in the
analgesic effects of DLPFC-rTMS. Cereb. Cortex 32, 4436-4446 (2022).
17. Zhang, J. et al. Classification of cognitive impairment and healthy controls based on transcranial magnetic stimulation evoked
potentials. Front. Aging Neurosci. 13, 804384 (2021).
18. Friedman, N. P. & Robbins, T. W. The role of prefrontal cortex in cognitive control and executive function. Neuropsychopharmacoly
47,72-89 (2022).
19. Zilverstand, A., Parvaz, M. A. & Goldstein, R. Z. Neuroimaging cognitive reappraisal in clinical populations to define neural targets
for enhancing emotion regulation. A systematic review. NeuroImage 151, 105-116 (2017).
20. Dhami, P. et al. Prefrontal cortical reactivity and connectivity markers distinguish youth depression from healthy youth. Cereb.
Cortex 30, 3884-3894 (2020).
21. Voineskos, D. et al. Altered transcranial magnetic stimulation-electroencephalographic markers of inhibition and excitation in
the dorsolateral prefrontal cortex in major depressive disorder. Biol. Psychiatry 85, 477-486 (2019).
22. Noda, Y. et al. Reduced short-latency afferent inhibition in prefrontal but not motor cortex and its association with executive
function in schizophrenia: a combined TMS-EEG study. Schizophr. Bull. 44, 193-202 (2018).
23. Noda, Y. et al. Single-pulse transcranial magnetic stimulation-evoked potential amplitudes and latencies in the motor and dorso-
lateral prefrontal cortex among young, older healthy participants, and schizophrenia patients. J. Pers. Med. 11, 54 (2021).
24. Chung, S. W. et al. The effects of individualised intermittent theta burst stimulation in the prefrontal cortex: A TMS-EEG study.
Hum. Brain Mapp. 40, 608-627 (2019).
25. Chung, S. W. et al. Impact of different intensities of intermittent theta burst stimulation on the cortical properties during TMS-EEG
and working memory performance. Hum. Brain Mapp. 39, 783-802 (2018).
26. Chung, S. W. et al. Demonstration of short-term plasticity in the dorsolateral prefrontal cortex with theta burst stimulation: A
TMS-EEG study. Clin. Neurophysiol. 128, 1117-1126 (2017).
27. Desforges, M. et al. Dose-response of intermittent theta burst stimulation of the prefrontal cortex: A TMS-EEG study. Clin. Neu-
rophysiol. 136, 158-172 (2022).

Scientific Reports |

(2023) 13:18650 | https://doi.org/10.1038/s41598-023-45730-y nature portfolio



www.nature.com/scientificreports/

28. Voineskos, D. et al. Neurophysiological effects of repetitive transcranial magnetic stimulation (rTMS) in treatment resistant
depression. Clin. Neurophysiol. 132, 2306-2316 (2021).

29. Kihkonen, S., Komssi, S., Wilenius, J. & Ilmoniemi, R. J. Prefrontal transcranial magnetic stimulation produces intensity-dependent
EEG responses in humans. Neurolmage 24, 955-960 (2005).

30. Raffin, E. et al. Probing regional cortical excitability via input-output properties using transcranial magnetic stimulation and
electroencephalography coupling. Hum. Brain Mapp. 41, 2741-2761 (2020).

31. Beam, W, Borckardt, J. J., Reeves, S. T. & George, M. S. An efficient and accurate new method for locating the F3 position for
prefrontal TMS applications. Brain Stimul. 2, 50-54 (2009).

32. Delorme, A. & Makeig, S. EEGLAB: An open source toolbox for analysis of single-trial EEG dynamics including independent
component analysis. J. Neurosci. Methods 134, 9-21 (2004).

33. Rogasch, N. C. et al. Analysing concurrent transcranial magnetic stimulation and electroencephalographic data: A review and
introduction to the open-source TESA software. Neurolmage 147, 934-951 (2017).

34. Tremblay, S. et al. Clinical utility and prospective of TMS-EEG. Clin. Neurophysiol. 130, 802-844 (2019).

35. Belardinelli, P. et al. TMS-EEG signatures of glutamatergic neurotransmission in human cortex. Sci. Rep. 11, 8159 (2021).

36. Premoli, L. et al. TMS-EEG signatures of GABAergic neurotransmission in the human cortex. J. Neurosci. 34, 5603-5612 (2014).

37. Premoli, L. et al. Short-interval and long-interval intracortical inhibition of TMS-evoked EEG potentials. Brain Stimul. 11, 818-827
(2018).

38. Darmani, G. et al. Effects of the selective a5-GABAAR antagonist 44819 on excitability in the human brain: A TMS-EMG and
TMS-EEG phase I study. J. Neurosci. 36, 12312-12320 (2016).

39. Premoli, I. et al. The impact of GABAergic drugs on TMS-induced brain oscillations in human motor cortex. Neurolmage 163,
1-12 (2017).

40. Premoli, L, Biondi, A., Carlesso, S., Rivolta, D. & Richardson, M. P. Lamotrigine and levetiracetam exert a similar modulation of
TMS-evoked EEG potentials. Epilepsia 58, 42-50 (2017).

41. Darmani, G. et al. Effects of antiepileptic drugs on cortical excitability in humans: A TMS-EMG and TMS-EEG study. Hum. Brain
Mapp. 40, 1276-1289 (2019).

42. Tallus, J., Lioumis, P, Himaldinen, H., Kdhkonen, S. & Tenovuo, O. Transcranial magnetic stimulation-electroencephalography
responses in recovered and symptomatic mild traumatic brain injury. J. Neurotrauma 30, 1270-1277 (2013).

43. Bai, Z., Zhang, ]. & Fong, K. Intermittent theta burst stimulation to the primary motor cortex reduces cortical inhibition: A TMS-
EEG study. Brain Sci. 11, 1114 (2021).

44. Lenz, M. & Vlachos, A. Releasing the cortical brake by non-invasive electromagnetic stimulation? rTMS induces LTD of GABAergic
neurotransmission. Front. Neural Circuits 10, 96 (2016).

45. Cobb, S. Regulation of depolarizing GABA(A) receptor-mediated synaptic potentials by synaptic activation of GABA(B) autore-
ceptors in the rat hippocampus. Neuropharmacology 38, 1723-1732 (1999).

46. Larson, J. & Lynch, G. Induction of synaptic potentiation in hippocampus by patterned stimulation involves two events. Science
232, 985-988 (1986).

47. Tendler, A., Barnea Ygael, N., Roth, Y. & Zangen, A. Deep transcranial magnetic stimulation (dTMS) - beyond depression. Expert
Rev. Med. Devices 13, 987-1000 (2016).

48. Kukke, S. N, Paine, R. W,, Chao, C.-C., de Campos, A. C. & Hallett, M. Efficient and reliable characterization of the corticospinal
system using transcranial magnetic stimulation. J. Clin. Neurophysiol. 31, 246-252 (2014).

49. Saari, J., Kallioniemi, E., Tarvainen, M. & Julkunen, P. Oscillatory TMS-EEG-responses as a measure of the cortical excitability
threshold. IEEE Trans. Neural Syst. Rehabil. Eng. 26, 383-391 (2018).

50. Goldsworthy, M. R. et al. Probing changes in corticospinal excitability following theta burst stimulation of the human primary
motor cortex. Clin. Neurophysiol. 127, 740-747 (2016).

51. Suppa, A. et al. Primary motor cortex long-term plasticity in multiple system atrophy. Mov. Disord. 29, 97-104 (2014).

52. Talelli, P,, Greenwood, R. J. & Rothwell, J. C. Exploring theta burst stimulation as an intervention to improve motor recovery in
chronic stroke. Clin. Neurophysiol. 118, 333-342 (2007).

53. Wilson, M. T., Goldsworthy, M. R., Vallence, A.-M., Fornito, A. & Rogasch, N. C. Finding synaptic couplings from a biophysical
model of motor evoked potentials after theta-burst transcranial magnetic stimulation. Brain Res. 1801, 148205 (2023).

54. Biabani, M., Fornito, A., Mutanen, T. P, Morrow, J. & Rogasch, N. C. Characterizing and minimizing the contribution of sensory
inputs to TMS-evoked potentials. Brain Stimul. 12, 1537-1552 (2019).

55. Chowdhury, N. S. et al. The influence of sensory potentials on transcranial magnetic stimulation-electroencephalography record-
ings. Clin. Neurophysiol. 140, 98-109 (2022).

56. Conde, V. et al. The non-transcranial TMS-evoked potential is an inherent source of ambiguity in TMS-EEG studies. NeuroImage
185, 300-312 (2019).

57. Poorganji, M. et al. Isolating sensory artifacts in the suprathreshold TMS-EEG signal over DLPFC. Sci. Rep. 13, 6796 (2023).

Acknowledgements
This study was supported by the Canadian Institutes of Health Research (AM, LK), the Hotchkiss Brain Institute
(LK), and the Campus Alberta Innovates Program Chair in Neurostimulation (AM).

Author contributions

L.K. wrote the manuscript with guidance from A.M. and A.B.P. and contributed to the acquisition, analysis, and
interpretation of data. E.E. contributed to the conceptualization of the project and the acquisition of data. J.C.
contributed to the acquisition of data. M.N. contributed to the analysis of data. A.B.P. contributed to the analysis
and interpretation of data. A.M. contributed to the conceptualization of the project and the acquisition, analysis,
and interpretation of data. All authors critically reviewed and approved of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-45730-y.

Correspondence and requests for materials should be addressed to A.M.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2023) 13:18650 | https://doi.org/10.1038/s41598-023-45730-y nature portfolio


https://doi.org/10.1038/s41598-023-45730-y
https://doi.org/10.1038/s41598-023-45730-y
www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:18650 | https://doi.org/10.1038/s41598-023-45730-y nature portfolio


http://creativecommons.org/licenses/by/4.0/

	A dose-response characterization of transcranial magnetic stimulation intensity and evoked potential amplitude in the dorsolateral prefrontal cortex
	Method
	Participants
	Procedure
	TMS
	EEG

	TMS-EEG preprocessing
	TMS-evoked potential amplitudes

	Statistics

	Results
	TMS-evoked potential stimulus intensity dose-response
	Change in TMS-evoked potential stimulus intensity dose-response following iTBS


	Discussion
	Limitations
	Conclusion
	References
	Acknowledgements


