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A B S T R A C T

Objective: This study assessed the test–retest reliability of TMS-evoked potentials (TEPs) across two cortical regions—dorsolateral prefrontal cortex (DLPFC), and 
angular gyrus—in comparison to motor cortex (M1), using individualized and literature-based targeting approaches. The study also compared the reliability of 
different double-pulse TMS protocols.
Methods: Seventeen healthy participants underwent two TMS-EEG sessions spaced by at least one week, with targets for DLPFC and angular gyrus identified using 
resting-state functional connectivity (RS) and Neurosynth-based functional overlays.
Results: M1 demonstrated the highest TEP reliability (Concordance Correlation Coefficient (CCC) mean = 0.59), while DLPFC (CCCmean = 0.40) and angular gyrus 
(CCCmean = 0.45) showed lower reliability, particularly for anterior DLPFC targets. Neurosynth-based DLPFC targets exhibited slightly higher CCC values (mean 
CCC = 0.57) compared to RS-based targets (mean CCC = 0.30), but the difference was not statistically significant. No significant differences in reliability were found 
across TMS protocols.
Conclusion: While fMRI-based targeting optimizes the engagement of functional networks, TMS-EEG needs to prioritize signal-to-noise ratio (SNR) to minimize 
artifacts and maximize reliability.
Significance: This work bridges the gap between fMRI-guided targeting and TMS-EEG applications.

1. Introduction

Transcranial magnetic stimulation (TMS) enables precise manipu
lation of brain activity, with measurable effects on behavior and 
cognition (Sack et al., 2006; Hallett, 2000; Pascual-Leone et al., 2000). 
With the expanding use of TMS, several methods for determining target 
stimulation sites have emerged. These include targeting based on 
anatomical brain structures, which involves positioning the TMS coil 
over regions identified through anatomical landmarks (Wilson et al., 
1993; Krings et al., 1997; Boroojerdi et al., 1999). Other approaches use 
coordinates in standardized brain atlas space, which rely on group-level 
averages derived from the literature, or electroencephalograph (EEG) 
electrode positioning (Herwig et al., 2003; Fitzgerald et al., 2009; Beam 
et al., 2009; Rusjan et al., 2010). Finally, individualized coordinates, 
typically derived from identifying peak resting- or task-based activations 
in functional magnetic resonance imaging (fMRI) or by identifying 
anatomical landmarks using structural MRI, allow for more precise 

targeting by accounting for each participant’s unique functional or 
structural brain anatomy (Paus et al., 1997; Balderston et al., 2022; 
Oathes et al., 2021; Beynel et al., 2024). Although each method varies in 
accuracy, individualized approaches might be expected to generally 
provide more reliable and effective outcomes in terms of engaging the 
intended brain regions and producing measurable effects (Fitzgerald 
et al., 2009; Sack et al., 2009; Sparing et al., 2008).

Evidence to date suggests the potential value in using fMRI measures 
in particular to guide TMS targeting. For example, individualized tar
geting based on each person’s resting-state functional connectivity may 
be particularly beneficial for precise TMS application in the dorsolateral 
prefrontal cortex (DLPFC; Fox et al., 2012). The DLPFC is a primary 
target in treatment of major depressive disorder (MDD), where thera
peutic outcomes have been linked to functional connectivity between 
the DLPFC stimulation site and the subgenual cingulate cortex (Cash 
et al., 2021). A standard protocol for the MDD treatment involves tar
geting repetitive TMS to the DLPFC based on a location 5.5 cm anterior 
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to the site used to identify a given patient’s motor threshold (Horvath 
et al., 2010). However, this does not take into account rich, well- 
described, and expected individual variability in structural and func
tional anatomy of the prefrontal cortex (Steinmetz and Seitz, 1991; 
Hoshi, 2006; Cieslik et al., 2013, 2016). Fox et al. (2012) observed large, 
reproducible individual differences in DLPFC resting-state functional 
connectivity across sessions, supporting the potential for such connec
tivity measures for targeting of personalized stimulation.

A seminal study by Sack et al. (2009) demonstrated that individu
alized fMRI-guided TMS significantly increases the likelihood of both 
neural and behavioral engagement in cognitive studies. This approach 
led to stronger effects with fewer participants, as only five subjects were 
required to observe a behavioral effect when using individualized fMRI- 
based targeting. In contrast, twice as many participants were needed 
with structural MRI or group-analyzed fMRI, and 47 participants were 
necessary when using standardized spatial coordinates, such as the 
electrode locations in the 10/20 EEG system. These findings underscore 
the likelihood of increased variability when targeting TMS with stan
dardized methods and reinforce the necessity of individualized ap
proaches for robust outcomes. Since then, cognitive neuroscience has 
increasingly relied on fMRI-based targeting to engage specific brain 
regions, including subcortical structures, in studies of both brain func
tion and behavior (Oliver et al., 2022; Oathes et al., 2021; Hawco et al., 
2018; Dengler et al., 2024; Nord, 2021; Nee and D'Esposito, 2017; 
Desrochers et al., 2015).

In parallel, EEG measurement during TMS stimulation (TMS-EEG) 
has emerged as an advanced technique for non-invasive probing of brain 
function, providing insights into excitation, inhibition, oscillatory ac
tivity, connectivity, and plasticity in both healthy and clinical pop
ulations (Ilmoniemi et al., 1997; Tremblay et al., 2019; Hernandez- 
Pavon et al., 2023). TMS-EEG has been proven reproducible (Lioumis 
et al., 2009; Casarotto et al., 2010; Kerwin et al, 2018), making this a 
powerful method for exploring neurophysiological function in cortical 
regions without direct motor and behavioral outputs such as the DLPFC, 
which is implicated in several clinical disorders (Rogasch et al., 2015; 
Farzan et al., 2009; Ferrarelli and Phillips, 2021; Lioumis et al., 2009; 
Daskalakis et al., 2008; Canali et al., 2015; Radhu et al., 2016, 2017; 
Noda et al., 2017). TMS-EEG methods have advanced our understanding 
of GABAergic dysfunction in MDD and schizophrenia (Hui et al., 2020), 
identifying abnormalities that may serve as both biomarkers and ther
apeutic targets (Rogasch et al., 2015). Furthermore, TMS-EEG has been 
shown to predict treatment responses in mood disorders and identify 
biomarkers in disorders of consciousness and epilepsy, highlighting its 
clinical utility (Sun et al., 2016; Canali, 2014; Canali et al., 2017; 
Casarotto et al., 2013; Pellicciari et al., 2017; Casali et al., 2013; 
Casarotto et al., 2017; Bodart et al., 2017; Valentin et al., 2008; Shafi 
et al., 2016).

However, TMS-EEG studies have taken a different route from TMS- 
fMRI research. Unlike the individualized fMRI approaches commonly 
used in TMS-fMRI studies, TMS-EEG research has largely relied on 
standardized targeting methods such as EEG electrode placement (Fox 
et al., 2012; Herwig et al., 2003; Herbsman et al., 2009; Harquel et al., 
2016; Weigand et al., 2018). Importantly, target selection in TMS-EEG 
studies (Casarotto et al., 2022; Lioumis and Rosanova, 2022) poses 
specific challenges in data reliability, as EEG is particularly prone to 
TMS-induced artifacts such as large transient electrical signals, limits to 
amplifier recovery time that are strained by TMS-induced artifacts, 
electrical recharging artifacts, and muscle artifacts, specifically affecting 
regions surrounding cranial muscles (Mäki and Ilmoniemi, 2011; 
Mutanen et al., 2013; Veniero et al., 2009). Other issues include TMS- 
induced electrode movement, heating of electrodes from repeated 
stimuli, and sensory responses that may be misinterpreted as TMS- 
evoked brain activity. Even minor shifts in coil positioning can result 
in substantial changes in the evoked signals, making precise targeting 
crucial for reliable outcomes (Komssi et al., 2002; Casarotto et al., 
2010).

While TMS-EEG has been applied in repeated measures designs to 
assess the impact of interventions, the test–retest reliability of TMS- 
evoked EEG potentials has not been well-described, particularly across 
different TMS targeting methods, raising concerns about whether reli
ability varies depending on the targeting approach or remains unknown 
altogether. Few studies have investigated the reproducibility and reli
ability of single-pulse TMS-EEG (Gogulski et al., 2024a; Lioumis et al., 
2009; Casarotto et al., 2010; Kerwin et al., 2018; Conde et al., 2019), and 
those that have typically used EEG cap placement to guide TMS tar
geting. Additionally, studies show that targeting different subregions 
within the same brain area, such as the DLPFC, can significantly impact 
the reliability of TMS-evoked potentials (Gogulski et al., 2024a). For 
instance, posterior and medial DLPFC targets produce larger and more 
reliable TEPs compared to anterior targets, where artifacts from muscle 
activation often mask the true neural response (Gogulski et al., 2024a).

Given the evidence for functional and structural anatomical vari
ability in the cortex and implications of this variability for both non- 
invasive brain stimulation and cognition, this study examines whether 
literature-based or individually defined fMRI-based targets yield reliable 
TEPs. To assess the test–retest reliability of TEPs in different cortical 
regions, we employed distinct targeting approaches based on the unique 
characteristics of each region. The motor cortex was targeted using the 
resting motor threshold (RMT) procedure due to its well-defined func
tional readout via muscle movement, providing a benchmark for reli
ability. In contrast, DLPFC and angular gyrus lack such direct functional 
outputs, necessitating the use of alternative targeting methods to eval
uate TEP reliability. By comparing these methods in non-motor regions, 
we aim to understand the reliability of TEPs in networks associated with 
these regions and gain insight into their underlying function. This multi- 
region approach contextualizes the motor cortex as a reference point and 
frames the exploration of test–retest reliability in regions without 
readily observable functional markers.

Specifically, we assess the test–retest reliability of early (20–60 ms) 
TEPs across three brain regions: the motor cortex (serving as a control 
region known for high reliability, identified through EMG and motor 
thresholding based on anatomical landmarks), the left DLPFC, and the 
left angular gyrus. The DLPFC and angular gyrus were selected as 
cortical sites accessible by TMS within the frontoparietal network (FPN) 
and the default mode network (DMN), respectively, as defined by 
resting-state connectivity analyses (Yeo et al., 2011). The DLPFC was 
selected due to its frequent use as a target for TMS in depression treat
ment, where stimulation in this region has consistently shown efficacy in 
modulating mood-related networks. The angular gyrus was chosen for 
its role within the DMN, which is implicated in self-referential thinking 
and social cognition. Disruptions in DMN connectivity are associated 
with depressive symptoms, such as rumination, which impact treatment 
outcomes (Buckner et al., 2008). Left-lateral regions were chosen given 
that approved rTMS therapies target left-lateral regions. We compared 
the reliability of TMS responses across all sites using three TMS protocols 
(single pulse, SICI, ICF). We also compared the reliability of TMS 
response across two target definitions—one based on resting-state (RS) 
fMRI and the other on Neurosynth overlays on anatomical images—for 
the DLPFC and angular gyrus.

2. Materials and methods

2.1. Participants

Eighteen healthy participants participated in the study. One partic
ipant did not complete the second TMS-EEG session, and their data was 
excluded from the analysis. Seventeen participants (Mage = 28, SDage =

6.28, 8 women and 9 men) completed all study procedures. Participants 
with psychiatric or neurological disorders (including moderate or severe 
depression), recent substance use disorder, cardiac events, pregnancy, 
contraindications for TMS or MRI, or a lifetime history of psychotropic 
medication use were excluded. The study's experimental procedures 
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were approved by the Johns Hopkins University Institutional Review 
Board. All participants provided written informed consent before the 
experiment.

2.2. Design

After a baseline MRI acquisition, the study followed a repeated- 
measures design, with participants visiting the lab on two separate oc
casions separated by at least one week (Fig. 1A). All TMS-EEG proced
ures were repeated at each visit. To ensure consistency, each session 
began at the same time of day for both visits.

2.3. MRI acquisition

Individual anatomical images required for 3D reconstruction and 
neuronavigation were obtained for each participant using a Philips 
Achieva 3 T MRI scanner and a 32-channel head coil. A T1-weighted 
MPRAGE image was acquired for each participant, with a slice thick
ness of 1 mm, no slice gap, and a 256 × 256 matrix in sagittal orienta
tion. Resting-state BOLD images were also collected to analyze intrinsic 
brain connectivity, with the following parameters: multi-slice (MS) 
gradient-echo planar imaging (EPI), Repetition Time (TR) of 800 ms, 
910 volumes for a total scan time of 12:08, Echo Time (TE) of 30 ms, flip 
angle of 52◦, slice thickness of 2.4 mm without slice gap, and in-plane 
resolution of 2.25 mm2. Posterior to anterior and an anterior to poste
rior field maps were also acquired at the same resolution as the BOLD 
images to correct for distortion artifacts.

2.4. MRI preprocessing

MRI data were organized using BIDS format (Gorgolewski et al., 
2017) and preprocessed using fMRIPrep 21.0.4 (Esteban et al. (2018); 
Esteban, Blair, et al. (2018); RRID:SCR_016216), which is based on 
Nipype 1.6.1 (Gorgolewski et al. (2011); Gorgolewski et al. (2017); 
RRID:SCR_002502).

2.5. Anatomical data preprocessing

The anatomical image for each participant was corrected for in
tensity non-uniformity (INU) using N4BiasFieldCorrection (Tustison 
et al., 2010), as distributed with ANTs 2.3.3 (Avants et al., 2008), and 
used as the anatomical reference throughout the workflow. The 

anatomical reference was then skull-stripped using a Nipype imple
mentation of the antsBrainExtraction.sh workflow from ANTs, with 
OASIS30ANTs as the target template.

Brain tissue segmentation of cerebrospinal fluid (CSF), white matter 
(WM), and gray matter (GM) was performed on the skull-stripped 
anatomical image using fast [FSL 6.0.5.1]. Brain surfaces were recon
structed using recon-all [FreeSurfer 6.0.1; Dale et al., 1999]. The brain 
mask estimated previously was refined with a custom method to 
reconcile ANTs-derived and FreeSurfer-derived segmentations of the 
cortical gray matter, as implemented in Mindboggle (Klein et al., 2017).

Volume-based spatial normalization to a standard space (using the 
MNI152NLin2009cAsym template) was performed through nonlinear 
registration with antsRegistration (ANTs 2.3.3), using brain-extracted 
versions of both the T1w reference and the T1w template.

2.6. Functional data preprocessing

For the BOLD run for each participant, a reference volume and its 
skull-stripped version were generated using a custom methodology of 
fMRIPrep. Head-motion parameters with respect to the BOLD reference 
(transformation matrices and six corresponding rotation and translation 
parameters) were estimated before any spatiotemporal filtering using 
mcflirt [FSL 6.0.5.1:57b01774, Jenkinson et al., 2002]. The BOLD time- 
series (including slice-timing correction) was then resampled to their 
original, native space by applying transforms to correct for head motion. 
These resampled BOLD time-series will be referred to as preprocessed 
BOLD in original space, or simply preprocessed BOLD.

The BOLD reference was then co-registered with six degrees of 
freedom to the anatomical reference using bbregister (FreeSurfer), 
which implements boundary-based registration (Greve and Fischl, 
2009). Resampling was performed in a single interpolation step by 
composing all pertinent transformations (i.e., head-motion transform 
matrices, susceptibility distortion correction from fieldmaps, and co- 
registrations to anatomical and output spaces). Volumetric (gridded) 
resampling was performed using antsApplyTransforms (ANTs), config
ured with Lanczos interpolation to minimize smoothing effects from 
other kernels. Non-gridded (surface) resampling was performed using 
mri_vol2surf (FreeSurfer).

2.7. RS-fMRI analysis

Individual resting-state scans were analyzed separately for each 

Fig. 1. Study schematic. A) Study design: Following screening, participants underwent resting-state fMRI (RS-fMRI). Subsequently, they completed two TMS-EEG 
sessions, scheduled at least one week apart. B) Individual connectivity- and Neurosynth-based targets for left DLPFC and left angular gyrus: A1: DLPFC_RS (− 38, 
39, 17), A2: DLPFC_NS (− 38, 24, 24); B1: AngularGyrus_RS (− 44, − 58, 32), B2: AngularGyrus_NS (− 46, − 66, 44). C) Table depicts an exemplary sequence of 
experimental conditions for one subject. RMT: Resting Motor Threshold; RS: Resting State; NS: Neurosynth. D) Channels selected for small and large ROI definitions. 
Small ROI results are provided in the Supplemental Results (Table S1). E) Time windows chosen for each region to optimize the capture of early neural responses in 
each target region, facilitating a comparison of TEP reliability across anatomically defined ROIs.
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participant using Independent Component Analysis (ICA) to identify 
functional connectivity networks. Analysis was carried out using Prob
abilistic Independent Component Analysis [Beckmann, 2004] as 
implemented in MELODIC (Multivariate Exploratory Linear Decompo
sition into Independent Components) Version 3.15, part of FSL (FMRIB's 
Software Library, www.fmrib.ox.ac.uk/fsl).

The following pre-processing steps were applied to the input data: 
masking of non-brain voxels, voxel-wise demeaning of the data, and 
normalization of the voxel-wise variance. Pre-processed data were then 
whitened and projected into a 15-dimensional subspace using Principal 
Component Analysis.

The whitened observations were decomposed into sets of vectors that 
describe signal variation across the temporal domain (time-courses) and 
spatial domain (maps) by optimizing for non-Gaussian spatial source 
distributions using a fixed-point iteration technique (Hyvarinen, 1999). 
Estimated component maps were divided by the standard deviation of 
the residual noise and thresholded by fitting a mixture model to the 
histogram of intensity values (Beckmann 2004).

2.8. Target selection

fMRI analysis for each participant was completed before they arrived 
for their first TMS session. Two fMRI-based independent components, 
one that comprised the left FPN and one that comprised the posterior 
DMN, were visually identified from the output of ICA. Peak coordinates 
for the FPN and DMN were selected for each participant, targeting the 
left DLPFC and left angular gyrus, respectively. The average 
connectivity-based DLPFC MNI coordinate across subjects was X = − 38, 
Y = 39, Z = 17. The average connectivity-based angular gyrus MNI 
coordinate across subjects was X = − 44, Y = − 58, Z = 32. Due to 
technical difficulties, the connectivity-based DLPFC session data for one 
participant and the angular gyrus excitation protocol session data for 
another participant were not saved, leaving 16 full datasets in those 
conditions.

For standardized target selection, peak voxels from a Neurosynth 
meta-analysis were used to locate the left DLPFC and left angular gyrus 
targets, based on the highest z-scores. MNI coordinates for Neurosynth- 
based DLPFC was X = − 38, Y = 24, Z = 24. MNI coordinates for 
Neurosynth-based angular gyrus was X = − 46, Y = − 66, Z = 44. 
Although literature-driven coordinates were considered, the consensus 
on angular gyrus coordinates in TMS studies was limited, so we opted for 
the meta-analysis approach instead.

The average Euclidean distance between the DLPFC definitions was 
16.55 mm across subjects with the individualized DLPFC targets more 
anterior on average to the Neurosynth based target definition (Fig. 1B). 
The average Euclidean distance between the angular gyrus definitions 
was 14.56 mm across subjects with the individual connectivity based 
angular gyrus targets being more anterior on average to the Neurosynth 
based target definition. The target for motor cortex stimulation was 
identified during identification of resting motor threshold at the 
beginning of each TMS session, following field-wide standards. Only one 
targeting method was used to stimulate the motor cortex.

2.9. TMS setup

TMS was delivered using a Magstim-200 stimulator connected to a 
co-planar figure-of-eight Magstim-P/N9925 induction coil with a 70- 
mm wing radius (The Magstim Company Ltd., Whitland, UK). MRI- 
guided neuronavigation was performed using the Brainsight Neuro
navigation system to ensure precise cortical stimulation and to minimize 
variability in the stimulation location across sessions.

2.10. Resting motor threshold (RMT)

The location of motor cortex stimulation was determined first using 
iterative movement of the TMS coil and stimulation to locate the 

coordinates that stimulate the abductor pollicis brevis (APB) muscle 
representation in the left motor cortex. Once found, the resting motor 
threshold (RMT) at this site was identified using electromyography with 
a descending relative frequency approach to identify the threshold at 
which an MEP of at least 50 μV is achieved in at least 50% of 10 to 20 
consecutive trials (Rossini et al., 1994, Rothwell et al., 1999).

2.11. TMS stimulation protocols

Motor cortex and each individual connectivity-defined target was 
stimulated using single-pulse and paired-pulse protocols. Neurosynth- 
defined targets were only stimulated using single-pulse protocol due 
to limitations on time and participant burden. The TMS coil was always 
held at an approximately 45 degrees angle relative to the midline. We 
used single-pulse and two paired-pulse protocols: short-interval intra
cortical inhibition (SICI) with a 3 ms interstimulus interval to probe 
inhibitory responses, and intracortical facilitation (ICF) with an 11 ms 
interval to assess excitatory processes. These intervals were selected 
based on prior work using similar timings in TMS-EEG (e.g., Lioumis 
et al., 2018) and are consistent with established ranges reported in the 
literature (Säisänen et al., 2011).

Stimulation intensity was set at 120% of the RMT for single-pulse 
TMS and at 80% (for the conditioning pulse) and 120% (for the test 
pulse) RMT for paired-pulse protocols (SICI and ICF). TMS was targeted 
for each region using MNI coordinates for each participant projected 
back into native space and then displayed on the participant’s 
anatomical image during neuronavigation. Sixty pulses were applied per 
protocol at each target site, with interstimulus intervals jittered around 
5 s. Inter-block intervals ranged between 2 and 5 min.

The order of stimulation sites and intensities remained the same for 
each participant across sessions but was pseudorandomized between 
participants (see Fig. 1C for an example sequence). This ensured that 
consecutive blocks were never over the same brain region, but any po
tential order effects remained constant within a participant.

Sham stimulation was introduced midway through the study and 
applied to a total of 11 participants. The primary rationale for including 
sham was to improve artifact removal during EEG preprocessing, 
particularly to aid in the identification of non-neural components during 
ICA decomposition. The sham protocol was implemented by tilting the 
TMS coil 90 degrees relative to the scalp such that the edge of the figure- 
of-eight coil touched the head while the coil center faced outward. In 
this configuration, the stimulator delivered pulses as in the real TMS 
conditions, but no effective magnetic field reached the cortex. This setup 
preserved the auditory and somatosensory sensations associated with 
TMS, without inducing cortical activation. This approach has been 
shown to aid in separating neural from non-neural components in pre
processing pipelines (Rogasch et al., 2014). The intensity of the sham 
blocks was 120% of the RMT.

2.12. TMS session procedures

During each session, participants were instructed to keep their eyes 
open and remain still throughout the recordings. For parietal cortex 
stimulations, participants rested their chin on a chin rest to maintain a 
stable head position throughout the procedure. Participants were 
instructed to keep their gaze steady but were allowed to move their eyes 
freely.

Neuronavigation ensured consistent coil positioning and orientation 
across both measurement sessions. The coil was manually held 
throughout the sessions and the distance error from the target per target 
region across subjects and sessions were as the following: motor cortex: 
0.22 cm (SE = 0.02) DLPFC_RS: 0.23 cm (SE = 0.02); DLPFC_NS: 0.27 
cm (SE = 0.03); AngularGyrus_RS: 0.29 cm (SE = 0.3); AngularGyr
us_NS: 0.48 cm (SE = 0.17).

For motor cortex stimulation, the coil was positioned to elicit 
maximal motor-evoked potentials (MEPs) during the first session, and 

C. Sayalı et al.                                                                                                                                                                                                                                   Clinical Neurophysiology 190 (2026) 2112327 

4 



this position was replicated in the second session. The twist error from 
the target angle per target region across subjects and sessions were as the 
following: motor cortex: 3.28◦ (SE = 1.07) DLPFC_RS: 0.10◦ (SE = 1.01); 
DLPFC_NS: 0.85◦ (SE = 0.90); AngularGyrus_RS: 2.06◦ (SE = 1.35); 
AngularGyrus_NS: 0.89◦ (SE = 1.38).

To reduce auditory contamination from the TMS click, we employed 
an individualized noise-masking procedure. During calibration, the coil 
was held approximately 10 cm above the vertex while participants 
listened to a scrambled version of the TMS click delivered through 
earphones. The volume of the noise was gradually increased until par
ticipants reported no longer perceiving the TMS click, within safe 
listening limits. Although this procedure does not eliminate bone con
duction, it has been shown to significantly reduce auditory-evoked po
tentials and better isolate the cortical effects of TMS (Russo et al., 2022). 
We chose not to use a foam spacer or sponge between the coil and scalp, 
as it increases the distance to the cortex and consequently the required 
stimulation intensity, potentially affecting focality and participant 
comfort.

2.13. EEG recording

EEG responses to TMS were recorded using a 64-channel TMS- 
compatible EEG system (ActiChamp, Brain Products, GmbH, Germany) 
with passive electrodes designed to prevent overheating due to eddy 
currents induced by TMS. The EEG system was connected to a TMS- 
compatible amplifier with a sampling rate of 25 kHz, a bandwidth of 
0.1–350 Hz, and a 16-bit AD conversion resolution. The EEG array was 
configured according to the international 10–20 system for optimal 
scalp coverage. EasyCap Abralyt HiCl High chloride abrasive electrolyte 
gel was used. Impedances were monitored after each session and the 
channels had impedances lower than 5 kΩ, ensuring good signal quality. 
The reference channel used during recording was Fz; the ground channel 
used during recording was FCz.

2.14. EEG data preprocessing

As part of the preprocessing workflow, the EEG data were segmented 
around each TMS pulse, with epochs spanning from − 1.5 to 1.5 s rela
tive to the test pulse in paired-pulse protocols. Baseline correction was 
applied differently for each protocol. For single-pulse protocols, baseline 
correction was performed using the interval from − 500 to − 5 ms before 
the pulse. For paired-pulse inhibition protocols, the baseline interval 
was adjusted to − 500 to − 8 ms before the test pulse, and for excitation 
protocols, it was adjusted to − 500 to − 16 ms before the test pulse. 
Condition-specific artifact removal was performed to address TMS- 
related noise. For single-pulse protocols, data from − 2 to 5 ms were 
cut. For inhibition protocols, data from − 5 to 5 ms before the test pulse 
were cut, and for excitation protocols, from − 13 to 5 ms before the test 
pulse were cut. After this initial artifact removal, bad channels and trials 
were excluded to improve data quality. An average of 1.7 trials [0 11] 
(SD = 3.90) and 0.77 channels [0 17] (SD = 1.21) were rejected. The 
data were detrended and underwent baseline correction to remove any 
residual artifacts. Further processing included Independent Component 
Analysis (ICA). Data were reduced to 30 components to extract and 
remove eye blink, muscle, and line noise artifacts. For the second half of 
the sample, sham blocks were acquired per region and were concate
nated to the end of real stimulation data during ICA separately for each 
stimulation site to help identify artifacts.

Although performing two rounds of ICA is a common practice in 
some preprocessing pipelines (e.g., TESA), we opted for a different 
approach based on the specific artifact profile of our data. In particular, 
we used a combination of the Source-estimate-utilizing noise-discarding 
algorithm ((SOUND, Mutanen et al., 2016) and Signal-space 
projection–source-informed reconstruction (SSP-SIR, Mutanen et al., 
2016) methods to suppress large-amplitude, time-locked artifacts such 
as those arising from TMS-evoked muscle activity. This decision was 

motivated by the known limitations of ICA in handling time-locked 
signals, which violate the statistical independence assumption of ICA 
(Mutanen et al., 2024). SOUND–SSP–SIR has been shown to effectively 
suppress muscle and decay artifacts without compromising signal 
quality and has been used in recent studies for similar purposes 
(Bertazzoli et al., 2021). In our implementation, ICA was applied only 
once, primarily for the removal of ocular and residual non-neural arti
facts. Given the risk of signal loss associated with multiple ICA passes, 
especially in the presence of strong muscle contamination, we consid
ered this approach to be better suited for preserving cortical TMS- 
evoked activity in our dataset.

Hence, the SOUND algorithm was applied to suppress extracranial 
noise. The SSP-SIR method was used to reduce muscle artifacts induced 
by TMS. After artifact suppression, the missing time intervals were 
interpolated, and the data underwent bandpass filtering twice. Initially, 
to filter out frequencies outside the 1–100 Hz range and eliminate slow 
drifts. Subsequently, to remove line noise by applying a band-stop filter 
between 58 and 62 Hz.

2.15. TEP data analysis

To determine the time course of TMS-evoked potentials (TEPs) for 
each target region, we defined both large and small regions of interest 
(ROIs) based on sets of channels covering the DLPFC, motor cortex, and 
angular gyrus. Per each region, small and large ROI definitions were 
chosen (see Fig. 1D). Specific time windows (Fig. 1E) were chosen to 
optimize the capture of early neural responses in each target region, 
facilitating a comparison of TEP reliability across anatomically defined 
ROIs. Particularly, we extracted the maximum peak-to-peak amplitude 
within time windows defined based on previous literature (Gogulski et 
al 2024a, Gogulski et al 2024b) and adjusted according to the artifact 
profile of each stimulation site. Based on this prior research, we spe
cifically focused on early local TMS-evoked potentials (EL-TEPs), as later 
components are more prone to artifacts.

For M1 stimulation, we used a time window of 10 to 40 ms, which 
captures early TEP components such as the N20 and N45. These com
ponents are reliably observed in M1 and are typically not obscured by 
TMS-related artifacts. For the DLPFC and parietal cortex, we used a later 
window of 20 to 60 ms. This shift was necessary to avoid contamination 
from early muscle artifacts and eye blinks, which are more prominent at 
frontal and parietal scalp sites following TMS (Rogasch et al., 2014; 
Biabani et al., 2019). These site-specific time windows enabled more 
accurate and reliable detection of early cortical responses across the 
different stimulation targets.

For each ROI, the peak-to-peak amplitude was calculated from the 
signal averaged across all channels within the ROI, rather than 
computing and averaging peak-to-peak values from individual channels. 
We computed the peak-to-peak amplitude by identifying the maximum 
and minimum values within the time window and calculating their 
difference. The resulting amplitude was then converted from linear 
microvolts (μV) to decibels (dB) using a logarithmic transformation, 
providing a consistent measure of TEP response strength across 
conditions.

This approach reduces the influence of channel-specific noise and 
provides a more stable estimate of the regional cortical response. Similar 
methods have been used in several previous TMS–EEG studies (Lioumis 
et al., 2009; Ilmoniemi and Kičić, 2010; Gordon et al., 2018; Rodionov 
et al., 2023; Gogulski et al., 2024). By averaging the signal prior to 
amplitude measurement, we aimed to improve the robustness and 
consistency of the extracted TEP features across participants and 
conditions.

To determine the test–retest reliability of TEPs at different time 
points, we used the Concordance Correlation Coefficient (CCC), a mea
sure optimized for assessing test–retest reliability (Lawrence and Lin, 
1989; Kerwin et al., 2018). The CCC compares the variance between 
subjects to the total variance to evaluate the agreement between two sets 
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of observations. In our analysis, we applied the CCC to quantify the 
reliability of TEPs across different stimulation conditions by comparing 
the magnitude of TEPs from one session to another session. Reliability 
was categorized as low (CCC < 0.5), moderate (CCC between 0.5 and 
0.7), or high (CCC > 0.7). The CCC values were calculated for each 
target and time point, with mean values and 95% confidence intervals 
reported. To compare CCC values across conditions, we employed the 
percentile bootstrap method (Wilcox, 2009) to assess statistical differ
ences in reliability (Gogulski et al., 2024a).

To complement the peak-to-peak amplitude analysis, we also 
computed the area under the curve (AUC) within the same time win
dows used for TEP quantification. CCCs calculated for the AUC values 
showed a similar pattern to the peak-to-peak results. These results 
further support the robustness of the regional differences observed in 
signal quality. Full CCC results are provided in the supplementary ma
terials (Table S2, Figs. S2&3).

3. Results

In this study, we assessed the test–retest reliability of TEPs for 
functionally defined targets derived from the RMT procedure and fMRI. 
Specifically, we examined three left-lateralized brain regions—motor 
cortex (M1), dorsolateral prefrontal cortex (DLPFC), and angular 
gyrus—using three TMS protocols: single-pulse TMS, short-interval 
intracortical inhibition (SICI), and intracortical facilitation (ICF). For 

motor cortex, targets were defined using a standard RMT procedure. For 
DLPFC and angular gyrus, targets were defined using two methods: in
dividual resting-state (RS) fMRI-based target localization and functional 
definition based on Neurosynth coordinates on normalized anatomical 
images. TEP reliability was assessed using the concordance correlation 
coefficient (CCC) for within-session and between-session reliability of 
the logarithmic peak-to-peak amplitude quantification within large 
ROIs, with bootstrapped confidence intervals (CIs) calculated for each 
CCC estimate (see Table S1 for smaller ROI definitions and linear 
values). See Figs. 1, 2, and 3 for the time course (Figs. 2 and 4) and scalp 
distribution (Fig. 3) of TEPs across all participants for each experimental 
condition.

3.1. Reliability across brain regions

TEP reliability varied across the three regions of interest (ROIs), with 
the highest CCC values observed in the motor cortex (CCCmean = 0.59, 
CCCstd = 0.08) and lowest reliability scores for DLPFC (CCCmean = 0.40, 
CCCstd = 0.15) and angular gyrus between them (CCCmean = 0.45, 
CCCstd = 0.20). These results indicated that motor cortex stimulation 
overall produced the most consistent TEPs across regions (Fig. 5).

3.2. Reliability across target definitions

For DLPFC and angular gyrus, we compared reliability for targets 

Fig. 2. Time course of TEPs across all participants for each experimental condition. Green lines stand for session 1 values; blue lines stand for session 2 values. Time 
is shown relative to the test pulse in excitation and inhibition conditions. RS: Resting State; NS: Neurosynth.
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defined using RS and Neurosynth-derived functional overlays in the 
single pulse condition. Reliability for each experimental condition is 
presented in Table 1. Neurosynth-defined targets generally yielded 
higher CCC values in DLPFC with a mean CCC range of 0.57, CI [0.14 
0.82], compared to RS derived targets, which showed a CCC range of 
0.30, CI [− 0.14 0.64] across sessions. However, the CCC difference 
between different DLPFC definitions was not significant, as revealed by 
bootstrap statistics (CIdifference [− 0.87 0.01], P = 0.06).

In angular gyrus, both target definitions showed moderate reliability 
with overlapping confidence intervals (Neurosynth-based: CCC = 0.30, 
CI [− 0.19 0.67]; RS: CCC = 0.35, CI [− 0.03 0.64]. The CCC difference 
between different angular gyrus definitions was not significant, as 
revealed by bootstrap statistics (CIdifference [− 0.55 0.70], P = 0.83).

3.3. Effect of TMS protocol on TEP reliability

There was no statistical difference between single-pulse and SICI 

(CIdifference [− 0.26 0.43], P = 0.69) or ICF (CIdifference [− 0.24 0.63], P =
0.40) conditions for M1. Similarly, there was no statistical difference 
between single-pulse and SICI (CIdifference [− 0.65 0.36], P = 0.53) or ICF 
(CIdifference [− 0.55 0.52], P = 0.91) conditions for DLPFC. There was also 
no statistical difference between single-pulse and SICI (CIdifference 
[− 0.52 0.43], P = 0.93) or ICF (CIdifference [− 0.86 0.04], P = 0.08) 
conditions for angular gyrus. These results indicate that all three TMS 
protocols have similar reliability across regions.

4. Discussion

The study primarily assessed the test–retest reliability of TEPs in the 
DLPFC and angular gyrus, with the motor cortex (M1) included as a 
standard benchmark for comparison. Three TMS protocols (single-pulse 
TMS, SICI, and ICF) and two target definition methods for DLPFC and 
angular gyrus (RS- and NS-based) were evaluated. Both the individual 
resting-state method and the Neurosynth method are based on 

Fig. 3. Topographical maps across all participants and sessions for each experimental condition, averaged across sessions. Time is shown relative to the test pulse in 
excitation and inhibition conditions. RS: Resting State; NS: Neurosynth.

C. Sayalı et al.                                                                                                                                                                                                                                   Clinical Neurophysiology 190 (2026) 2112327 

7 



functional neuroimaging modalities. Results indicated that targeting 
DLPFC and angular gyrus using these methods did not yield TEPs as 
reliable as the standard RMT-based targeting method typically used for 
M1. While Neurosynth-derived targets demonstrated numerically higher 
CCC values for DLPFC compared to resting-state targets, this was not 
observed for the angular gyrus. Across all regions, no significant dif
ferences in reliability were found between the three TMS protocols. 
These findings suggest that individualized functional neuroimaging 
measures for targeting DLPFC and angular gyrus do not necessarily 
improve TEP reliability compared to the individualized RMT-based 
method.

Central targets, such as the motor cortex, are generally more reliable 
in TMS-EEG studies compared to targets like the DLPFC and angular 
gyrus, as the latter are more prone to muscle artifacts. Mutanen et al. 
(2013) demonstrated that early large biphasic deflections in TMS- 
evoked EEG signals are predominantly caused by cranial muscle acti
vation rather than neural responses. Stimulation of areas overlying 
cranial muscles, such as the frontalis muscle for DLPFC and the tem
poralis muscle for angular gyrus, leads to pronounced artifacts, partic
ularly in lateral EEG channels. These artifacts are sensitive to coil 
placement, orientation, and proximity to the muscles, making it chal
lenging to isolate true neural responses. In contrast, central sites like the 
motor cortex are less affected by such confounds, providing cleaner EEG 
signals with higher reliability. Although strategies such as adjusting coil 
angles, reducing stimulation intensity, and employing offline artifact 
removal methods (e.g., independent component analysis or signal-space 
projection) can mitigate these artifact-derived issues, the inherent sus
ceptibility of lateral targets to muscle-induced artifacts highlights the 
advantage of central targets for obtaining robust and artifact-free TEPs, 
and also the need of other strategies for the frontal and lateral targets.

Motor cortex also offers a clear functional readout in overt muscle 

movement, making it easier to find a precise location of stimulation in 
an individual. Such functional readouts are not readily available for 
cortical regions involved in complex cognition, such as DLPFC and 
angular gyrus. Thus, it may be that a more clear assessment of TEP 
reliability in these regions requires more careful identification of precise 
stimulation targets that will yield a clear TEP to begin with. The greater 
reliability of TEPs in the motor cortex compared to other regions may 
stem from the ability to optimize stimulation parameters in real time, 
and especially intensity and orientation, as assisted by real-time EMG 
readout. Similarly, real-time TEP software (Casarotto et al., 2022) pro
vides immediate feedback on the quality of cortical responses by visu
alizing early EEG signals and detecting artifacts, enabling the 
adjustment of TMS parameters—such as site, orientation, and 
intensity—during and before data collection. Using this methodology in 
non-motor regions, such as the DLPFC and angular gyrus, may similarly 
enhance the reliability of TEPs by providing region-specific optimization 
(Parmigiani et al., 2025; Ukharova et al., JoVe, 2025; Lioumis et al., 
Frontiers, 2025). By leveraging real-time feedback, future studies could 
achieve individualized precision targeting for non-motor regions, 
reducing variability and increasing the reproducibility of TMS-EEG 
protocols across diverse cortical areas.

Our findings align with and expand upon the observations reported 
by Gogulski et al. (2024a) regarding the influence of target selection 
within the DLPFC on TEP reliability. In our study, we found that the 
connectivity-based DLPFC target, which was more anterior compared to 
the Neurosynth-based target, exhibited numerically smaller TEP am
plitudes and lower test–retest reliability. This pattern is consistent with 
Gogulski et al (2024a) observation that more anterior DLPFC targets 
often produce smaller amplitude EL-TEPs and, in some cases, lower 
reliability. While smaller amplitudes may reflect reduced neural 
engagement or increased susceptibility to artifacts at anterior sites, the 

Fig. 4. Butterfly plots across all participants and sessions for each experimental condition averaged across sessions. Time is shown relative to the test pulse in 
excitation and inhibition conditions. RS: Resting State; NS: Neurosynth.
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relationship between amplitude and reliability is not straightforward. 
Our results suggest that functionally guided targeting, such as 
connectivity-based approaches, may require careful validation to opti
mize both amplitude magnitude and reliability, particularly when 
stimulating anterior DLPFC regions.

Our findings also align with Kerwin et al. (2018) in demonstrating 
the influence of trial number, target location, and temporal interval on 
TMS-EEG reliability. In our study, we used 60 trials per condition and 
observed a CCC of 0.57 for DLPFC targets, which is lower than the 
substantial concordance (>0.8) reported by Kerwin et al. for peaks such 
as N100 and P200. Kerwin et al. noted that while even 20 trials may 
suffice for high concordance in short-interval test–retest designs (within 

the same session), greater trial numbers are required for longer temporal 
intervals, such as separate-day comparisons. Our study employed a one- 
week interval between sessions which, alongside the relatively low trial 
number, may have contributed to the reduced reliability, particularly for 
early components such as the N20 and N45 and for non-central targets 
like the DLPFC and angular gyrus, consistent with Lioumis et al., 2009. 
Moreover, consistent with their findings, we observed that target loca
tion plays a critical role, with the motor cortex exhibiting the highest 
reliability, comparable to the high concordance Kerwin et al. (2018)
reported for central regions. This highlights the impact of both experi
mental parameters and regional variability on TEP reliability, suggest
ing that increasing trial numbers and optimizing stimulation targets 
could improve reliability in future studies.

Stimulation intensity may also play a critical role in minimizing ar
tifacts and optimizing TEP reliability. In our study, we employed a 
standardized approach, using predetermined percentages of RMT such 
as 120% and 80% RMT for our protocols, which aligns with common 
clinical practices. However, Mutanen et al. (2013) highlight that such 
intensities, while effective for clinical applications, may not be optimal 
for TEP studies. They demonstrated that reducing stimulation intensity 
from 100% to 60–80% of the motor threshold led to an 80–90% 
reduction in muscle artifacts, which are a major source of noise in TEP 
recordings.

Finally, preprocessing of the EEG data may have contributed to 
signal quality. EEG data were preprocessed manually using a stepwise 
approach tailored to the specific characteristics of each dataset. While 
automated preprocessing pipelines can enhance reproducibility, they 
may apply fixed thresholds that are not optimal for datasets with high 
variability or complex artifact profiles. In our case, manual 

Fig. 5. Scatter plot of log-transformed amplitude differences, calculated by taking the difference between maximum and minimum peak-to-peak amplitudes within a 
time window, between sessions across experimental conditions. R values stand for Pearson product moment correlation coefficients. RS: Resting State; 
NS: Neurosynth.

Table 1 
Reliability of TEPs between session 1 and session 2, across experimental con
dition. CCC: concordance correlation coefficient; CI: 95% confidence interval; 
Mean Amp: mean amplitude of the signal within selected time windows; RS: 
Resting State; NS: Neurosynth.

CCC low CI high CI Mean Amp

Angular RS excitation 0.40 − 0.03 0.71 − 0.03
Angular RS inhibition 0.75 0.44 0.90 − 0.01
Angular RS single 0.35 − 0.03 0.64 0.05
Angular NS single 0.30 − 0.19 0.67 − 0.05
DLPFC RS excitation 0.47 0.02 0.76 0.18
DLPFC RS inhibition 0.25 − 0.17 0.59 0.25
DLPFC RS single 0.30 − 0.14 0.64 0.31
DLPFC NS single 0.57 0.14 0.82 0.39
Motor excitation 0.60 0.19 0.83 0.19
Motor inhibition 0.51 0.06 0.78 0.21
Motor single 0.67 0.31 0.86 0.36
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preprocessing allowed us to make informed decisions regarding trial and 
channel rejection criteria based on overall signal quality and the number 
of usable trials per participant. This approach also facilitated close in
spection of the data, which we consider essential for distinguishing 
genuine cortical responses from artifacts.

We tested several automated pipelines, including ARTIST and TESA, 
but found that they removed nearly all TMS-evoked signal in our data. 
This is likely because our stimulation targets were defined based on 
individual fMRI activation and not optimized for minimizing EEG arti
facts. As a result, strong muscle activity near the stimulation site led 
these automated pipelines to over-clean the data, removing signal 
components of interest. By using manual preprocessing, we were able to 
retain meaningful neural signals while suppressing non-neural artifacts 
through careful inspection and targeted cleaning.

Our findings highlight the distinction between target engagement in 
fMRI-guided TMS studies and the reliability challenges inherent in TMS- 
EEG studies. While fMRI-based approaches prioritize functional con
nectivity to maximize engagement of specific brain networks, such as 
the DLPFC-subgenual cingulate connection in depression treatment, 
TMS-EEG studies must contend with confounds like TMS-induced mus
cle artifacts, which often obscure the true neural signal (Casarotto et al., 
2022; Lioumis and Rosanova, 2022). Consequently, TMS-EEG research 
should focus on identifying stimulation sites that yield the highest 
signal-to-noise ratio (SNR; Tervo et al., 2022) rather than strictly 
aligning with fMRI-defined connectivity targets. This difference un
derscores that the optimal target for fMRI-based studies may not 
correspond to the most reliable TEP signal in TMS-EEG studies.

Lioumis and Rosanova (2022) propose a potential solution to 
reconcile these approaches by integrating navigated TMS with tractog
raphy and other neuroimaging techniques and high-density EEG, which 
has been demonstrated recently in DLPFC (Ukharova et al., JoVe, 2025) 
and in the SMA complex (Lioumis et al., Frontiers, 2025). This method 
could simultaneously map the structural, functional, and connectional 
profiles of a target area, optimizing both target engagement and TEP 
reliability, by potentially ensuring stimulating the desired cytoarchi
tectonics. Such an approach addresses the limitations of relying solely 
on connectivity-based targets, as it ensures that the anatomical and 
functional signatures of a stimulation site are jointly considered. By 
combining TMS-fMRI’s ability to engage functional networks with 
TMS-EEG’s focus on signal reliability, future studies can better align the 
objectives of target engagement and artifact-free neurophysiological 
measurements. This integrative framework represents a promising 
avenue for advancing the utility of TMS-EEG-based biomarkers while 
maintaining the precision of individualized targeting.
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