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A B S T R A C T

Objective: To determine whether individualized TMS–EEG mapping improves assessment of early cortical re
sponses in the dorsolateral prefrontal cortex (DLPFC) compared with conventional Beam F3 targeting and their 
association with depressive symptom severity.
Methods: Single-pulse TMS–EEG was performed in 30 patients with major depressive disorder (MDD) and 15 
healthy controls. Individualized mapping identified DLPFC stimulation sites and intensities that minimized ar
tifacts while eliciting robust early TMS-evoked potentials (>6 μV within 60 ms). Responses were compared with 
Beam F3 stimulation at 120% resting motor threshold. Early cortical activity was quantified using global mean 
field power (GMFP) and region-of-interest (ROI) area-under-the-curve (AUC) during the 10–30 ms post- 
stimulation interval.
Results: Individualized mapping produced distinct early cortical responses and significantly smaller early GMFP 
and ROI AUC responses (q < 0.001) compared to Beam F3 stimulation. Within the MDD group, lower GMFP AUC 
was associated with greater depression (PHQ-9: ρ = − 0.43, q = 0.046) and anxiety severity (GAD-7: ρ = − 0.58, 
q = 0.008). Lower ROI AUC was associated with greater depressive symptoms (PHQ-9: ρ = − 0.57, q = 0.008; 
QIDS-SR: ρ = − 0.48, q = 0.033) and anxiety severity (GAD-7: ρ = − 0.45, q = 0.040). No significant clinical 
associations were observed for Beam F3-derived measures.
Conclusions: Individualized TMS–EEG mapping identifies clinically relevant early DLPFC responses not detected 
using conventional Beam F3 targeting.
Significance: Individualized targeting improves the sensitivity of prefrontal TMS–EEG and may enhance detection 
of early cortical responses associated with depressive and anxiety severity.

1. Introduction

Currently, depression is diagnosed largely on the basis of subjective 

symptom questionnaires and clinical interviews. Despite more than 20 
pharmacological and non-pharmacological interventions approved for 
MDD, many patients undergo a long course of trial and error, possibly 
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leading to significant delays in achieving treatment response and 
remission (Leuchter et al., 2009). Fewer than 50% of individuals with 
depression respond to the first antidepressant, and only 30% achieve full 
remission (Trivedi et al., 2006). Consequently, there is a pressing need 
for objective neurophysiological biomarkers that can guide treatment 
selection and facilitate personalized interventions.

Concurrent TMS and EEG (TMS–EEG) enables direct evaluation of 
cortical properties, showing promise as a tool for identification of bio
markers of psychiatric conditions (Cao et al., 2021; Kallioniemi and 
Daskalakis, 2022; Sun et al., 2016). Changes in TMS-evoked potentials 
(TEPs) have been linked to depression diagnosis and symptom severity. 
When stimulating the left dorsolateral prefrontal cortex (DLPFC), MDD 
patients show larger amplitudes of peaks occurring at 45, 60, and 100 
ms post-stimulus, referred to as N45, P60, and N100, than in healthy 
controls (Voineskos et al., 2019). Additionally, P60 and N100 ampli
tudes have been correlated with depression symptom severity (Cash 
et al., 2021; Fox et al., 2012; Li et al., 2021; Weigand et al., 2018). 
Increased cortical excitation has also been reported, evidenced by 
increased global mean field amplitude area under the curve (GMFA
–AUC) (Voineskos et al., 2019). Furthermore, P30, N45, P60, and N100 
amplitudes have been shown to predict the degree of treatment response 
to theta-burst stimulation (Dhami et al., 2023), repetitive TMS (rTMS; 
Eshel et al., 2020) and magnetic seizure therapy (MST) (Sun et al., 
2016).

Despite these promising findings, several methodological limitations 
constrain the reproducibility and interpretability of TEP-based bio
markers. Early (<60 ms) TEP components that are considered to reflect 
local cortical reactivity (Casarotto et al., 2022; Ilmoniemi et al., 1997) 
may be obscured by artifacts, and thus, their assessment demands 
individualized targeting and rigorous artifact control. Conversely, the 
later components are less specific to cortical excitability and may 
include auditory and somatosensory confounds (Conde et al., 2019; 
Hernandez-Pavon et al., 2023; Tremblay et al., 2019). Additionally, the 
early TEP components are connected to the local NMDA- and GABA-A- 
mediated activity and may index local excitation/inhibition balance 
(Darmani and Ziemann, 2019).

Previous work on TMS–EEG biomarkers in depression has relied on 
Talairach (Voineskos et al., 2019) or MNI coordinates (Dhami et al., 
2023, 2020) and EEG electrode positions (Biermann et al., 2022; Sun 
et al., 2016). These methods, despite standardised methodology, neglect 
the effect of interindividual differences in head anatomy, scalp-to-cortex 
distance, cortical morphology, and gyrification. Scalp-based methods 
can deviate by up to 2 cm from individual MRI-defined DLPFC targets 
(Ahdab et al., 2010). Furthermore, anatomical correspondence does not 
guarantee functional correspondence due to interindividual variability 
in structure–function relationships (Casali et al., 2010). Additionally, 
previous work has utilized fixed coil orientations (Biermann et al., 2022; 
Dhami et al., 2023, 2020; Sun et al., 2016; Voineskos et al., 2019), 
disregarding individual differences in gyral morphology of the DLPFC.

Likewise, stimulation intensity is typically defined relative to the 
resting motor threshold (RMT), without accounting for individual dif
ferences in anatomy or cortical reactivity (Biermann et al., 2022; Dhami 
et al., 2023, 2020; Sun et al., 2016; Voineskos et al., 2019). However, 
electric-field (E-field) modeling and monitoring reveal large inter- 
individual differences in cortical dosing at a given RMT defined by 
stimulator output. Consequently, conventional 120% RMT dosing risks 
substantial over- or under-stimulation, underscoring the need for indi
vidualized E-field monitoring (Caulfield et al., 2021).

Together, these factors may contribute to variability in TEP mea
surements and limit the sensitivity of proposed biomarkers. To address 
these challenges, we developed an individualized TMS–EEG mapping 
procedure that integrates anatomical information, functional connec
tivity, coil orientation, stimulation intensity, and real-time electro
physiological feedback to identify DLPFC stimulation parameters that 
maximize the detectability of early cortical responses while minimizing 
artifacts (Ukharova et al., 2025).

The present study focused on early TEP responses following stimu
lation of the left DLPFC. First, we compared conventional Beam F3 
targeting (Beam et al., 2009) with individualized TMS–EEG mapping to 
determine how stimulation target selection influences the quantification 
of early cortical responses. Because individualized mapping was 
designed to maximize early cortical activation (Casarotto et al., 2022), 
we expected it to alter the temporal profile of the TMS-evoked response 
relative to conventional targeting. To assess whether any observed dif
ferences could be explained by non-neural activity, we additionally 
quantified the early TMS-induced muscle artifact for both targeting 
approaches.

To characterize early cortical activity, we evaluated conventional 
TEP peak amplitudes together with area-under-the-curve (AUC) mea
sures of global mean field power (GMFP) and the left DLPFC region-of- 
interest (ROI) waveform. AUC measures quantify activity across pre
defined time windows, providing a peak-independent characterization 
of the evoked response that is less sensitive to variability in peak iden
tification and waveform morphology than conventional peak-based 
metrics. We hypothesized that these measures would provide a more 
robust characterization of early cortical responses and their relationship 
to clinical symptoms.

After establishing the effects of stimulation targeting, we compared 
TEP responses of participants with major depressive disorder (MDD) and 
healthy controls. Finally, we examined associations between TMS–EEG 
measures and symptom severity within the MDD group using the Patient 
Health Questionnaire (PHQ-9), Quick Inventory of Depressive Symp
tomatology (QIDS-SR), and Generalized Anxiety Disorder scale (GAD-7). 
We expected that MDD would be associated with alterations in the 
temporal distribution of early cortical activity and that these measures 
would be associated with greater symptom severity.

2. Methods

Detailed study procedures have been described previously in 
Ukharova et al. (2025).

2.1. Participants

30 MDD patients and 15 healthy controls (demographics, comor
bidities, and medication statuses are presented in Table 1) were 
recruited from the participant pool of the larger PlaStim (Plasticity 
Stimulation in the Treatment of Anhedonia) study of Wellcome Leap 
Multichannel Psych Program (CA, USA). The sample size discrepancy 
reflected prioritization of clinical data collection within project time
lines. The study was approved by the Helsinki University Hospital Ethics 
Committee (HUS/3043/2021). Written informed consent was obtained 
from all participants.

Inclusion criteria for all participants were: Age 18–65, no contrain
dication for MRI, not pregnant or nursing, no neurological disorders 
such as epilepsy or brain injury.

For MDD patients additional inclusion criteria were: current major 
depressive episode (MINI score ≥5, assessed by a clinical coordinator), 
no acute suicide risk, no history of psychosis, no forensic or disability 
status.

For healthy subjects, exclusion criteria entailed: any psychiatric 
disorder diagnosis (assessed with MINI questionnaire), and use of sub
stances that affect the central nervous system (other than alcohol or 
nicotine products).

2.2. MRI acquisition

MRI data were acquired using a MAGNETOM Skyra 3 T scanner 
(Siemens Healthcare GmbH, Erlangen, Germany) with a 32-channel 
head coil, including T1-weighted structural imaging, resting-state 
fMRI, and diffusion-weighted imaging (DWI).
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2.2.1. T1-weighted structural imaging
T1-weighted anatomical images were obtained using a 

magnetization-prepared rapid gradient echo (MPRAGE) sequence (see 
full parameters in Supplementary Methods).

Images were processed with FreeSurfer to obtain cortical surfaces and 
subject-specific parcellations. The HCP-MMP1.0 atlas (Glasser et al., 
2016) was projected to individual anatomy to define cortical and 
subcortical ROIs.

2.2.2. Resting-state functional MRI
Resting-state functional MRI (rs-fMRI) data were collected using a 

T2*-weighted gradient-echo echo-planar imaging (EPI) sequence (see 
full parameters in Supplementary Methods) and preprocessed with 
fMRIPrep (Esteban et al., 2019) (motion and distortion correction, T1 
coregistration), followed by the removal of initial volumes, denoising 
with motion/physiological confounds, 0.01–0.08 Hz temporal filtering, 
and 6-mm smoothing. Seed-to-voxel connectivity was computed using 
Pearson correlations (Fisher z-transformed).

2.2.3. Diffusion-weighted imaging
Diffusion-weighted imaging (DWI) was acquired using a single-shot 

spin-echo EPI sequence (see full parameters in Supplementary 
Methods) and preprocessed using the PyDesigner pipeline (Dhiman 
et al., 2024), including noise, motion, eddy-current, Gibbs, and distor
tion correction. Fiber orientation distributions were estimated with 
multi-tissue CSD and aligned to T1 space using MRtrix3 (Tournier et al., 
2019). Anatomically constrained tractography priors were derived from 
FreeSurfer segmentations. Real-time tractography performed with rttvis 
(Aydogan et al., 2023) was used to identify stimulation-relevant regions, 

prioritizing either widespread structural connectivity or dense stream
line projections to network-relevant targets.

2.3. EEG recording

EEG was measured with a 62-channel cap (EasyCap, Germany) with 
Ag/AgCl sintered electrodes connected to a TMS-compatible EEG 
amplifier (Brain Products, Gmbh, Germany). Signals were low-pass 
filtered with a 1000-Hz cut-off frequency and sampled at 5000 Hz. 
Reference and ground electrodes were placed on the right mastoid and 
right zygomatic bone.

2.4. TMS protocol

TMS was applied with a 70-mm radius figure-of-eight coil attached to 
a TMS stimulator (NBT 2.2.4, Nexstim Ltd., Finland) with an integrated 
MRI-guided neuronavigation and EMG.

2.4.1. Resting motor threshold
RMT was determined from right abductor pollicis brevis (APB) 

motor-evoked potentials using maximum-likelihood algorithm 
(Awiszus, 2003).

2.4.2. Minimizing auditory responses to TMS
Auditory responses were minimized using auditory masking (Russo 

et al., 2022) delivered through hybrid earplugs and earphones (ER3C 
Insert Earphones, Etymotic Research Inc., IL, USA).

2.4.3. Target and stimulation parameters selection
For each subject, two TMS stimulation targets were selected: a 

standardised LDLPFC target using Beam F3 (Beam et al., 2009), and an 
individualised target identified through TMS–EEG mapping using indi
vidual brain connectivity and responses to TMS stimulation.

2.4.4. Standardised target
Beam F3 approximates the location of the DLPFC based on head 

circumference, nasion–inion distance, and left tragus to right tragus 
distance (Beam et al., 2009). The stimulation target was set based on 
these three measurements with a coil orientation of 45 degrees to the 
midline and stimulation intensity of 120% of the RMT (Beam et al., 
2009), except 2 subjects, for whom the stimulation was delivered at 
105% RMT due to discomfort and pain tolerance.

2.4.5. Individualised target
The full procedure of individualized target identification mapping is 

described in detail in our recent study (Ukharova et al., 2025) and 
summarized in Fig. 1. In brief, T1 MRIs and resting state fMRI were used 
to create individualized region of interest (ROI) maps, based on the 
functional anticorrelation between LDLPFC and sgACC (Cash et al., 
2021; Cash and Zalesky, 2024; Cole et al., 2020; Fox et al., 2012). The 
resulting maps were then overlaid on the individual MRI in the neuro
navigation software. This ROI served as a guide for the TMS–EEG target 
mapping procedure prior to selecting the stimulation target within the 
LDLPFC (Fig. 1A). The candidate targets were additionally investigated 
using real-time tractography (Aydogan et al., 2023), priority given to the 
cortical sites with widespread or MDD network-specific structural con
nectivity (Siddiqi et al., 2021).

The coil was initially placed over one of the areas displaying the 
highest functional anticorrelation with sgACC within the LDLPFC, in the 
posterior-anterior direction of the induced electric field, and stimulus 
intensity was set to 100–110% of RMT over this initial location. Ad
justments were made based on two criteria: a) elimination of artifacts 
after the first 10 ms, b) a 6–10 μV peak-to-peak response of early TEP 
deflections (10–60 ms). If a muscle artifact was present with a duration 
exceeding 10 ms, the coil was rotated and/or coil position manipulated 
towards an artifact-free location, while staying within the LDLPFC 

Table 1 
Data shown for MDD (30) and healthy (15) subjects, showing mean score and 
standard deviation. Abbreviations: BPD, Borderline Personality Disorder, 
ADHD, Attention Deficit Hyperactivity Disorder, ADD, Attention Deficit Disor
der, PTSD, Post-Traumatic Stress Disorder, OCD, Obsessive–Compulsive Disor
der, QIDS-SR, Quick Inventory of Depressive Symptomatology Self-Report; RRS, 
Ruminative Response Scale; PHQ, Patient Health Questionnaire; GAD-7, 
Generalized Anxiety Disorder scale.

MDD (N = 30) Healthy (N = 15)

Age 34 ± 10 28 ± 4
Gender 

Male 
Female 
Other 
Trans

15 
12 
2 
1

10 
5 
– 
–

Other diagnoses 
Anxiety 
Social anxiety 
BPD 
Panic disorderADHD  
(ADD) 
Autism 
PTSD 
OCD

15 
2 
4 
34  
(1) 
3 
3 
1

– 
– 
– 
– 
– 
– 
– 
–

Medication status 
None 
SSRI 
SNRI 
Tricyclic 
Vortioxetine 
Bupropion 
Other 
Unknown

9 
5 
4 
1 
5 
1 
3 
3

15 
– 
– 
– 
– 
– 
– 
–

Symptom Scores (Mean + SD) 
QIDS-SR 
RRS 
PHQ 
GAD-7 

13 ± 4 
18 ± 3 
14 ± 6 
9 ± 5

3 ± 3 
11 ± 5 
2 ± 1 
1 ± 2

.
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defined by the individual anatomical parcellation (for details, see 
(Ukharova et al., 2025)). Stimulation intensity was adjusted in 2% in
crements of the maximum stimulator output until the desired peak-to- 
peak amplitude was obtained (Supplementary Fig. 1). The final stimu
lation site was chosen based on both its connectivity profile and the 
quality of the TMS–EEG response (Lioumis and Rosanova, 2022).

2.4.6. Recordings
Prior to and during the recording, electrode impedances were kept 

below 5 kΩ. At each target, 300 single pulses were delivered with a 
jittered interstimulus interval of 2–2.3 s.

2.5. EEG data preprocessing

The recorded EEG data were preprocessed in MATLAB R2017b using 
the EEGLAB toolbox (Delorme and Makeig, 2004) with an automated 
preprocessing pipeline integrating functions from the TESA toolbox 
(Rogasch et al., 2017), AARATEP (Cline et al., 2021), and custom scripts. 
The recorded EEG signals were segmented into epochs of –1500 to 1500 
ms around the TMS pulse. The TMS pulse artifact was removed by 
excising data from − 2 to 12 ms and reconstructing the missing segment 
using cubic interpolation. Slow drifts were removed using robust poly
nomial detrending, followed by baseline correction using the interval 
from − 500 to − 5 ms.

Noisy channels were identified automatically using AARATEP and 
were replaced by spherical spline interpolation. Trials containing 
excessive artifacts were rejected automatically using robust z-score 
thresholds based on baseline variability, peak-to-peak amplitude, early 
post-stimulus root-mean-square activity, and absolute voltage. Ocular 
artifacts were removed with independent component analysis (FastICA) 
(Oja and Yuan, 2006) followed by automatic component classification 
with ICLabel (Pion-Tonachini et al., 2019). Noise from extracranial 
sources was suppressed with the source-estimate-utilizing noise-dis
carding algorithm (SOUND) (Mutanen et al., 2018). Any remaining 
TMS-evoked muscle artifacts were suppressed with signal-space 
projection–source-informed reconstruction (SSP–SIR) (Mutanen et al., 

2016), with the number of projection components selected automati
cally based on residual artifact reduction while limiting overcorrection.

The data were then low-pass filtered at 80 Hz and notch filtered 
between 48 and 52 Hz to suppress line noise. Epochs were trimmed to 
the interval from − 1000 to 1000 ms, rereferenced to the common 
average reference, and saved in EEGLAB format for subsequent analyses.

2.6. Quantification of TMS-evoked responses

Early TMS-evoked activity was quantified using area-under-the- 
curve (AUC) measures within the 10–30 ms post-stimulation interval. 
This window was selected to capture the earliest cortical response while 
avoiding the immediate stimulation artifact period. Early activity was 
quantified using two complementary signal representations: the left 
DLPFC region of interest (ROI) waveform, defined using electrodes AF3, 
F1, F3, and F5, reflecting regional response magnitude near the stimu
lation site, and global mean field power (GMFP), reflecting the spatially 
distributed magnitude of the evoked response across channels. GMFP 
was calculated at each time point as the spatial standard deviation of 
EEG amplitudes across all channels. AUC values were computed from 
the absolute waveform using trapezoidal integration.

To distinguish early cortical recruitment from later response activity, 
AUC was also quantified over the subsequent 30–80 ms interval. Clinical 
associations with early activity were first evaluated using Spearman 
rank correlations with the 10–30 ms AUC. Because stimulation intensity 
during individualized mapping was optimized to elicit robust early 
cortical responses, additional partial Spearman correlations were per
formed while controlling for the corresponding 30–80 ms AUC (GMFP or 
ROI). This analysis was used to determine whether associations with 
symptom severity reflected the earliest cortical response specifically 
rather than overall response magnitude. The 10–30 ms interval was 
chosen to capture the earliest cortical response, whereas the 30–80 ms 
interval encompassed subsequent early TEP activity while preceding the 
N100 component, which is more strongly influenced by auditory and 
somatosensory activation (Conde et al., 2019; Hernandez-Pavon et al., 
2022).

Fig. 1. Study Schematic. (A) Anatomic parcellations outlining the DLPFC region, resting-state fMRI highlighting the region of the DLPFC anticorrelated with the 
subgenual cingulate, lighter colours indicating greater anticorrelation, and diffusion MRI displaying the connectivity from the targeted area, all used to identify the 
initial individual stimulation sites for each subject. (B) Target optimization using real-time E-field and TEP visualization tools (data were baseline corrected and 
average referenced, TMS artifact zero-padded between − 2 and 10 ms). The stimulation intensity, location, and orientation were adjusted for each subject to minimise 
muscle artifacts and obtain a 6–10 µV early response (10–60 ms). (C) The outline of the data preprocessing pipeline.
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For comparison with previous TMS–EEG studies, conventional TEP 
components were quantified from the DLPFC ROI using predefined la
tency windows: N15 (10–25 ms), P30 (25–40 ms), N45 (35–55 ms), P60 
(50–75 ms), and N100 (80–130 ms). Negative components were defined 
as the minimum amplitude within the corresponding latency window, 
whereas positive components were defined as the maximum amplitude. 
Peak latencies were recorded as the time point of the identified 
extremum. To reduce sensitivity to differences in overall response 
magnitude, peak amplitudes were additionally normalized by the root- 
mean-square (RMS) amplitude of the ROI waveform between 10 and 
80 ms.

2.7. Residual muscle artifact assessment

To assess the effectiveness of artifact suppression in both mapped 
and Beam F3 targets, residual TMS-evoked muscle activity was quanti
fied using the preprocessed EEG data immediately before the final 
filtering stage. For each participant, time–frequency decomposition was 
performed on epoched data, and mean spectral power within the 
30–100 Hz band was calculated over the 5–30 ms post-stimulus interval. 
Power values were normalized relative to the pre-stimulus − 500 to 
− 100 ms baseline and averaged across electrodes AF3, F1, F3, and F5. 
The resulting baseline-normalized high-frequency power served as an 
index of residual muscle artifact, with larger values indicating greater 
remaining muscle contamination following preprocessing.

2.8. Questionnaires

Depressive symptom severity was assessed using the Patient Health 
Questionnaire (PHQ-9). Secondary symptom measures included the 
Quick Inventory of Depressive Symptomatology Self-Report (QIDS-SR), 
and Generalized Anxiety Disorder scale (GAD-7).

2.9. Statistical analysis

All analyses were performed in Python (v3.12.11) using NumPy, 
Pandas, SciPy, and Statsmodels.

Group differences between participants with MDD and healthy 
controls were evaluated using Welch’s t-tests and quantified using 
Hedges’ g effect sizes. Because of unequal group sizes and potential 
deviations from normality, statistical significance was additionally 
assessed using permutation testing with 10,000 random label permu
tations. Bootstrap confidence intervals for effect sizes were estimated 
using 10,000 bootstrap resamples.

Paired comparisons between individualized TMS–EEG mapping and 
conventional Beam F3 stimulation were evaluated using paired per
mutation tests based on 10,000 random sign flips of within-subject 
differences.

Associations between TMS–EEG measures and symptom severity 
were assessed using Spearman rank correlations in participants with 
MDD. Partial Spearman correlations were additionally performed to 
evaluate associations between early (10–30 ms) AUC measures and 
symptom severity while controlling for the corresponding later (30–80 
ms) AUC measure.

False discovery rate (FDR) correction using the Benjamini–Hochberg 
procedure was applied separately within predefined families of related 
hypotheses. Specifically, AUC-derived measures (GMFP and ROI) and 
conventional TEP measures were corrected independently for group 
comparisons, target comparisons, and clinical correlation analyses. 
Corrected P values are reported as q values.

To characterize the relationship between individualized and con
ventional stimulation intensities, descriptive statistics were calculated 
for the mapped stimulation intensity (%RMT), and its association with 
resting motor threshold was evaluated using Pearson correlation.

The distribution of the paired differences in the residual muscle 
artifact index was assessed using the Shapiro–Wilk test. As the paired 

differences significantly deviated from normality, residual muscle arti
fact between individualized LDLPFC and BeamF3 stimulation was 
compared using the Wilcoxon signed-rank test. Descriptive statistics are 
reported as median and interquartile range (IQR).

All statistical tests were two-sided, statistical significance was 
defined as P < 0.05.

3. Results

3.1. Demographics and clinical characteristics

The study sample consisted of 30 participants with MDD and 15 
healthy controls. Demographic and clinical characteristics are summa
rized in Table 1. The MDD group included participants with a range of 
comorbid conditions and medication statuses.

3.2. Effect of stimulation targeting

Individualized TMS–EEG mapping produced significantly different 
early cortical responses compared with conventional Beam F3 stimula
tion (Fig. 2, Table 2). Both GMFP and ROI AUCs during the 10–30 ms 
interval were significantly smaller following individualized mapping 
than Beam F3 stimulation (GMFP: permutation P = 0.0001, q = 0.0003; 
ROI: permutation P = 0.0001, q = 0.0003). Similar differences were 
observed for the subsequent 30–80 ms interval (GMFP: q = 0.0003; ROI: 
q = 0.0038), indicating that stimulation target substantially influenced 
the magnitude of the evoked response.

Several conventional TEP measures also differed significantly be
tween stimulation approaches after FDR correction. Beam F3 stimula
tion elicited larger N15 and N45 amplitudes, whereas individualized 
mapping produced larger P30 amplitudes and higher normalized P30 
and P60 amplitudes. N45 latency was also significantly prolonged dur
ing individualized mapping (all q < 0.05; Table 2). Together, these 
findings demonstrate that individualized mapping alters both the 
magnitude and temporal characteristics of early DLPFC responses 
compared with conventional targeting.

The stimulation intensity selected during individualized mapping 
varied substantially across participants (mean ± SD: 117 ± 22% RMT, 
median 114%, range 80–213% RMT, Supplementary Table S1). 
Compared with the Beam F3 protocol fixed at 120% RMT, 67% of par
ticipants required lower stimulation intensities, whereas 31% required 
higher intensities. Furthermore, the mapped stimulation intensity 
expressed relative to motor threshold was strongly inversely associated 
with resting motor threshold (r = − 0.64, p < 0.001), indicating that a 
fixed intensity of 120% RMT does not account for interindividual vari
ability in prefrontal cortical responsiveness.

Residual high-frequency muscle artifact following preprocessing was 
significantly lower during individualized LDLPFC stimulation than 
during Beam F3 stimulation. The median residual muscle index was 0.50 
(IQR 0.33–0.68) for individualized LDLPFC compared with 0.66 (IQR 
0.47–1.43) for Beam F3 stimulation (Wilcoxon signed-rank test: W =
211, p = 0.00064). Despite identical preprocessing, individualized 
mapping therefore resulted in significantly lower residual muscle 
contamination. As cranial muscle activation occurs within the same 
temporal window as the earliest cortical responses, the larger early 
AUCs observed with Beam F3 stimulation are likely influenced, at least 
in part, by greater residual stimulation-related muscle activity. 
Together, these findings highlight the importance of optimizing stimu
lation site and intensity to improve the specificity of early TMS–EEG 
measurements.

3.3. Group differences in TMS–EEG measures

Despite clear differences between stimulation targets, early cortical 
activity did not differ significantly between participants with MDD and 
healthy controls. Neither GMFP nor ROI AUC measured during the 
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10–30 ms interval showed significant group differences following FDR 
correction (GMFP: Hedges’ g = − 0.42, permutation P = 0.178; ROI: 
Hedges’ g = − 0.15, permutation P = 0.654; Table 3). Likewise, none of 
the conventional TEP amplitude or latency measures differed signifi
cantly between diagnostic groups after correction for multiple 

comparisons.
These findings indicate that individualized mapping primarily 

improved characterization of inter-individual variability rather than 
enhancing discrimination between diagnostic groups.

Fig. 2. Individualized TMS–EEG mapping produces distinct early cortical responses compared with conventional Beam F3 targeting. (A) Paired comparison 
of GMFP area under the curve (AUC) during the 10–30 ms post-stimulation interval between individualized mapped left DLPFC stimulation and conventional Beam 
F3 stimulation. Each point represents one participant, gray lines connect paired measurements, black diamonds indicate group means, and boxplots show the median 
and interquartile range. (B) Grand-average GMFP waveforms for mapped left DLPFC and Beam F3 stimulation. Shaded regions indicate the standard error of the 
mean (SEM). The gray shaded area highlights the early analysis window (10–30 ms). (C) Paired comparison of ROI AUC during the 10–30 ms interval for indi
vidualized mapped left DLPFC and Beam F3 stimulation. Plot elements are as described in panel A. (D) Grand-average ROI waveforms averaged across electrodes 
AF3, F1, F3, and F5 for mapped left DLPFC and Beam F3 stimulation. Shaded regions indicate SEM, and the gray shaded area denotes the 10–30 ms and 30–80 ms 
analysis windows.

Table 2 
Comparison of early cortical response AUC measures between individualized mapped LDLPFC stimulation and conventional Beam F3 targeting. Early 
(10–30 ms) and later (30–80 ms) cortical activity was quantified using GMFP and ROI AUC measures. Data are presented as mean ± SD for paired observations (n =
45). Statistical significance was evaluated using paired sign-permutation tests with Benjamini–Hochberg FDR correction. Asterisks indicate statistically significant 
associations after FDR correction (q < 0.05).

Metric n 
paired

Mapped LDLPFC mean 
± SD

Beam F3 mean 
± SD

Mapped minus Beam F3 mean 
difference

Hedges gz mapped minus 
Beam F3

Sign-permutation 
P

FDR q

GMFP AUC 
10–30 ms

45 9.94 ± 7.19 21.43 ± 16.85 − 11.49 − 0.66 <0.0001 <0.0001*

ROI AUC 10–30 
ms

45 10.22 ± 7.43 20.82 ± 17.63 − 10.61 − 0.61 <0.0001 <0.0001*

GMFP AUC 
30–80 ms

45 70.35 ± 36.26 108.55 ± 61.36 − 38.20 − 0.60 <0.0001 <0.0001*

ROI AUC 30–80 
ms

45 76.04 ± 61.64 118.63 ± 88.78 − 42.59 − 0.47 0.0015 0.0015*
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3.4. Early cortical activity scales with symptom severity

Clinical correlation analyses were restricted to participants with 
MDD (Fig. 3, Table 4). Early cortical activity measured during individ
ualized mapping showed significant associations with symptom 
severity, whereas corresponding measures derived from Beam F3 stim
ulation showed no significant correlations.

Among the AUC measures, lower GMFP AUC during the 10–30 ms 
interval was associated with greater depression severity as measured by 
the PHQ-9 (ρ = − 0.43, q = 0.046) as well as anxiety severity measured 
by the GAD-7 (ρ = − 0.58, q = 0.008). In contrast, lower ROI AUC was 
associated with greater depressive symptom severity measured by the 
PHQ-9 (ρ = − 0.57, q = 0.008) and QIDS-SR (ρ = − 0.48, q = 0.033) as 
well as anxiety (GAD-7, ρ = − 0.45, q = 0.04). No significant associa
tions were observed for the later 30–80 ms AUC measures, and no AUC 
measure derived from Beam F3 stimulation correlated significantly with 
symptom severity after correction for multiple comparisons.

To determine whether these relationships reflected the earliest 
cortical response rather than overall response magnitude, partial 
Spearman correlations were performed while controlling for the corre
sponding 30–80 ms AUC (Table 5, Supplementary Fig. S2). The associ
ation between early GMFP AUC and anxiety severity remained 
significant after controlling for later GMFP activity (partial ρ = − 0.58, 
q = 0.003) as well as depressive symptom severity (PHQ-9: partial ρ =
− 0.43, q = 0.024). Likewise, early ROI AUC remained independently 
associated with depressive symptom severity (PHQ-9: partial ρ = −

0.63, q = 0.002) and depressive symptoms measured by the QIDS-SR 
(partial ρ = − 0.52, q = 0.008), with a weaker independent associa
tion also observed for GAD-7 scores (partial ρ = − 0.45, q = 0.022).

Among conventional TEP measures, only P60 latency showed sig
nificant clinical associations after FDR correction, correlating negatively 
with GAD-7 scores (Supplementary Table S3, ρ = − 0.61, q = 0.018). No 
other canonical TEP amplitude or latency measures remained significant 
after correction for multiple comparisons.

Table 3 
Comparison of early cortical response AUC measures between participants with major depressive disorder (MDD) and healthy controls (HC). Group dif
ferences were evaluated for early (10–30 ms) and later (30–80 ms) cortical activity quantified using global mean field power (GMFP) and left DLPFC region-of-interest 
(ROI) area-under-the-curve (AUC) measures obtained during individualized mapped stimulation. Values are presented as mean ± standard deviation (SD). Statistical 
significance was assessed using permutation testing, and q-values were obtained using the Benjamini–Hochberg false discovery rate (FDR) correction applied within 
the AUC comparison family.

Metric MDD n HC n MDD mean ± SD HC mean ± SD Hedges g MDD minus HC Permutation P FDR q within correction family

GMFP AUC 10–30 ms 30 15 8.43 ± 3.86 12.96 ± 10.82 − 0.64 0.032 0.128
ROI AUC 10–30 ms 30 15 10.00 ± 6.63 10.66 ± 9.07 − 0.09 0.781 0.781
GMFP AUC 30–80 ms 30 15 65.94 ± 18.60 79.17 ± 57.35 − 0.36 0.279 0.558
ROI AUC 30–80 ms 30 15 72.91 ± 45.62 82.29 ± 86.99 − 0.15 0.658 0.781

Fig. 3. Associations between early cortical activity and clinical symptom severity following individualized mapped LDLPFC stimulation. Scatter plots show 
the relationships between early TEP AUC measures recorded during individualized mapped LDLPFC stimulation and clinical symptom severity in participants with 
MDD. Top row: associations between GMFP AUC measured over 10–30 ms and PHQ-9 (A), QIDS-SR (B), and GAD-7 (C) scores. Bottom row: corresponding as
sociations for the LDLPFC ROI AUC measured over 10–30 ms and PHQ-9 (D), QIDS-SR (E), and GAD-7 (F) scores. Points represent individual participants, and solid 
lines indicate least-squares regression fits for visualization. Statistical annotations show Spearman correlation coefficients (ρ) and Benjamini–Hochberg false dis
covery rate (FDR)-corrected q-values from the corresponding correlation analyses.
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4. Discussion

The principal finding of this study is that stimulation target selection 
substantially influences the measurement of early TMS–EEG responses 
from the left DLPFC. Individualized mapping produced significantly 
different early TMS-evoked responses than Beam F3 stimulation across 
both regional (ROI) and global (GMFP) measures. Only individualized 
mapping consistently identified associations between reduced early 
cortical activity and greater depressive and anxiety symptom severity. 
These associations remained significant after controlling for later 
cortical activity, indicating that clinically relevant information is con
tained within the earliest phase of the cortical response.

We developed individualized mapping to address several limitations 
of conventional DLPFC stimulation. Standard targeting relies on scalp 
landmarks and stimulation intensities are derived from motor cortex 
physiology, despite substantial inter-individual variability in head 
anatomy, cortical morphology (Mueller et al., 2013; Zilles et al., 1997), 
scalp-to-cortex distance (Stokes et al., 2005), and local cortical respon
siveness (Ziemann, 2026). These sources of variability can reduce early 
cortical responses and increase stimulation-related artifacts. Consistent 
with our previous methodological work (Ukharova et al., 2025), indi
vidualized mapping produced substantially different early TEP profiles 
than Beam F3 targeting, indicating that stimulation location, orienta
tion, and intensity strongly influence the measurable cortical response 
(Gogulski et al., 2024a,b).

An additional observation was the substantial interindividual vari
ability in the stimulation intensity required to obtain robust early DLPFC 
responses. Whereas Beam F3 stimulation was delivered at a fixed in
tensity of 120% RMT, the optimal intensity identified by individualized 
mapping ranged from 80% to 213% RMT, with approximately two- 
thirds of participants receiving lower stimulation intensities and one- 
third requiring higher intensities. Furthermore, individualized stimula
tion intensity was strongly inversely associated with resting motor 
threshold, indicating that motor threshold does not reliably predict the 
stimulation intensity required to evoke robust early responses in the 
prefrontal cortex. This finding is consistent with previous evidence that 
motor cortex excitability cannot be assumed to reflect excitability of 
non-motor cortical regions and further supports individualized optimi
zation of stimulation parameters for TMS–EEG studies targeting the 
DLPFC (Casula et al., 2018; Krile et al., 2023; Peterchev et al., 2012; 
Siebner et al., 2022; Stokes et al., 2005).

Individualized mapping also reduced residual muscle activity 
compared with Beam F3 stimulation. Cranial muscle activation overlaps 
with the latency of the earliest cortical responses and is therefore a 
major challenge when quantifying early TMS–EEG signals (Mutanen 
et al., 2016). Although identical preprocessing was applied to both 
conditions, residual muscle activity remained greater with Beam F3 
stimulation. This suggests that target selection influences not only 
cortical activation but also signal quality. The improved clinical sensi
tivity of the individualized mapping is therefore likely explained by a 
combination of stronger engagement of the target cortex and reduced 
contamination of early TMS–EEG responses by muscle activity 
(Casarotto et al., 2022).

The effects of target selection extended beyond response amplitude. 
Individualized mapping consistently produced smaller early AUC values 
than Beam F3 stimulation for both GMFP and ROI signals. Several ca
nonical TEP components (N15, P30, and N45) also differed between 
targeting approaches. These findings indicate that individualized map
ping changes the temporal profile of the evoked response rather than 
simply its overall magnitude. Similar effects have been reported previ
ously, with relatively small changes in stimulation parameters produc
ing substantial differences in TMS-evoked responses (Casarotto et al., 
2010; de Goede et al., 2018; Lioumis et al., 2025). Such differences likely 
reflect variation in local neuronal properties (Harquel et al., 2016), as 
well as conductivity profiles shaping the stimulating fields (Janssen 
et al., 2014; Thielscher et al., 2011).

Importantly, clinically relevant information was captured by inte
grated measures of early cortical activity rather than by conventional 
TEP peaks. Lower early GMFP AUC was associated with greater 
depression and anxiety symptom severity, whereas lower early ROI AUC 
showed robust associations with depressive symptoms measured using 
both PHQ-9 and QIDS-SR as well as anxiety severity. None of these as
sociations were observed with Beam F3 stimulation. Moreover, the as
sociations remained significant after controlling for later cortical 
activity (30–80 ms), indicating that they specifically reflect the earliest 
cortical response rather than overall response magnitude.

Regional and global measures also appeared to capture partly 
different aspects of symptomatology. ROI AUC showed the strongest 

Table 4 
Associations between AUC-based measures of early cortical activity and 
clinical symptom severity. Spearman correlation coefficients (ρ) between 
TMS–EEG area-under-the-curve (AUC) measures and clinical symptom scores in 
participants with major depressive disorder (MDD) are shown for individualized 
mapped left dorsolateral prefrontal cortex (LDLPFC) stimulation and conven
tional Beam F3 targeting. Early (10–30 ms) and later (30–80 ms) cortical activity 
were quantified using global mean field power (GMFP) and left DLPFC region-of- 
interest (ROI) AUC measures. Correlations are reported with Benjamini–Hoch
berg false discovery rate (FDR)-corrected q-values calculated within the AUC 
correlation family. Asterisks indicate statistically significant associations after 
FDR correction (q < 0.05).

Metric Target PHQ-9 QIDS-SR GAD-7

GMFP AUC 
10–30 ms

Mapped 
LDLPFC

ρ = –0.43 (q 
= 0.046)*

ρ = –0.36 (q 
= 0.107)

ρ = –0.58 (q 
= 0.008)*

​ Beam F3 ρ = –0.01 (q 
= 0.968)

ρ = –0.01 (q 
= 0.968)

ρ = 0.01 (q =
0.968)

ROI AUC 
10–30 ms

Mapped 
LDLPFC

ρ = –0.57 (q 
= 0.008)*

ρ = –0.48 (q 
= 0.033)*

ρ = –0.45 (q 
= 0.040)*

​ Beam F3 ρ = –0.13 (q 
= 0.968)

ρ = –0.07 (q 
= 0.968)

ρ = –0.03 (q 
= 0.968)

GMFP AUC 
30–80 ms

Mapped 
LDLPFC

ρ = –0.06 (q 
= 0.840)

ρ = –0.15 (q 
= 0.655)

ρ = 0.01 (q =
0.972)

​ Beam F3 ρ = –0.17 (q 
= 0.968)

ρ = –0.07 (q 
= 0.968)

ρ = 0.03 (q =
0.968)

ROI AUC 
30–80 ms

Mapped 
LDLPFC

ρ = –0.20 (q 
= 0.531)

ρ = –0.13 (q 
= 0.655)

ρ = 0.08 (q =
0.831)

​ Beam F3 ρ = –0.12 (q 
= 0.968)

ρ = –0.06 (q 
= 0.968)

ρ = 0.14 (q =
0.968)

Table 5 
Partial correlations between early cortical activity and clinical symptom 
severity controlling for later cortical responses. Partial Spearman correlation 
coefficients (ρ) between early (10–30 ms) TMS–EEG area-under-the-curve (AUC) 
measures and clinical symptom scores in participants with major depressive 
disorder (MDD) are shown after controlling for later cortical activity (30–80 ms) 
within the same signal representation. Analyses were performed separately for 
global mean field power (GMFP) and left dorsolateral prefrontal cortex 
(LDLPFC) region-of-interest (ROI) AUC measures obtained during individualized 
mapped stimulation and conventional Beam F3 targeting. Benjamini–Hochberg 
false discovery rate (FDR)-corrected q-values were calculated within the partial 
correlation family. Asterisks indicate statistically significant associations after 
FDR correction (q < 0.05).

Metric Target Covariate PHQ-9 QIDS-SR GAD-7

GMFP 
AUC 
10–30 
ms

Mapped 
LDLPFC

GMFP AUC 
30–80 ms

ρ = –0.43 
(q =
0.024)*

ρ = –0.36 
(q =
0.058)

ρ = –0.58 
(q =
0.003)*

​ Beam F3 GMFP AUC 
30–80 ms

ρ = 0.20 
(q =
0.913)

ρ = 0.07 
(q =
0.913)

ρ = –0.02 
(q =
0.913)

ROI AUC 
10–30 
ms

Mapped 
LDLPFC

ROI AUC 
30–80 ms

ρ = –0.63 
(q =
0.002)*

ρ = –0.52 
(q =
0.008)*

ρ = –0.45 
(q =
0.022)*

​ Beam F3 ROI AUC 
30–80 ms

ρ = –0.07 
(q =
0.913)

ρ = –0.05 
(q =
0.913)

ρ = –0.16 
(q =
0.913)
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associations with depressive symptoms, whereas GMFP AUC was more 
strongly associated with anxiety symptoms. While these findings require 
replication, they may reflect complementary physiological processes. 
ROI signals primarily represent activity near the stimulation site, 
whereas GMFP summarizes activity across the scalp and may be more 
sensitive to the early propagation of cortical activity through distributed 
networks (Cruciani et al., 2023; Ziemann, 2026).

Our results also provide a different perspective on previous 
TMS–EEG biomarker studies in depression. Most previous studies have 
focused on individual TEP components such as N45, P60, and N100 (Cao 
et al., 2021; Kallioniemi and Daskalakis, 2022; Sun et al., 2018, 2016). 
In the present work, the conventional peak-based TEP measures showed 
comparatively limited clinical sensitivity. Although individualized 
mapping significantly altered several canonical peak amplitudes and 
latencies relative to Beam F3 stimulation, only P60 latency demon
strated a significant correlation with symptom severity after correction 
for multiple comparisons. This might be attributed to the nature of the 
peak-based measures, which heavily depend on reliable identification of 
individual extrema and are sensitive to noise, preprocessing choices 
(Bertazzoli et al., 2021), and inter-individual variability in waveform 
morphology (Ozdemir et al., 2021). By integrating activity across pre
defined physiological time windows, AUC measures provide a more 
stable description of early cortical activation that does not depend on 
accurate identification of individual extrema. The stronger and more 
consistent clinical associations observed for AUC measures therefore 
support the use of integrated early-response metrics as candidate bio
markers for TMS–EEG studies.

Despite strong symptom-related associations, none of the early AUC 
measures differed significantly between participants with MDD and 
healthy controls after correction for multiple comparisons. Early GMFP 
AUC showed a moderate effect size but did not survive FDR correction. 
This suggests that early cortical responses may vary continuously with 
symptom severity rather than reflecting a categorical diagnostic marker. 
It is consistent with evidence that neurophysiological measures better 
capture dimensional variation in psychiatric symptoms than diagnostic 
categories alone (Drysdale et al., 2017; Insel et al., 2010).

The physiological mechanisms underlying reduced early cortical 
responses remain uncertain. The earliest TMS-evoked responses are 
thought to reflect direct activation of superficial pyramidal neurons and 
the initial recruitment of local excitatory and inhibitory circuits before 
substantial sensory contributions (Casarotto et al., 2022; Conde et al., 
2019; Ziemann, 2026). Reduced early AUC may therefore reflect 
diminished cortical responsiveness, altered excitation–inhibition bal
ance, or impaired recruitment of local cortical populations. The partially 
distinct associations observed for ROI and GMFP measures further 
suggest that local activation and its early propagation through cortical 
networks may contribute differently to depressive and anxiety symp
toms. Future studies combining TMS–EEG with reliable real-time arti
fact rejection, source reconstruction, electric-field modeling, 
pharmacological interventions, and computational modeling will be 
needed to clarify these mechanisms.

Several limitations should be considered. First, the sample size was 
modest, particularly for the healthy control group, limiting statistical 
power for detecting diagnostic group differences. Second, the patient 
cohort was clinically heterogeneous with respect to medication use and 
comorbidities, which may have increased neurophysiological vari
ability. Third, the cross-sectional design precludes conclusions 
regarding causality or treatment responsiveness. Longitudinal studies 
will be necessary to determine whether the early responses change with 
symptom improvement and whether they predict clinical outcome.

An additional methodological consideration is that individualized 
mapping explicitly optimized stimulation parameters to maximize early 
cortical responses while minimizing stimulation-related artifacts. 
Consequently, the observed improvements likely reflect both more 
effective engagement of the targeted cortex and higher-quality EEG re
cordings. Although the AUC measures themselves were not optimized 

during target selection, they remain dependent on the overall strength of 
the evoked response. Future work should therefore evaluate whether 
similar clinical associations are obtained using independently selected 
stimulation sites, automated optimization procedures, and prospective 
validation cohorts.

The present study also did not assess test–retest reliability. One 
motivation for developing AUC-based measures was their reduced 
dependence on peak identification, which is particularly susceptible to 
noise, latency variability, and preprocessing choices. Future work 
should directly compare the reliability of AUC-based and conventional 
peak-based measures across repeated recording sessions and alternative 
preprocessing pipelines.

Finally, although individualized TMS–EEG mapping currently re
quires additional acquisition time and operator expertise, ongoing de
velopments in EEG-guided optimization (Granö et al., 2025; Parmigiani 
et al., 2025; Tervo et al., 2022), electric-field modeling (Soto et al., 
2026), and multi-locus TMS (Matsuda et al., 2025; Nieminen et al., 
2022; Sinisalo et al., 2024) are expected to provide more automated and 
reproducible optimization procedures.

5. Conclusions

Individualized TMS–EEG mapping substantially altered the mea
surement of early DLPFC responses, reduced residual muscle contami
nation, and revealed associations between early cortical activity and 
clinical symptom severity that were not detectable using conventional 
Beam F3 targeting. Integrated AUC measures of the earliest cortical 
response demonstrated stronger and more consistent clinical associa
tions than conventional TMS-evoked potential peak measures. Early ROI 
AUC was associated with depressive symptom severity, whereas early 
GMFP AUC showed the strongest association with anxiety symptoms. 
Importantly, these relationships remained significant after controlling 
for later cortical activity, indicating that clinically relevant information 
is contained specifically within the earliest phase of the cortical response 
rather than reflecting overall response magnitude. These findings 
highlight the importance of individualized stimulation targeting and 
signal quality for measuring early TMS–EEG responses and support early 
AUC-based measures as promising biomarkers of symptom-related 
cortical dysfunction. Future longitudinal and treatment studies are 
needed to establish their reliability, predictive value, and clinical utility.
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