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A B S T R A C T

Background: High-frequency repetitive transcranial magnetic stimulation (rTMS) over the left dorsolateral pre
frontal cortex (DLPFC) serves as an effective treatment for major depression and other psychiatric disorders. 
Despite its growing clinical application, the neural mechanisms by which prefrontal rTMS exerts its therapeutic 
effects remain incompletely understood. To address this gap, we investigated the immediate blood-oxygen-level- 
dependent (BOLD) activity during 600 stimuli of left DLPFC 10 Hz rTMS in healthy individuals using interleaved 
TMS-fMRI.
Methods: In a crossover design, 17 healthy subjects received 10 Hz rTMS (60 trains with 9-second intertrain 
intervals) over the left DLPFC at 40 % and 80 % of their resting motor threshold (rMT) inside the MR scanner.
Results: 10 Hz rTMS over the left DLPFC elicited BOLD responses in prefrontal regions, cingulate cortex, insula, 
striatum, thalamus, as well as auditory and somatosensory areas. Notably, our findings revealed that 10 Hz rTMS 
effects were lateralized towards the contralateral (right) DLPFC. Dose-response effects between 40 % vs. 80 % 
rMT were exclusively observed in the hippocampus.
Conclusions: The 10 Hz rTMS protocol used in this study induced distinct target engagement and propagation 
patterns in the prefrontal cortex. These patterns differ from our previous interleaved TMS-fMRI findings using 
600 stimuli of left DLPFC intermittent theta burst stimulation (iTBS) at the same intensities. Thus, interleaved 
TMS-fMRI emerges as a valuable method for comparing clinical prefrontal rTMS protocols regarding their im
mediate effect on brain circuits in order to differentiate their action mechanisms and to potentially inform 
clinical applications.

1. Introduction

Repetitive transcranial magnetic stimulation (rTMS) has emerged as 
an effective therapeutic intervention for various psychiatric and 

neurological disorders (Hyde et al., 2022; Lisanby, 2024). rTMS can 
modulate pathological excitability and connectivity in brain networks, 
resulting in symptom relief that extends beyond the immediate period of 
stimulation (Klomjai et al., 2015; Lefaucheur et al., 2020). High- 
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frequency 10 Hz rTMS over the left dorsolateral prefrontal cortex 
(DLPFC) has become a FDA-approved clinical standard for treating 
pharmacoresistant major depressive disorder (MDD) (O’Reardon et al., 
2007; Berlim et al., 2014; McClintock et al., 2018; Papakostas et al., 
2024).

While the therapeutic benefits of rTMS are well-established (George 
et al., 2013; Lefaucheur et al., 2020; Kan et al., 2023), key questions 
persist about how rTMS engages target regions and propagates its effects 
through (sub)cortical networks (Siebner et al., 2022). Local and remote 
effects of rTMS vary depending on protocol parameters, such as stimu
lation frequency and intensity, with different approaches potentially 
recruiting distinct interneuronal circuits (Di Lazzaro et al., 2011; 
Hamada et al., 2013). Understanding the immediate changes in neural 
activity induced by rTMS across the entire brain can provide crucial 
insights into their underlying neurophysiological mechanisms (Tik et al., 
2023a, 2023b; Chang et al., 2024a, 2024b).

Combining TMS with functional magnetic resonance imaging (fMRI) 
allows investigating acute effects on cerebral activation and connectiv
ity with high spatial accuracy (Bohning et al., 1998; Bergmann et al., 
2021; Mizutani-Tiebel et al., 2022). Previous TMS-fMRI research in 
healthy people has primarily used single-pulse TMS or short 10 Hz bursts 
on the primary motor cortex (M1) and DLPFC (Bergmann et al., 2021; 
Mizutani-Tiebel et al., 2022; Xia et al., 2024). Investigating stimulation 
protocols inside the MR scanner that more closely resemble rTMS pro
tocols used in therapeutic applications could enhance the translational 
value of interleaved TMS-fMRI techniques by demonstrating target 
engagement and potentially helping identify predictive biomarkers of 
treatment response.

In this study, we investigate the immediate blood-oxygen-level- 
dependent (BOLD) responses to a 600-stimuli 10 Hz rTMS protocol at 
two stimulation intensities (i.e. 40 % and 80 % resting motor threshold, 

rMT) targeting the left DLPFC in healthy, resting individuals. This 
parameter selection was guided by our previous study, which used an 
identical interleaved TMS-fMRI setup and a similar crossover design to 
examine the cortical effects of a full 600-stimuli intermittent theta burst 
stimulation (iTBS) protocol (Chang et al., 2024a, 2024b). Accordingly, 
we also aimed to provide a descriptive comparison of the direct neural 
effects of 10 Hz rTMS and iTBS under matched stimulation parameters. 
The current study on 10 Hz rTMS, alongside the narrative comparison of 
its findings with iTBS, may help deepen our mechanistic understanding 
of how high-frequency rTMS acutely modulate local and remote neural 
activity, which could provide foundational knowledge to improve future 
neuromodulation treatments.

2. Methods and Materials

2.1. Participants

Twenty healthy subjects (13 females; mean age = 29.25 ± 7.77 
years) were recruited for this study. Participants had no contraindica
tions to TMS and MRI, and no history of psychiatric or neurological 
disorders. All participants provided written informed consent before the 
experiment. The study was approved by the ethical committee of LMU 
Munich and was conducted in accordance with guidelines of the 
Declaration of Helsinki.

Two participants dropped out during the study due to mild adverse 
events associated with active TMS (i.e., migraine after TMS, intolerable 
pressure of the TMS coil on the scalp) and one participant was excluded 
due to excessive motion, resulting in a total of 17 subjects (11 females; 
mean age = 28.18 ± 8.02 years) included for the final data analyses 
(Table S1).

Fig. 1. Experimental design, stimulation protocol, and setup of interleaved 10 Hz rTMS-fMRI experiment. (A) Randomized, crossover study design with a baseline 
measurement and two interleaved TMS-fMRI sessions. Each experimental session included structural MRI, pre- and post-resting-state fMRI, and interleaved 10 Hz 
rTMS-fMRI over the left DLPFC at either 40 % or 80 % of the resting motor threshold (rMT). (B) TMS pulses in 1-second trains at 10 Hz were interleaved with multi- 
band EPI slices, followed by 9 seconds of rest. (C) Interleaved TMS-fMRI setup with two 7-channel surface RF coils placed on each side of the head to cover the 
entire brain.
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2.2. Experimental design

This study comprised a baseline measurement and two experimental 
sessions with interleaved TMS-fMRI (Fig. 1A). During the baseline ses
sion, subjects underwent structural MRI for neuronavigation. Individual 
rMT was determined for each subject while lying supine inside the MR 
environment. rMT was defined as the intensity that evoked a motor- 
evoked potential (MEP) with a peak-to-peak amplitude greater than 
50 µV in five out of ten trials (Rossini et al., 1994). The average rMT was 
74 % (SD = 9 %), expressed as percentage of maximal stimulator output 
(MSO) (Table S1). During the second and third sessions, subjects 
received 10 Hz rTMS over the left DLPFC inside the MR scanner with a 
stimulation intensity of either 40 % rMT or 80 % rMT. The intensity was 
randomized across sessions and the sessions were separated by a mini
mum of one week.

2.3. TMS

TMS was delivered using a MagPro X100 stimulator and a MR- 
compatible MRi-B91 TMS coil (MagVenture A/S, Farum, Denmark). 
TMS was applied over the left DLPFC (x, y, z = -38, 44, 26) (Blumberger 
et al., 2018) using neuronavigation (Localite GmbH, Bonn, Germany) 
(Fig. 1C). The 10 Hz rTMS protocol consisted of 60 trains with 10 pulses 
per train (i.e., interpulse interval of 0.1 s) and a 9-second intertrain in
terval, totaling 600 pulses per TMS-fMRI session (Fig. 1B). TMS pulses 
were interleaved with multi-band EPI slices. The current protocol is a 
modification from the standard clinical application of 10 Hz rTMS, 
which typically involves 3000 pulses (4 s ON, 26 s OFF) per session over 
37.5 min (O’Reardon et al., 2007; Blumberger et al., 2018). Note that we 
reduced the number of TMS pulses to allow a direct comparison with a 
full iTBS protocol (i.e., 600 pulses/session) (Huang et al., 2005), such as 
from our previous TMS-fMRI study (Chang et al., 2024b).

2.4. Image acquisition

Imaging data were acquired using a 3 T Siemens PRISMA MRI- 
scanner (Siemens, Erlangen, Germany). T1-weighted anatomical im
ages for neuronavigation were acquired during the baseline session 
using a standard 64-channel head/neck coil (TE = 2.26 ms, TR = 2300 
ms, TA = 5:21 m, TI = 900 ms, flip angle = 8◦, voxel size = 1.0 × 1.0 ×
1.0 mm, number of slices = 192, slice thickness = 1 mm, FOV = 256 
mm). During the interleaved TMS-fMRI sessions, two 7-channel surface 
RF coils were placed on each side of the front of the head to cover the 
entire brain (Fig. 1C) (Navarro de Lara et al., 2015). Structural images 
were acquired using a magnetization-prepared rapid gradient-echo 
(MP2RAGE) sequence (TE = 2.98 ms, TR = 4000 ms, TA = 6:26 m, TI 
= 700 ms, flip angle = 4◦, voxel size = 1.0 × 1.0 × 1.0 mm, number of 
slices = 160, slice thickness = 1 mm, FOV = 256 mm). Multi-band 
accelerated echo planar imaging (EPI) sequences were used for inter
leaved TMS-fMRI (TE = 38 ms, TR = 1000 ms, TA = 10:27 m, flip angle 
= 60◦, voxel size = 3.0 × 3.0 × 3.0 mm, number of slices = 40, slice 
thickness = 3 mm, FOV = 192 mm, MB-factor = 4).

2.5. Data analysis

2.5.1. Preprocessing
fMRI data were preprocessed using the methods described in Chang 

et al. (2024a, 2024b). In brief, anatomical images were segmented and 
normalized to Montreal Neurological Institute (MNI) standard space. 
Functional images underwent bias-field correction, despiking, motion 
correction, coregistration with anatomical images, normalization, and 
spatial smoothing. Subjects with a mean framewise displacement 
greater than 0.3 mm were excluded from all further analysis (Table S1) 
(Power et al., 2012). An independent component analysis (ICA) was 
performed to reduce physiological noise (e.g., motion, cerebrospinal 
fluid (CSF) pulsations) and artifacts that may have been introduced by 

the interleaved TMS-fMRI setup (e.g, leakage currents, RF interference 
due to the TMS hardware) (Griffanti et al., 2017; Bergmann et al., 2021; 
Mizutani-Tiebel et al., 2022; Riddle et al., 2022). Data quality was 
checked after each preprocessing step via visual inspection. For more 
details, see Supplementary Materials.

2.5.2. Whole-brain BOLD-fMRI
Whole-brain analysis was conducted on the denoised data in SPM12 

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) to test for brain- 
wide BOLD signal changes in response to 10 Hz rTMS. At the single- 
subject level, a linear regression was performed for each voxel using a 
generalized least squares method and a global approximate AR(1) 
autocorrelation model. A high-pass filter (128 s cut off = 0.008 Hz) using 
discrete cosine transform basis sets was used to remove high-frequency 
noise components. The regressor of interest modeled the blocked periods 
of stimulation at 10 Hz and was convolved with a canonical hemody
namic response function (HRF). Realignment parameters were included 
in the model as nuisance regressors. Individual subject-level parameter 
estimates (beta weights, a.u.) from the model were extracted to compute 
group-level averages. Statistical significance was tested against an im
plicit baseline with one-sample t-tests applying a p < 0.001 voxel-level 
threshold and a p < 0.05 Family-Wise Error (FWE) cluster-level 
threshold.

2.5.3. Regions-of-interest
A region-of-interest (ROI) analysis was conducted to compare evoked 

BOLD responses across stimulation intensities in the DLPFC. A spherical 
ROI (radius = 10 mm) was created for the left DLPFC centered on the 
stimulation target (x, y, z = -38, 44, 26) (Blumberger et al., 2018; Chang 
et al., 2024a, 2024b) and for the right DLPFC on the contralateral ho
mologous location (x, y, z = 38, 44, 26) using the MarsBaR toolbox for 
SPM (Brett et al., 2002). Additional spherical ROIs were generated for 
bilateral anterior insula, rostral ACC, and dorsal caudate nucleus as 
exploratory regions of interest (see Supplementary Materials). Two-way 
repeated measures ANOVA were performed to test for main effects of 
(and interaction between) intensity of stimulation and hemisphere on 
BOLD responses in the DLPFC. Post-hoc pairwise comparisons of mean 
activations in ROI were conducted using two-tailed paired t-tests (p <
0.05, FWE Holm-Bonferroni correction).

3. Results

3.1. Interleaved 10 Hz rTMS-fMRI

A whole-brain analysis assessed BOLD activation evoked by 40 % 
rMT and 80 % rMT 10 Hz rTMS over the left DLPFC. Stimulation at 40 % 
rMT increased BOLD signal in the right middle frontal gyrus, superior 
frontal gyrus, and supramarginal gyrus, as well as bilateral insula, 
thalamus, and striatum (Fig. 2A, Table 1). No significant BOLD activa
tion was observed at the stimulation site in the left DLPFC at 40 % rMT. 
At 80 % rMT, 10 Hz rTMS evoked activity in both the left and right 
middle frontal gyri (Fig. 2B, Table 1). Additionally, widespread BOLD 
activation was found in remote cortical areas, including bilateral insula, 
ACC, precentral gyrus, supramarginal gyrus, middle temporal gyrus, 
superior parietal gyrus, thalamus, and striatum. Notably, 80 % rMT 
stimulation evoked a stronger BOLD signal increase in the contralateral 
(right) hemisphere than the hemisphere stimulated. A significant dif
ference between the two intensities on the whole-brain level was only 
found in the right hippocampus (Fig. 3). There was no correlation be
tween simulated E-field strength and BOLD responses in the left DLPFC 
(Fig. S4).

3.2. DLPFC ROI analysis

A subsequent ROI analysis was conducted to directly compare DLPFC 
BOLD responses evoked by 10 Hz rTMS across different stimulation 
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intensities and to verify the observed lateralization in neural activity. 
We did not find a significant main effect of stimulation intensity in the 
DLPFC [F(1,16) = 3.194, p = 0.093]. However, there was a significant 
main effect of the hemisphere in the DLPFC [F(1,16) = 15.337, p =
0.001]. Post-hoc analysis revealed that BOLD signals were significantly 
greater in the right DLPFC than in the left DLPFC at both 40 % rMT [t 
(16) = -2.98, p = 0.027] and 80 % rMT [t(16) = -3.67, p = 0.008] 
(Fig. 4A). There were no significant interaction effects between stimu
lation intensity and hemispheric location of the ROI in the DLPFC. 
Table S3 and Table S4 summarize all descriptive and statistical values.

Responses in the bilateral DLPFC extracted from the spherical ROIs 
were further analysed to highlight individual responses and contribu
tions to the group-level effects. We found that BOLD responses were 
increased at higher stimulation intensity in 59 % of the subjects (10/17) 
in the left DLPFC and in 71 % of the subjects (12/17) in the right DLPFC 
(Fig. 4B). Additionally, 76 % of the subjects (13/17) exhibited a greater 
prefrontal BOLD response in the right DLPFC compared to the left DLPFC 
at both 40 % rMT and 80 % rMT (Fig. 4C).

3.3. Temporal dynamics of whole-brain BOLD response

To examine the time-dependent cumulative effects of consecutive 
rTMS trains on cortical responses, we divided the 10-minute stimulation 
period into three equal blocks of 3 minutes and 20 seconds (200 stimuli/ 
block), aligning with the duration of a full iTBS protocol (Chang et al., 
2024b; Huang et al., 2005). In the first block, BOLD activation matched 
the pattern seen across the entire stimulation period, with widespread 
activation in the bilateral DLPFC, cingulate cortex, precentral gyrus, 
insula, thalamus, and striatum (Fig. 5). The second and third blocks 
showed a gradual decrease in whole-brain BOLD cluster activation. By 
the third block of 80 % rMT stimulation, significant clusters were pre
sent only in the bilateral ACC, right insula, right inferior frontal gyrus, 
right superior parietal lobule, right thalamus, and right striatum (both 
caudate nucleus and putamen) (Fig. 5B). The second and third block of 
40 % rMT were characterized by significant bilateral striatal activation 
(both putamen and right caudate) (Fig. 5A). Similar effects were seen 
when dividing blocks into six blocks of 100 pulses (Fig. S5). To rule out 

Fig. 2. Group-level activation maps of 10 Hz rTMS-evoked BOLD responses at 40 % rMT (A) and 80 % rMT (B). All activation maps are thresholded at voxel-level p 
< 0.001 and cluster-level p < 0.05 FWE corrected. Axial slices display MNI Z-coordinates: − 16, − 8, 12; 18, 22, 26; 34, 48, 62. Dashed circle and TMS-coil pictogram 
roughly indicate target location.
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the possibility of visualization artifacts from the implicit baseline, the 
group-average ROI beta values across time windows are also presented 
in the Supplementary Materials. Overall, BOLD activity initially pla
teaued, followed by a modest reduction over time (Fig. S5).

4. Discussion

The present study aimed to characterize neural responses to a 10 Hz 
rTMS protocol over the left DLPFC in healthy individuals using inter
leaved TMS-fMRI. We found that 10 Hz rTMS elicited BOLD responses in 
prefrontal regions, ACC, insula, striatum, thalamus, as well as auditory 
and somatosensory areas. Notably, the 10 Hz rTMS effects in the DLPFC 
were lateralized towards the contralateral (right) DLPFC. Dosage- 
dependent responses were only found in the right hippocampus. 
Compared to our previous interleaved TMS-fMRI study applying iTBS 
over the left DLPFC with identical pulse numbers and intensities (Chang 
et al., 2024b), the 10 Hz rTMS effects showed distinct patterns of 
activation.

4.1. rTMS-evoked brain activity patterns

Previous interleaved 10 Hz TMS-fMRI studies of prefrontal regions in 
healthy subjects typically used shorter 10 Hz bursts (i.e., 3–8 pulses) and 

fewer total pulses per experimental condition (Hawco et al., 2017; 
Caparelli et al., 2022; Tik et al., 2023a, 2023b). The 10 Hz rTMS pro
tocol in the current study with 600 stimuli (1 s ON, 9 s OFF) represents 
the longest application of a prefrontal 10 Hz rTMS protocol inside a MR 
scanner to date and parallels a full 600-stimuli iTBS protocol (Huang 
et al., 2005; Chang et al., 2024b).

We found that 10 Hz rTMS modulated neural activity within the 
target DLPFC and in interconnected cortical and subcortical regions. The 
observed BOLD signal increases in areas such as the ACC, insula, stria
tum, and thalamus suggest modulation of the salience network (SN). 
Earlier TMS-fMRI work stimulating the left DLPFC during rest with 
either single pulses or 10 Hz bursts reported similar patterns in distal 
network-wide activation (Hanlon et al., 2013; Vink et al., 2018; Dowdle 
et al., 2018; Tik et al., 2023a, 2023b). While both the SN and the Default 
Mode Network (DMN) are frequently implicated in the broader network 
effects of TMS in both clinical and healthy populations, our findings 
indicate consistent immediate engagement of SN nodes during 10 Hz 
rTMS. DMN involvement was less pronounced, suggesting that the SN 
may be a more direct and sensitive target of target engagement under 
this stimulation paradigm. This aligns with evidence highlighting the 
SN’s key role in MDD, where its dysfunction has been linked to symp
tomatology and treatment response (Downar et al., 2016; Seeley, 2019). 
It should be noted, however, that activation of SN regions may partly 
reflect auditory or somatosensory responses to the TMS pulse, as well as 
anticipation and attentional effects (Iannetti & Mouraux, 2010; Dowdle 
et al., 2018). Future studies should further disentangle these contribu
tions and clarify the distinct roles of these networks, particularly con
cerning clinical outcomes.

In our study, while we did observe a small cluster of activation at the 
stimulation site (Fig. 2), the dominant and more reproducible finding 
was contralateral DLPFC activation. The absence of strong BOLD acti
vation directly beneath the TMS coil remains an ongoing topic of debate, 
with mixed findings reported in the literature (Bergmann et al., 2021; 
Rafiei & Rahnev, 2022). Several studies have observed robust BOLD 
activity under the coil when stimulating M1 or V1, but these effects may 
be driven by the downstream consequences of TMS (e.g., muscle 
twitches) (Rafiei & Rahnev, 2022). For other areas, such as DLPFC, TMS 
does not appear to increase BOLD activity at the site of stimulation when 
conducted at rest (Rafiei & Rahnev, 2022; Xia et al., 2024). Other studies 
using comparable protocols have reported distributed or contralateral 
effects rather than focal activation at the stimulation site, suggesting 
that DLPFC stimulation engages large-scale prefrontal networks and 
subcortical circuits rather than eliciting strong local BOLD responses (e. 
g., Bergmann et al., 2021; Oathes et al., 2021). Our findings align with 
previous studies using similar interleaved TMS-fMRI designs targeting 
the left DLPFC by Tik et al. (2023a, 2023b), who demonstrated that brief 
10 Hz TMS triplets applied at higher intensities (80–110 % rMT) 
consistently engaged the right DLPFC more strongly than the area 
directly beneath the coil. This network-level engagement across varying 
intensities aligns with our own observation of contralateral prefrontal 
activation. Prior work (e.g., Beynel et al., 2020) has shown that the 
network-level impact of TMS is strongly shaped by the frequency, in
tensity, and duration of stimulation, as well as the cognitive state during 
stimulation. We hypothesize that 10 Hz rTMS at lower intensities pref
erentially activates transcallosal or network-level pathways, while 
higher intensities (or longer stimulation duration) may be needed to 
elicit stronger local effects. This may differ from other protocols, such as 
iTBS, where the high pulse frequency might drive local activation even 
at lower intensities (Chang et al., 2024a, 2024b).

It was evident that group-level effects were strongly driven by the 
first few minutes of the 10-minute stimulation protocol. Notably, local 
activity was observed only during the first block, while activation shif
ted to remote areas as the protocol progressed (Fig. 5; Fig. S5). Our 
findings point to robust fronto-striatal-thalamic network engagement 
during left DLPFC 10 Hz rTMS, as these were stable across all temporal 
windows for 80 % rMT as well as 40 % rMT. Previous research has 

Table 1 
Peak BOLD activation in significant clusters during 10 Hz rTMS at 40 % rMT and 
80 % rMT. Results are thresholded at voxel-level p < 0.001 and cluster-level p <
0.05 FWE corrected.

Region Hemisphere Peak MNI 
coordinates (x, y, 
z)

t- 
value

z- 
value

40 % rMT
Middle frontal gyrus R 46, 52, 12 6.73 4.57

44, 38, 38 6.12 4.33
Superior frontal gyrus R 24, − 4, 56 6.17 4.35
Insula L − 40, 4, − 14 6.05 4.30

R 34, 10, − 16 6.07 4.31
Supramarginal gyrus R 68, − 26, 28 5.46 4.04

58, –32, 54 5.87 4.23
Striatum L − 20, 16, − 2 6.88 4.63

R 24, 4, 14 7.71 4.91
Thalamus L − 18, − 18, 18 6.55 4.50

R 12, − 4, 6 6.62 4.53
80 % rMT
Middle frontal gyrus L − 44, 48, 18 7.15 4.73

R 46, 14, 48 11.42 5.88
42, 52, 2 9.24 5.36

Superior frontal gyrus L − 8, 10, 58 6.55 4.50
− 26, − 6, 58 5.07 3.86

R 12, 10, 70 6.70 4.56
Inferior frontal gyrus L − 52, 28, 4 5.59 4.10

R 56, 20, 10 10.12 5.59
Anterior/middle 

cingulate gyrus
L − 2, 20, 36 6.42 4.45
R 10, 36, 18 5.30 3.97

Posterior cingulate 
gyrus

L − 4, − 30, 42 5.85 4.22
R 6, –22, 34 9.07 5.32

Insula L − 42, 2, − 10 6.63 4.54
R 32, 10, − 16 8.05 5.02

Precentral gyrus R 42, − 20, 60 7.32 4.78
32, − 4, 60 7.53 4.86

Supramarginal gyrus L − 60, − 42, 46 6.69 4.56
R 58, –32, 46 8.03 5.01

Middle temporal 
gyrus

R 58, − 28, − 4 6.77 4.59

Superior temporal 
gyrus

L − 64, − 26, 16 7.84 4.96

Superior parietal 
lobule

L − 38, − 46, 50 6.57 4.51
R 38, − 48, 56 8.77 5.23

Striatum L − 16, 14, 14 7.03 4.68
R 14, 4, 20 6.63 4.53

Thalamus L − 10, − 12, 12 8.87 5.26
R 14, − 12, 14 8.85 5.26
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Fig. 3. Contrast of 10 Hz rTMS-evoked BOLD responses 80 % rMT > 40 % rMT. A direct comparison of activation maps between 40 % rMT and 80 % rMT with paired 
t-test showed a cluster of significant difference in the right hippocampus (x, y, z = 26, − 16, − 18; k = 102; t = 5.31; Z = 3.98). Activation maps were thresholded at 
voxel-level p < 0.001 and cluster-level p < 0.05 FWE corrected.

Fig. 4. 10 Hz rTMS-evoked BOLD responses in bilateral DLPFC ROIs at 40 % rMT and 80 % rMT. (A) Group-level beta value in DLPFC. Black dots represent individual 
subjects. Error bars show ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001. (B) Dose-response relationship in the left and right DLPFC between 40 % rMT and 80 % rMT 
for each subject. The solid lines indicate individuals who showed a stronger activation with 80 % rMT intensity, while the dashed lines indicate individuals who 
showed a stronger activation with 40 % rMT intensity. (C) Hemispheric lateralization effect in DLPFC at 40 % rMT and 80 % rMT for each subject. The solid lines 
indicate individuals who showed a stronger activation in the right DLPFC, while the dashed lines indicate individuals who showed a stronger activation in the left 
DLPFC. DLPFC = dorsolateral prefrontal cortex.
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identified strong structural and functional connections between the 
DLPFC and striatal areas (Leh et al., 2007; Di Martino et al., 2008). 
Moreover, rTMS over the DLPFC modulates subcortical dopaminergic 
neurotransmission in healthy subjects (Strafella et al., 2001) and in 
those with depression (Pogarell et al., 2006, 2007). Accordingly, the 
frontal-striatal-thalamic pathway may play a key role in the antide
pressant effect of rTMS in depression (Avissar et al., 2017). In future 
studies, interleaved TMS-fMRI in clinical populations may be therefore 
used to elucidate whether fronto-striatal-thalamic network engagement 
predicts better clinical response to rTMS. Another open question is to 
what extent such initial local and sustained remote effects during 10 Hz 
rTMS contribute to its therapeutic efficacy. A deeper understanding of 
both temporal dynamics and interindividual variance of effects may 
guide choices of stimulation patterns and durations required to achieve 
optimal neurophysiological effects and clinical outcomes.

Due to the large interindividual variability in TMS effects, stronger 
responders may disproportionately contribute to the observed hemi
spheric lateralization. However, our analyses show that DLPFC effects 

remain robust after correcting for potential outliers (see Supplementary 
Materials), though their influence cannot be entirely excluded. Repli
cation in larger, independent samples will be crucial to confirm and 
extend these findings. Future studies should further examine whether 
observed variability in local and downstream engagement is mediated 
by functional or anatomical connectivity at the stimulation site (e.g., in 
the prefrontal-hippocampal network). Here, stimulation intensity was 
based on motor threshold without depth correction for the DLPFC, so 
anatomical differences – such as skull-to-cortex distance – may have 
contributed to BOLD variability and the lack of correlation with simu
lated E-field strength. Individualized, anatomy-based dosing in future 
work could help reduce this variability and improve targeting precision.

4.2. High and low intensity of 10 Hz rTMS

The field of TMS lacks an established sham control capable of fully 
isolating the neurophysiological effects of TMS independently of 
accompanying somatosensory responses (Arana et al., 2008; Duecker & 

Fig. 5. Temporal dynamics of BOLD response during 10 Hz rTMS. To examine how the BOLD response developed over time, the full 10 Hz rTMS protocol (10 min, 60 
trains, 600 pulses) was divided into three blocks (each 3 min and 20 s, 20 trains, 200 pulses). (A) Whole brain activation maps across three blocks during 40 % rMT. 
(B) Whole brain activation maps across three blocks during 80 % rMT. All activation maps are thresholded at voxel-level p < 0.001 and cluster-level p < 0.05 FWE 
corrected. Axial slices have MNI Z-coordinates = –16, –8, 12, 18, 22; 26, 34, 42, 52, 62.
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Sack, 2015; Bagali et al., 2023). In this study, we employed an active 
intensity control at 40 % rMT, similar to our previous study (Chang 
et al., 2024b). This study comprised separate sessions for each intensity, 
whereas previous TMS-fMRI studies often compared multiple stimula
tion intensities within a single session (Nahas et al., 2001; Baudewig 
et al., 2001; Moisa et al., 2010; Tik et al., 2023a, 2023b), which may 
have led to carry-over effects and reduced signal-to-noise ratio (Seewoo 
et al., 2019).

In the left DLPFC target region, we did not observe a dose-dependent 
BOLD effect comparing 40 % and 80 % rMT intensity. While linear TMS 
dose-responses are consistently detected in M1 (Bohning et al., 1999; 
Hanakawa et al., 2009; Navarro de Lara et al., 2017; Chang et al., 
2024b), findings from studies using interleaved TMS-fMRI over the left 
DLPFC are mixed regarding dose-dependent effects (Nahas et al., 2001; 
Dowdle et al., 2018; Tik et al., 2023b; Chang et al., 2024b). Only 59 % of 
the subjects in our study showed increased left DLPFC activity with 
higher stimulation intensity, potentially preventing a group-level effect. 
Similarly, previous inconclusive findings may have been due to the large 
between-subject variability (Tik et al., 2023b). The variability across 
participants likely reflects a combination of neurophysiological and 
methodological factors. First, variations in cortical folding and depth of 
the DLPFC due to scalp-to-cortex distance across individuals can affect 
the effective electric induced field delivered to the brain, leading to 
inconsistent stimulation even when the same percentage of rMT is used. 
Small differences in targeting due to differences in coil positioning and 
angle, may have influenced the effective induced current across sessions, 
resulting in different physiological effects across subjects and within- 
subjects across sessions. Second, the relationship between stimulation 
intensity and BOLD response may not necessarily be linear in the DLPFC 
(Tik et al., 2023b). At different stimulation intensities, different sub
populations of neurons may be recruited. Some individuals may reach a 
plateau or even exhibit suppression at higher intensities due to ho
meostatic or inhibitory mechanisms (e.g., activation of inhibitory in
terneurons at higher thresholds). Lastly, pre-stimulus brain states (e.g., 
fluctuations in arousal, attention, or ongoing oscillatory activity) can 
shape TMS-evoked responses (e.g., higher prefrontal alpha power is 
linked to reduced evoked responses to TMS) (Bradley et al., 2022). Such 
dynamic states may affect individual sensitivity to increased stimulation 
intensity.

Dose-response effects (40 % vs. 80 % rTMS) at the whole-brain level 
were exclusively observed in the hippocampus. The DLPFC and hippo
campus are known to be functionally and anatomically connected via 
both direct and indirect pathways (Goldman-Rakic et al., 1984). Alpha 
(8–12 Hz) and theta (4–7 Hz) oscillations may coordinate memory 
processes of the prefrontal-hippocampal network (Herweg et al. 2016, 
Backus et al. 2016). The hippocampus may be susceptible to changes in 
cortical excitability, exhibiting network-level effects of prefrontal 10 Hz 
rTMS due to its susceptibility to oscillatory coupling, especially in the 
theta and alpha bands (Kaiser et al., 2025). Furthermore, prior research 
has reported that remote areas rather than the stimulated DLPFC show 
compensatory patterns to rTMS, with reported linear activity increases 
in subcortical regions with increasing stimulation intensities of rTMS 
over left DLPFC (Tik et al., 2023b), potentially reflecting more effective 
downstream propagation of rTMS effects to subcortical regions. The 
absence of further significant differences at the cortical level between 
the two intensities despite broader engagement at 80 % RMT, may be the 
result of large interindividual variability, differences in baseline con
nectivity, or statistical power limitations in whole-brain comparisons. 
Future work should explore whether connectivity-guided targeting can 
enhance downstream engagement and individualize stimulation effects, 
potentially improving consistency and efficacy of network-level 
modulation.

4.3. Comparing outcomes of 10 Hz rTMS and iTBS with interleaved TMS- 
fMRI

There was significant lateralization of effects during left DLPFC 10 
Hz rTMS towards the contralateral homologous region. This was evident 
in most subjects (Fig. 4), and persisted throughout the entire stimulation 
protocol (Fig. 5, Fig. S5). Previous TMS-fMRI (Tik et al., 2023b) and 
TMS-EEG studies (Ye et al., 2022; Ross et al., 2023) have similarly 
shown evidence that left prefrontal 10 Hz rTMS has its strongest effects 
in the right hemisphere. Activation of distant regions could theoretically 
be due to nonspecific effects associated with TMS-fMRI, and it may be 
tempting to expect and interpret effects in proximal regions as more 
stimulation target related than effects in distal regions. Second, cortical 
stimulation specific effects could be explained by transsynaptic effects of 
target modulation, but it is not clear whether these distant effects are 
due to real excitatory stimulation (as often assumed) or mediated by 
interference with the complex inhibitory control of cortical microcir
cuits (Hamada et al., 2013).

Interestingly, the present findings largely differ from our previous 
findings of left DLPFC stimulation by a 600-stimuli iTBS protocol at 40 % 
and 80 % rMT, where the BOLD activation in the left DLPFC was 
significantly higher than in the right DLPFC (Chang et al., 2024b). 
Regarding their clinical applications, iTBS, which is a patterned high- 
frequency rTMS protocol delivering bursts of 50 Hz triplets repeated 
at 5 Hz (Huang et al., 2005), and 10 Hz rTMS, are often regarded as 
equivalent in terms of their therapeutic effects in MDD (Blumberger 
et al., 2018; Bulteau et al., 2022; Spitz et al., 2022). In direct compari
son, however, the neurophysiological action of these two widely used 
stimulation protocols for MDD – 10 Hz rTMS and iTBS – remain largely 
unexplored, and their clinical equivalence has been recently challenged 
(Li et al., 2023; Wada et al., 2025). The findings of both interleaved 
TMS-fMRI studies together suggest that 10 Hz rTMS and iTBS are pro
tocols with evidently distinct neurophysiological properties in terms of 
target engagement and propagation patterns. These protocols differed 
only in how the TMS pulses are grouped together over time, which 
means that the timing of TMS pulses could play a pivotal role in deter
mining acute brain responses, possibly by recruiting distinct neuronal 
populations.

Early findings for M1 (Pascual-Leone et al., 1994; Wassermann et al., 
1998; Huang et al., 2005) have led to the misguided assumption that 
rTMS protocols are inherently physiologically excitatory (when the 
stimulation frequency is higher than 5 Hz) or inhibitory (when the fre
quency is lower than 5 Hz) in their cortical effects, even when they are 
applied to non-motor cortical sites such as the DLPFC (Hussain & 
Freedberg, 2025). Indeed, neuromodulatory effects of standard rTMS in 
motor regions may be less robust than initially expected, despite the fact 
that these protocols were originally established for motor system plas
ticity induction. Recent studies investigating common variants of rTMS 
over M1 showed highly variable interindividual and intraindividual 
effects with little consistency (Schilberg et al., 2017; Boucher et al., 
2021; Magnuson et al., 2023).

While left DLPFC activation progressively increased over the 3-min
ute iTBS protocol (Chang et al., 2024a), we found no such cumulative 
effect with 10 Hz rTMS. Strikingly, iTBS and 10 Hz rTMS produced 
similar activation patterns at the lower intensity: the higher frequency 
(or shorter duration) of iTBS may induce plasticity underneath the coil 
more effectively. Whether 10 Hz rTMS would require higher intensities 
or longer durations (such as in its clinical use) (O’Reardon et al., 2007) 
to achieve similar cumulative effects remains speculative and warrants 
further research.

4.4. Limitations & future directions

Simultaneous TMS and fMRI acquisition is technically challenging 
and inherently introduces rigid artifacts into the imaging data 
(Mizutani-Tiebel et al., 2022). In addition, prolonged rTMS inside the 
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MR scanner (i.e., ~10 min for 10 Hz rTMS) can cause substantial 
discomfort compared to offline rTMS, leading to increased head motion 
and lower signal-to-noise. While a larger sample size would potentially 
improve the robustness and reliability of the findings, the high costs 
associated with TMS-fMRI data acquisition need to be considered.

In this study, we modified the standard therapeutic 10 Hz rTMS 
protocol (100 %-120 % rMT; 4 s ON, 26 s OFF; 3000 pulses; 37.5 min) 
(O’Reardon et al., 2007), implementing subthreshold intensities (40 % 
and 80 % rMT) and shorter duration (600 pulses, 10 min), for three 
primary reasons: 1) technical constraints of the TMS coil (e.g., heating, 
larger MR artifacts), 2) reducing participant discomfort, and 3) facili
tating a direct comparison with the full iTBS protocol (i.e., 600 pulses/ 
session and 80 % MT), as it was also implemented in prior work by 
Chang et al. (2024b). Further advancements in interleaved TMS-fMRI 
technology ought to enable closer alignment with both offline and on
line therapeutic rTMS protocols in the future. Although 80 % rMT is 
below standard clinical dosing (~110 % rMT), our intensity range was 
selected to explore the physiological response space. These findings 
provide mechanistic insights that warrant further investigation at clin
ically relevant intensities in future translational studies. Whereas the 
inclusion of more suprathreshold stimulation intensities (Tik et al., 
2023b) or other stimulation targets, e.g., M1 (Chang et al., 2024b), 
would have allowed us to investigate the specificity of effects observed 
here, this was generally restricted by these experimental limitations. 
Including a spatial control condition (e.g., vertex or M1) would have 
substantially strengthened the interpretability of our findings by helping 
to dissociate site-specific neural engagement from general intensity- 
related effects. However, incorporating such a control was beyond the 
scope of the current study due to resource and scan time constraints. We 
think it is critical that future studies consider both spatial control con
ditions, ideally alongside discomfort ratings, to more rigorously isolate 
network-specific effects of prefrontal rTMS.

Importantly, these findings in a healthy population may have limited 
translation value and applicability to clinical populations. rTMS may 
affect brain activity differently in individuals with pathological brain 
functions. Extending TMS-fMRI research to clinical populations with 
network disorders (e.g., MDD, schizophrenia, obsessive–compulsive 
disorder) is necessary to establish clinical relevance and determine its 
potential in identifying predictive biomarkers for neuromodulation- 
based treatment in psychiatry.

Given the absence of a sham control or control site, we cannot fully 
disentangle neural effects of 10 Hz rTMS from non-specific factors such 
as auditory and somatosensory stimulation, discomfort, or expectancy, 
which may partially drive salience network activation (e.g., in the ACC, 
insula, or putamen). The absence of a control site or sham condition 
currently limits the interpretability of these effects.

5. Conclusions

Using interleaved TMS-fMRI, this study provides evidence of distinct 
prefrontal target engagement and propagation patterns during left pre
frontal 10 Hz rTMS. By comparing the current findings on 10 Hz rTMS to 
previous findings from our lab on iTBS, this leads us to speculate that 
distinct neurophysiological mechanisms may be involved in 10 Hz rTMS 
and iTBS that determine the propagation of stimulation effects to 
interconnected brain regions. While our findings suggest differing pat
terns of activation between 10 Hz rTMS and previously reported iTBS 
effects, these interpretations remain preliminary given the between- 
study design and known individual variability in TMS responses. 
Further research with within-subject comparisons is necessary to 
elucidate the underlying mechanisms of these therapeutic rTMS pro
tocols and to determine how acute effects captured with TMS-fMRI 
relate to treatment response in clinical populations. Future experi
ments with proper spatial sham controls are also needed to validate the 
neural effects and disentangle them from potential auditory and so
matosensory confounds. In sum, interleaved TMS-fMRI using full rTMS 

protocols represents a highly promising approach for investigating rTMS 
protocols in terms of their immediate effects on brain circuits including 
individual differences which could lead to the development of clinically 
effective and personalized rTMS in the future.
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Moisa, M., Pohmann, R., Uludağ, K., Thielscher, A., 2010. Interleaved TMS/CASL: 
comparison of different rTMS protocols. Neuroimage 49 (1), 612–620. https://doi. 
org/10.1016/j.neuroimage.2009.07.010.

Nahas, Z., Lomarev, M., Roberts, D.R., Shastri, A., Lorberbaum, J.P., Teneback, C., 
McConnell, K., Vincent, D.J., Li, X., George, M.S., Bohning, D.E., 2001. Unilateral left 
prefrontal transcranial magnetic stimulation (TMS) produces intensity-dependent 
bilateral effects as measured by interleaved BOLD fMRI. Biol. Psychiatry 50 (9), 
712–720. https://doi.org/10.1016/s0006-3223(01)01199-4.

Navarro de Lara, L.I., Tik, M., Woletz, M., Frass-Kriegl, R., Moser, E., Laistler, E., 
Windischberger, C., 2017. High-sensitivity TMS/fMRI of the human motor cortex 
using a dedicated multichannel MR coil. Neuroimage 150, 262–269. https://doi.org/ 
10.1016/j.neuroimage.2017.02.062.

Navarro de Lara, L.I., Windischberger, C., Kuehne, A., Woletz, M., Sieg, J., Bestmann, S., 
Weiskopf, N., Strasser, B., Moser, E., Laistler, E., 2015. A novel coil array for 
combined TMS/fMRI experiments at 3 T. Magn. Reson. Med. 74 (5), 1492–1501. 
https://doi.org/10.1002/mrm.25535.

O’Reardon, J.P., Solvason, H.B., Janicak, P.G., Sampson, S., Isenberg, K.E., Nahas, Z., 
McDonald, W.M., Avery, D., Fitzgerald, P.B., Loo, C., Demitrack, M.A., George, M.S., 
Sackeim, H.A., 2007. Efficacy and safety of transcranial magnetic stimulation in the 
acute treatment of major depression: a multisite randomized controlled trial. Biol. 
Psychiatry 62 (11), 1208–1216. https://doi.org/10.1016/j.biopsych.2007.01.018.

Oathes, D.J., Zimmerman, J.P., Duprat, R., Japp, S.S., Scully, M., Rosenberg, B.M., 
Flounders, M.W., Long, H., Deluisi, J.A., Elliott, M., Shandler, G., Shinohara, R.T., 
Linn, K.A., 2021. Resting fMRI-guided TMS results in subcortical and brain network 
modulation indexed by interleaved TMS/fMRI. Exp. Brain Res. 239 (4), 1165–1178. 
https://doi.org/10.1007/s00221-021-06036-5.

Papakostas, G.I., Trivedi, M.H., Shelton, R.C., Iosifescu, D.V., Thase, M.E., Jha, M.K., 
Mathew, S.J., DeBattista, C., Dokucu, M.E., Brawman-Mintzer, O., Currier, G.W., 
McCall, W.V., Modirrousta, M., Macaluso, M., Bystritsky, A., Rodriguez, F.V., 
Nelson, E.B., Yeung, A.S., Feeney, A., Fava, M., 2024. Comparative effectiveness 
research trial for antidepressant incomplete and non-responders with treatment 
resistant depression (ASCERTAIN-TRD) a randomized clinical trial. Mol. Psychiatry 
29 (8), 2287–2295. https://doi.org/10.1038/s41380-024-02468-x.
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