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ARTICLE INFO ABSTRACT

Keywords: Background: High-frequency repetitive transcranial magnetic stimulation (rTMS) over the left dorsolateral pre-
Interleaved TMS-fMRI frontal cortex (DLPFC) serves as an effective treatment for major depression and other psychiatric disorders.
10 Hz rTMS

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.

iTBS

Major depression
Neuromodulation
Neuroimaging

1. Introduction neurological disorders (Hyde et al., 2022; Lisanby, 2024). rTMS can
modulate pathological excitability and connectivity in brain networks,

Repetitive transcranial magnetic stimulation (rTMS) has emerged as resulting in symptom relief that extends beyond the immediate period of

an effective therapeutic intervention for various psychiatric and 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, 2024Db).

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,
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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).
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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 pV 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
37.5min (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 x 1.0 x
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 x 1.0 x 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 x 3.0 x 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, 2024Db). 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
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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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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.

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
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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 t- z-
coordinates (x, y, value value
z)
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 L -2, 20, 36 6.42 4.45
cingulate gyrus R 10, 36, 18 5.30 3.97
Posterior cingulate L —4, —30, 42 5.85 4.22
gyrus 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 R 58, —28, —4 6.77 4.59
gyrus
Superior temporal L —64, —26, 16 7.84 4.96
gyrus
Superior parietal L —38, —46, 50 6.57 4.51
lobule 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

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
r'TMS 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
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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
etal., 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
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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.

A B Left DLPFC Right DLPFC
25 2.5
2 2
3 -
15 15
[ClLeft DLPFC
2 5 | EZRight DLPFC g g
g 05 g 05
© ©
2t ' ; g o g o
= 2% 05 05
o 19T . . -1 -1
= ) . A5 A5
[ 40% rMT 80% rMT 40% rMT 80% rMT
: Stimulation intensity Stimulation intensity
1]
m C 40% rMT 80% rMT
25 25
2 2
. . 15 15
'05 B 5 1 g 1
S o5 € 05
Sy 8 8
) @ 0 @ O
1.5 1 1 0.5 05
40% rMT 80% rMT -1 -1

Stimulation intensity

-15
Left DLPFC

Hemisphere

Right DLPFC

-1.5
Left DLPFC

Right DLPFC
Hemisphere

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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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.

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 &
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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
r'TMS 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.
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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-fMRYI, 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 r-TMS
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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.

Funding information

This project was funded by the Federal Ministry of Education and
Research within the ERA-NET NEURON program (Grant No. FKZ:
01EW1903: DisCoVeR) and the German Center for Mental Health (Grant
No. 01EE2303, project MUC6). The procurement of the Prisma 3T MRI
scanner was supported by the Deutsche Forschungsgemeinschaft (Grant
No. INST 86,/1739-1 FUGG). LB’s work was part of the funding program
of the Medical Faculty of LMU (FoFoLe Plus, Munich Clinician Scientist
Program). MT’s travel costs and research stays were supported by the
visiting scholarship artificial intelligence programme (BaCaTeC 2022/
01, Machine learning-based optimization for personalized brain stimu-
lation therapy). PT’s work was funded by the Deutsche For-
schungsgemeinschaft (Grant No. TA 857/3-2). MC’s work was part of
the funding program of the Medical Faculty of LMU (FoFoLe, Munich
Clinician Scientist Program). TvH is funded by the European Research
Council (ERC Synergy) under the European Union’s Horizon 2020
research and innovation program (ConnectToBrain, grant number
810377).

CRediT authorship contribution statement

Timo van Hattem: Writing — review & editing, Writing — original
draft, Visualization, Project administration, Methodology, Investigation,
Formal analysis, Data curation, Conceptualization. Kai-Yen Chang:
Writing — review & editing, Validation, Supervision, Project adminis-
tration, Methodology, Investigation, Conceptualization. Martin Tik:
Writing — review & editing, Validation, Methodology, Conceptualiza-
tion. Paul Taylor: Writing — review & editing. Jonas Bjorklund:
Writing — review & editing. Lucia Bulubas: Writing — review & editing,
Project administration. Frank Padberg: Writing — review & editing,
Validation, Supervision, Resources, Project administration, Methodol-
ogy, Funding acquisition, Conceptualization. Daniel Keeser: Writing —
review & editing, Validation, Supervision, Resources, Project adminis-
tration, Methodology, Funding acquisition, Conceptualization. Mattia
Campana: Writing - review & editing, Validation, Supervision, Project
administration, Methodology, Investigation, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank Yuki Mizutani-Tiebel and Jualian Melcher for assisting
TMS-fMRI data collection. We thank Christian Windischberger (Center
for Medical Physics and Biomedical Engineering at the Medical Uni-
versity of Vienna, Austria) for providing expertise knowledge and advice
in concurrent TMS-MRI, as well as Patrik Kunz (Localite GmbH, Bonn,
Germany) and Matthias Kienle (MagVenture A/S, Farum, Denmark) for
their support with the technical setup. This work is a part of a research
project by TvH conducted at LMU Klinikum Munich as part of his
Master’s degree at the University of Amsterdam (Amsterdam, The
Netherlands).

Disclosures

FP is a member of the European Scientific Advisory Board of



T. van Hattem et al.

BrainsWay Inc. (Jerusalem, Israel), and the International Scientific
Advisory Board of Sooma (Helsinki, Finland); he has received speaker
honoraria from Mag&More GmbH, the neuroCare Group (Munich,
Germany), and BrainsWay Inc.; his lab has received support with
equipment from neuroConn GmbH (Ilmenau, Germany), Mag&More
GmbH, and BrainsWay Inc. TvH, K-YC, MT, PT, JB, LB, DK, & MC re-
ported no potential conflicts of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.nicl.2025.103862.

Data availability

Access to the completed MRI data and unthresholded statistical maps
are available upon request. The MRI can be obtained upon formalizing a
data sharing agreement, though not publicly accessible due to chal-
lenges in achieving complete anonymization.

References

Arana, A.B., Borckardt, J.J., Ricci, R., Anderson, B., Li, X., Linder, K.J., Long, J.,
Sackeim, H.A., George, M.S., 2008. Focal electrical stimulation as a sham control for
repetitive transcranial magnetic stimulation: does it truly mimic the cutaneous
sensation and pain of active prefrontal repetitive transcranial magnetic stimulation?
Brain Stimul. 1 (1), 44-51. https://doi.org/10.1016/j.brs.2007.08.006.

Avissar, M., Powell, F., Ilieva, I., Respino, M., Gunning, F.M., Liston, C., Dubin, M.J.,
2017. Functional connectivity of the left DLPFC to striatum predicts treatment
response of depression to TMS. Brain Stimul. 10 (5), 919-925. https://doi.org/
10.1016/j.brs.2017.07.002.

Backus, A.R., Schoffelen, J.M., Szebényi, S., Hanslmayr, S., Doeller, C.F., 2016.
Hippocampal-prefrontal theta oscillations support memory integration. Curr. Biol.
26 (4), 450-457. https://doi.org/10.1016/j.cub.2015.12.048.

Bagali, K., Sreeraj, V.S., Mehta, U.M., Venkatasubramanian, G., Thirthalli, J., 2023.
Feasibility of intermediate theta burst stimulation as sham control in therapeutic
transcranial magnetic stimulation studies. Asian J. Psychiatr. 79, 103390. https://
doi.org/10.1016/j.ajp.2022.103390.

Baudewig, J., Siebner, H.R., Bestmann, S., Tergau, F., Tings, T., Paulus, W., Frahm, J.,
2001. Functional MRI of cortical activations induced by transcranial magnetic
stimulation (TMS). Neuroreport 12 (16), 3543-3548. https://doi.org/10.1097/
00001756-200111160-00034.

Bergmann, T.O., Varatheeswaran, R., Hanlon, C.A., Madsen, K.H., Thielscher, A.,
Siebner, H.R., 2021. Concurrent TMS-fMRI for causal network perturbation and
proof of target engagement. Neuroimage 237, 118093. https://doi.org/10.1016/].
neuroimage.2021.118093.

Berlim, M.T., van den Eynde, F., Tovar-Perdomo, S., Daskalakis, Z.J., 2014. Response,
remission and drop-out rates following high-frequency repetitive transcranial
magnetic stimulation (rTMS) for treating major depression: a systematic review and
meta-analysis of randomized, double-blind and sham-controlled trials. Psychol. Med.
44 (2), 225-239. https://doi.org/10.1017/50033291713000512.

Beynel, L., Powers, J.P., Appelbaum, L.G., 2020. Effects of repetitive transcranial
magnetic stimulation on resting-state connectivity: a systematic review. Neuroimage
211, 116596. https://doi.org/10.1016/j.neuroimage.2020.116596.

Blumberger, D.M., Vila-Rodriguez, F., Thorpe, K.E., Feffer, K., Noda, Y., Giacobbe, P.,
Knyahnytska, Y., Kennedy, S.H., Lam, R.W., Daskalakis, Z.J., Downar, J., 2018.
Effectiveness of theta burst versus high-frequency repetitive transcranial magnetic
stimulation in patients with depression (THREE-D): a randomised non-inferiority
trial. Lancet (London, England) 391 (10131), 1683-1692. https://doi.org/10.1016/
S0140-6736(18)30295-2.

Bohning, D.E., Shastri, A., McConnell, K.A., Nahas, Z., Lorberbaum, J.P., Roberts, D.R.,
Teneback, C., Vincent, D.J., George, M.S., 1999. A combined TMS/fMRI study of
intensity-dependent TMS over motor cortex. Biol. Psychiatry 45 (4), 385-394.
https://doi.org/10.1016/50006-3223(98)00368-0.

Bohning, D.E., Shastri, A., Nahas, Z., Lorberbaum, J.P., Andersen, S.W., Dannels, W.R.,
Haxthausen, E.U., Vincent, D.J., George, M.S., 1998. Echoplanar BOLD fMRI of brain
activation induced by concurrent transcranial magnetic stimulation. Invest. Radiol.
33 (6), 336-340. https://doi.org/10.1097,/00004424-199806000-00004.

Boucher, P.O., Ozdemir, R.A., Momi, D., Burke, M.J., Jannati, A., Fried, P.J., Pascual-
Leone, A., Shafi, M.M., Santarnecchi, E., 2021. Sham-derived effects and the minimal
reliability of theta burst stimulation. Sci. Rep. 11 (1), 21170. https://doi.org/
10.1038/541598-021-98751-w.

Brett, M., Anton, J.-L., Valabregue, R., & Poline, J.-B. (2002). Region of interest analysis
using an SPM toolbox [abstract]. Presented at the 8th International Conferance on
Functional Mapping of the Human Brain, June 2-6, 2002, Sendai, Japan. Available on
CD-ROM in Neurolmage, 16(2), 497.

Bulteau, S., Laurin, A., Pere, M., Fayet, G., Thomas-Ollivier, V., Deschamps, T., Auffray-
Calvier, E., Bukowski, N., Vanelle, J.-M., Sébille, V., Sauvaget, A., 2022. Intermittent
theta burst stimulation (iTBS) versus 10 Hz high-frequency repetitive transcranial

10

Neurolmage: Clinical 48 (2025) 103862

magnetic stimulation (rTMS) to alleviate treatment-resistant unipolar depression: a
randomized controlled trial (THETA-DEP). Brain Stimul. 15 (3), 870-880. https://
doi.org/10.1016/j.brs.2022.05.011.

Bradley, C., Nydam, A.S., Dux, P.E., Mattingley, J.B., 2022. State-dependent effects of
neural stimulation on brain function and cognition. Nat. Rev. Neurosci. 23 (8),
459-475. https://doi.org/10.1038/s41583-022-00598-1.

Caparelli, E.C., Schleyer, B., Zhai, T., Gu, H., Abulseoud, O.A., Yang, Y., 2022. High-
frequency transcranial magnetic stimulation combined with functional magnetic
resonance imaging reveals distinct activation patterns associated with different
dorsolateral prefrontal cortex stimulation sites. Neuromodul.: Technol. Neural
Interface 25 (4), 633-643. https://doi.org/10.1016/j.neurom.2022.03.002.

Chang, K.-Y., Tik, M., Mizutani-Tiebel, Y., Schuler, A.-L., Taylor, P., Campana, M.,
Vogelmann, U., Huber, B., Dechantsreiter, E., Thielscher, A., Bulubas, L., Padberg, F.,
Keeser, D., 2024a. Neural response during prefrontal theta burst stimulation:
Interleaved TMS-fMRI of full iTBS protocols. Neuroimage 291, 120596. https://doi.
org/10.1016/j.neuroimage.2024.120596.

Chang, K.-Y., Tik, M., Mizutani-Tiebel, Y., Taylor, P., Van Hattem, T., Falkai, P.,
Padberg, F., Bulubas, L., Keeser, D., 2024b. Dose-dependent target engagement of a
clinical intermittent theta burst stimulation protocol: an interleaved transcranial
magnetic stimulation-functional magnetic resonance imaging study in healthy
people. Biol. Psychiatry: Cognit. Neurosci. Neuroimaging. https://doi.org/10.1016/
j.bpsc.2024.08.009. S2451902224002441.

Di Lazzaro, V., Dileone, M., Pilato, F., Capone, F., Musumeci, G., Ranieri, F., Ricci, V.,
Bria, P., Di Iorio, R., de Waure, C., Pasqualetti, P., Profice, P., 2011. Modulation of
motor cortex neuronal networks by rTMS: Comparison of local and remote effects of
six different protocols of stimulation. J. Neurophysiol. 105 (5), 2150-2156. https://
doi.org/10.1152/jn.00781.2010.

Di Martino, A., Scheres, A., Margulies, D. S., Kelly, A. M. C., Uddin, L. Q., Shehzad, Z.,
Biswal, B., Walters, J. R., Castellanos, F. X., & Milham, M. P. (2008). Functional
connectivity of human striatum: a resting state FMRI study. Cerebral Cortex (New
York, N.Y.: 1991), 18(12), 2735-2747. https://doi.org/10.1093/cercor/bhn041.

Dowdle, L.T., Brown, T.R., George, M.S., Hanlon, C.A., 2018. Single pulse TMS to the
DLPFC, compared to a matched sham control, induces a direct, causal increase in
caudate, cingulate, and thalamic BOLD signal. Brain Stimul. 11 (4), 789-796.
https://doi.org/10.1016/j.brs.2018.02.014.

Downar, J., Blumberger, D.M., Daskalakis, Z.J., 2016. The neural crossroads of
psychiatric illness: an emerging target for brain stimulation. Trends Cogn. Sci. 20
(2), 107-120. https://doi.org/10.1016/j.tics.2015.10.007.

Duecker, F., Sack, A.T., 2015. Rethinking the role of sham TMS. Front. Psychol. 6.
https://doi.org/10.3389/fpsyg.2015.00210.

George, M.S., Taylor, J.J., Short, E.B., 2013. The expanding evidence base for rTMS
treatment of depression. Curr. Opin. Psychiatry 26 (1), 13-18. https://doi.org/
10.1097/YC0O.0b013e32835ab46d.

Goldman-Rakic, P.S., Selemon, L.D., Schwartz, M.L., 1984. Dual pathways connecting
the dorsolateral prefrontal cortex with the hippocampal formation and
parahippocampal cortex in the rhesus monkey. Neuroscience 12 (3), 719-743.
https://doi.org/10.1016/0306-4522(84)90166-0.

Griffanti, L., Douaud, G., Bijsterbosch, J., Evangelisti, S., Alfaro-Almagro, F., Glasser, M.
F., Duff, E.P., Fitzgibbon, S., Westphal, R., Carone, D., Beckmann, C.F., Smith, S.M.,
2017. Hand classification of f{MRI ICA noise components. Neuroimage 154, 188-205.
https://doi.org/10.1016/j.neuroimage.2016.12.036.

Hamada, M., Murase, N., Hasan, A., Balaratnam, M., & Rothwell, J. C. (2013). The role of
interneuron networks in driving human motor cortical plasticity. Cerebral Cortex
(New York, N.Y.: 1991), 23(7), 1593-1605. https://doi.org/10.1093/cercor/bhs147.

Hanakawa, T., Mima, T., Matsumoto, R., Abe, M., Inouchi, M., Urayama, S.-I., Anami, K.,
Honda, M., Fukuyama, H., 2009. Stimulus-response profile during single-pulse
transcranial magnetic stimulation to the primary motor cortex. Cerebral Cortex (New
York, N.Y.: 1991), 19(11), 2605-2615. https://doi.org/10.1093/cercor/bhp013.

Hanlon, C.A., Canterberry, M., Taylor, J.J., DeVries, W., Li, X., Brown, T.R., George, M.S.,
2013. Probing the frontostriatal loops involved in executive and limbic processing
via interleaved TMS and functional MRI at two prefrontal locations: a pilot study.
PLoS One 8 (7), €67917. https://doi.org/10.1371/journal.pone.0067917.

Hawco, C., Armony, J.L., Daskalakis, Z.J., Berlim, M.T., Chakravarty, M.M., Pike, G.B.,
Lepage, M., 2017. Differing time of onset of concurrent TMS-fMRI during associative
memory encoding: a measure of dynamic connectivity. Front. Hum. Neurosci. 11,
404. https://doi.org/10.3389/fnhum.2017.00404.

Herweg, N.A., Apitz, T., Leicht, G., Mulert, C., Fuentemilla, L., Bunzeck, N., 2016. Theta-
alpha oscillations bind the hippocampus, prefrontal cortex, and striatum during
recollection: evidence from simultaneous EEG-fMRI. J. Neurosci. 36 (12),
3579-3587. https://doi.org/10.1523/JNEUROSCI.3629-15.2016.

Huang, Y.-Z., Edwards, M.J., Rounis, E., Bhatia, K.P., Rothwell, J.C., 2005. Theta burst
stimulation of the human motor cortex. Neuron 45 (2), 201-206. https://doi.org/
10.1016/j.neuron.2004.12.033.

Hussain, S.J., Freedberg, M.V., 2025. Debunking the myth of excitatory and inhibitory
repetitive transcranial magnetic stimulation in cognitive neuroscience research.

J. Cogn. Neurosci. 1-14. https://doi.org/10.1162/jocn_a_02288.

Hyde, J., Carr, H., Kelley, N., Seneviratne, R., Reed, C., Parlatini, V., Garner, M.,
Solmi, M., Rosson, S., Cortese, S., Brandt, V., 2022. Efficacy of neurostimulation
across mental disorders: systematic review and meta-analysis of 208 randomized
controlled trials. Mol. Psychiatry 27 (6), 2709-2719. https://doi.org/10.1038/
s41380-022-01524-8.

Tannetti, G.D., Mouraux, A., 2010. From the neuromatrix to the pain matrix (and back).
Exp. Brain Res. 205 (1), 1-12. https://doi.org/10.1007/500221-010-2340-1.

Kaiser, M., Wang, Y., Ten Oever, S, et al., 2025. Simultaneous tACS-fMRI reveals state-
and frequency-specific modulation of hippocampal-cortical functional connectivity.
Commun Psychol 3, 19. https://doi.org/10.1038/544271-025-00202-z.


https://doi.org/10.1016/j.nicl.2025.103862
https://doi.org/10.1016/j.nicl.2025.103862
https://doi.org/10.1016/j.brs.2007.08.006
https://doi.org/10.1016/j.brs.2017.07.002
https://doi.org/10.1016/j.brs.2017.07.002
https://doi.org/10.1016/j.cub.2015.12.048
https://doi.org/10.1016/j.ajp.2022.103390
https://doi.org/10.1016/j.ajp.2022.103390
https://doi.org/10.1097/00001756-200111160-00034
https://doi.org/10.1097/00001756-200111160-00034
https://doi.org/10.1016/j.neuroimage.2021.118093
https://doi.org/10.1016/j.neuroimage.2021.118093
https://doi.org/10.1017/S0033291713000512
https://doi.org/10.1016/j.neuroimage.2020.116596
https://doi.org/10.1016/S0140-6736(18)30295-2
https://doi.org/10.1016/S0140-6736(18)30295-2
https://doi.org/10.1016/s0006-3223(98)00368-0
https://doi.org/10.1097/00004424-199806000-00004
https://doi.org/10.1038/s41598-021-98751-w
https://doi.org/10.1038/s41598-021-98751-w
https://doi.org/10.1016/j.brs.2022.05.011
https://doi.org/10.1016/j.brs.2022.05.011
https://doi.org/10.1038/s41583-022-00598-1
https://doi.org/10.1016/j.neurom.2022.03.002
https://doi.org/10.1016/j.neuroimage.2024.120596
https://doi.org/10.1016/j.neuroimage.2024.120596
https://doi.org/10.1016/j.bpsc.2024.08.009
https://doi.org/10.1016/j.bpsc.2024.08.009
https://doi.org/10.1152/jn.00781.2010
https://doi.org/10.1152/jn.00781.2010
https://doi.org/10.1016/j.brs.2018.02.014
https://doi.org/10.1016/j.tics.2015.10.007
https://doi.org/10.3389/fpsyg.2015.00210
https://doi.org/10.1097/YCO.0b013e32835ab46d
https://doi.org/10.1097/YCO.0b013e32835ab46d
https://doi.org/10.1016/0306-4522(84)90166-0
https://doi.org/10.1016/j.neuroimage.2016.12.036
https://doi.org/10.1371/journal.pone.0067917
https://doi.org/10.3389/fnhum.2017.00404
https://doi.org/10.1523/JNEUROSCI.3629-15.2016
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1162/jocn_a_02288
https://doi.org/10.1038/s41380-022-01524-8
https://doi.org/10.1038/s41380-022-01524-8
https://doi.org/10.1007/s00221-010-2340-1
https://doi.org/10.1038/s44271-025-00202-z

T. van Hattem et al.

Kan, R.L.D., Padberg, F., Giron, C.G., Lin, T.T.Z., Zhang, B.B.B., Brunoni, A.R., Kranz, G.
S., 2023. Effects of repetitive transcranial magnetic stimulation of the left
dorsolateral prefrontal cortex on symptom domains in neuropsychiatric disorders: a
systematic review and cross-diagnostic meta-analysis. Lancet Psychiatry 10 (4),
252-259. https://doi.org/10.1016,/52215-0366(23)00026-3.

Klomjai, W., Katz, R., Lackmy-Vallée, A., 2015. Basic principles of transcranial magnetic
stimulation (TMS) and repetitive TMS (rTMS). Ann. Phys. Rehabil. Med. 58 (4),
208-213. https://doi.org/10.1016/j.rehab.2015.05.005.

Lefaucheur, J.-P., Aleman, A., Baeken, C., Benninger, D.H., Brunelin, J., Di Lazzaro, V.,
Filipovi¢, S.R., Grefkes, C., Hasan, A., Hummel, F.C., Jaaskeldinen, S.K.,

Langguth, B., Leocani, L., Londero, A., Nardone, R., Nguyen, J.-P., Nyffeler, T.,
Oliveira-Maia, A.J., Oliviero, A., Ziemann, U., 2020. Evidence-based guidelines on
the therapeutic use of repetitive transcranial magnetic stimulation (rTMS): an update
(2014-2018). Clin. Neurophysiol. 131 (2), 474-528. https://doi.org/10.1016/j.
clinph.2019.11.002.

Leh, S.E., Ptito, A., Chakravarty, M.M., Strafella, A.P., 2007. Fronto-striatal connections
in the human brain: a probabilistic diffusion tractography study. Neurosci. Lett. 419
(2), 113-118. https://doi.org/10.1016/j.neulet.2007.04.049.

Li, C.-T., Cheng, C.-M., Lin, H.-C,, Yeh, S.-H.-H., Jeng, J.-S., Wu, H.-T., Bai, Y.-M., Tsai, S.-
J., Su, T.-P., Fitzgerald, P.B., 2023. The longer, the better ? longer left-sided
prolonged intermittent theta burst stimulation in patients with major depressive
disorder: a randomized sham-controlled study. Asian J. Psychiatr. 87, 103686.
https://doi.org/10.1016/j.ajp.2023.103686.

Lisanby, S.H., 2024. Transcranial magnetic stimulation in psychiatry: historical
reflections and future directions. Biol. Psychiatry 95 (6), 488-490. https://doi.org/
10.1016/j.biopsych.2023.05.001.

Magnuson, J., Ozdemir, M.A., Mathieson, E., Kirkman, S., Passera, B., Rampersad, S.,
Dufour, A.B., Brooks, D., Pascual-Leone, A., Fried, P.J., Shafi, M.M., Ozdemir, R.A.,
2023. Neuromodulatory effects and reproducibility of the most widely used
repetitive transcranial magnetic stimulation protocols. PLoS One 18 (6), €0286465.
https://doi.org/10.1371/journal.pone.0286465.

McClintock, S. M., Reti, I. M., Carpenter, L. L., McDonald, W. M., Dubin, M., Taylor, S. F.,
Cook, I. A., O'Reardon, J., Husain, M. M., Wall, C., Krystal, A. D., Sampson, S. M.,
Morales, O., Nelson, B. G., Latoussakis, V., George, M. S., Lisanby, S. H., National
Network of Depression Centers rTMS Task Group, & American Psychiatric
Association Council on Research Task Force on Novel Biomarkers and Treatments.
(2018). Consensus Recommendations for the Clinical Application of Repetitive
Transcranial Magnetic Stimulation (rTMS) in the Treatment of Depression. J. Clin.
Psychiatry, 79(1), 16cs10905. https://doi.org/10.4088/JCP.16cs10905.

Mizutani-Tiebel, Y., Tik, M., Chang, K.-Y., Padberg, F., Soldini, A., Wilkinson, Z.,
Voon, C.C., Bulubas, L., Windischberger, C., Keeser, D., 2022. Concurrent TMS-fMRI:
technical challenges, developments, and overview of previous studies. Front. Psych.
13, 825205. https://doi.org/10.3389/fpsyt.2022.825205.

Moisa, M., Pohmann, R., Uludag, 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., losifescu, 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.

Pascual-Leone, A., Valls-Solé, J., Wassermann, E.M., Hallett, M., 1994. Responses to
rapid-rate transcranial magnetic stimulation of the human motor cortex. Brain 117
(4), 847-858. https://doi.org/10.1093/brain/117.4.847.

Pogarell, O., Koch, W., Popperl, G., Tatsch, K., Jakob, F., Mulert, C., Grossheinrich, N.,
Rupprecht, R., Moller, H.-J., Hegerl, U., Padberg, F., 2007. Acute prefrontal rTMS
increases striatal dopamine to a similar degree as d-amphetamine. Psychiatry Res.
Neuroimaging 156 (3), 251-255. https://doi.org/10.1016/j.
pscychresns.2007.05.002.

11

Neurolmage: Clinical 48 (2025) 103862

Pogarell, O., Koch, W., Popperl, G., Tatsch, K., Jakob, F., Zwanzger, P., Mulert, C.,
Rupprecht, R., Moller, H., Hegerl, U., 2006. Striatal dopamine release after
prefrontal repetitive transcranial magnetic stimulation in major depression:
Preliminary results of a dynamic [1231] IBZM SPECT study. J. Psychiatr. Res. 40 (4),
307-314. https://doi.org/10.1016/j.jpsychires.2005.09.001.

Power, J.D., Barnes, K.A., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2012. Spurious
but systematic correlations in functional connectivity MRI networks arise from
subject motion. Neuroimage 59 (3), 2142-2154. https://doi.org/10.1016/].
neuroimage.2011.10.018.

Rafiei, F., Rahnev, D., 2022. TMS does not increase BOLD activity at the Site of
Stimulation: a Review of all concurrent TMS-fMRI Studies. Eneuro 9 (4),
ENEURO.0163-22.2022. https://doi.org/10.1523/ENEURO.0163-22.2022.

Riddle, J., Scimeca, J.M., Pagnotta, M.F., Inglis, B., Sheltraw, D., Muse-Fisher, C.,
D’Esposito, M., 2022. A guide for concurrent TMS-fMRI to investigate functional
brain networks. Front. Hum. Neurosci. 16, 1050605. https://doi.org/10.3389/
fnhum.2022.1050605.

Ross, J.M., Cline, C.C., Sarkar, M., Truong, J., Keller, C.J., 2023. Neural effects of TMS
trains on the human prefrontal cortex. Sci. Rep. 13 (1), 22700. https://doi.org/
10.1038/541598-023-49250-7.

Rossini, P.M., Barker, A.T., Berardelli, A., Caramia, M.D., Caruso, G., Cracco, R.Q.,
Dimitrijevié¢, M.R., Hallett, M., Katayama, Y., Liicking, C.H., 1994. Non-invasive
electrical and magnetic stimulation of the brain, spinal cord and roots: basic
principles and procedures for routine clinical application. Report of an IFCN
committee. Electroencephalogr. Clin. Neurophysiol. 91 (2), 79-92. https://doi.org/
10.1016/0013-4694(94)90029-9.

Schilberg, L., Schuhmann, T., Sack, A.T., 2017. Interindividual variability and
intraindividual reliability of intermittent theta burst stimulation-induced
neuroplasticity mechanisms in the healthy brain. J. Cogn. Neurosci. 29 (6),
1022-1032. https://doi.org/10.1162/jocn_a_01100.

Seeley, W.W., 2019. The salience network: a neural system for perceiving and responding
to homeostatic demands. J. Neurosci. 39 (50), 9878-9882. https://doi.org/10.1523/
JNEUROSCI.1138-17.2019.

Seewoo, B.J., Feindel, K.W., Etherington, S.J., Rodger, J., 2019. Frequency-specific
effects of low-intensity rTMS can persist for up to 2 weeks post-stimulation: a
longitudinal rs-fMRI/MRS study in rats. Brain Stimul. 12 (6), 1526-1536. https://
doi.org/10.1016/j.brs.2019.06.028.

Siebner, H.R., Funke, K., Aberra, A.S., Antal, A., Bestmann, S., Chen, R., Classen, J.,
Davare, M., Di Lazzaro, V., Fox, P.T., Hallett, M., Karabanov, A.N., Kesselheim, J.,
Beck, M.M., Koch, G., Liebetanz, D., Meunier, S., Miniussi, C., Paulus, W., Ugawa, Y.,
2022. Transcranial magnetic stimulation of the brain: what is stimulated? - a
consensus and critical position paper. Clin. Neurophysiol. 140, 59-97. https://doi.
org/10.1016/j.clinph.2022.04.022.

Spitz, N.A., Ten Eyck, P., Nizar, K., Boes, A.D., Trapp, N.T., 2022. Similar outcomes in
treating major depressive disorder with 10 Hz repetitive transcranial magnetic
stimulation (rTMS) versus intermittent theta burst stimulation (iTBS): a naturalistic
observational study. J. Psychiatr. Pract. 28 (2), 98-107. https://doi.org/10.1097/
PRA.0000000000000611.

Strafella, A.P., Paus, T., Barrett, J., Dagher, A., 2001. Repetitive transcranial magnetic
stimulation of the human prefrontal cortex induces dopamine release in the caudate
nucleus. J. Neurosci. 21 (15), RC157. https://doi.org/10.1523/JNEUROSCI.21-15-
j0003.2001.

Tik, M., Vasileiadi, M., Woletz, M., Linhardt, D., Schuler, A.-L., Williams, N.,
Windischberger, C., 2023a. Concurrent TMS/fMRI reveals individual DLPFC dose-
response pattern. Neuroimage 282, 120394. https://doi.org/10.1016/j.
neuroimage.2023.120394.

Tik, M., Woletz, M., Schuler, A.-L., Vasileiadi, M., Cash, R.F.H., Zalesky, A., Lamm, C.,
Windischberger, C., 2023b. Acute TMS/fMRI response explains offline TMS network
effects — an interleaved TMS-fMRI study. Neuroimage 267, 119833. https://doi.org/
10.1016/j.neuroimage.2022.119833.

Vink, J.J.T., Mandija, S., Petrov, P.I,, van den Berg, C.A.T., Sommer, L.E.C., Neggers, S.F.
W., 2018. A novel concurrent TMS-fMRI method to reveal propagation patterns of
prefrontal magnetic brain stimulation. Hum. Brain Mapp. 39 (11), 4580-4592.
https://doi.org/10.1002/hbm.24307.

Wada, M., Nakajima, S., Taniguchi, K., Honda, S., Mimura, Y., Takemura, R., Thorpe, K.
E., Tsugawa, S., Tarumi, R., Moriyama, S., Arai, N., Kitahata, R., Uchida, H.,
Koike, S., Daskalakis, Z.J., Mimura, M., Blumberger, D.M., Noda, Y., 2025.
Effectiveness of sequential bilateral repetitive transcranial stimulation versus
bilateral theta burst stimulation for patients with treatment-resistant depression
(BEAT-D): a randomized non-inferiority clinical trial. Brain Stimul. 18 (1), 25-33.
https://doi.org/10.1016/j.brs.2024.12.1474.

Wassermann, E.M., Wedegaertner, F.R., Ziemann, U., George, M.S., Chen, R., 1998.
Crossed reduction of human motor cortex excitability by 1-Hz transcranial magnetic
stimulation. Neurosci. Lett. 250 (3), 141-144. https://doi.org/10.1016/50304-3940
(98)00437-6.

Xia, A.W.L., Jin, M., Qin, P.P.L, Kan, R.L.D., Zhang, B.B.B., Giron, C.G., Lin, T.T.Z., Li, A.
S.M., Kranz, G.S., 2024. Instantaneous effects of prefrontal transcranial magnetic
stimulation on brain oxygenation: a systematic review. Neuroimage 293, 120618.
https://doi.org/10.1016/j.neuroimage.2024.120618.

Ye, Y., Wang, J., & Che, X. (2022). Concurrent TMS-EEG to reveal the neuroplastic
changes in the prefrontal and insular cortices in the analgesic effects of DLPFC-rTMS.
Cerebral Cortex (New York, N.Y.: 1991), 32(20), 4436-4446. https://doi.org/
10.1093/cercor/bhab493.


https://doi.org/10.1016/S2215-0366(23)00026-3
https://doi.org/10.1016/j.rehab.2015.05.005
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.clinph.2019.11.002
https://doi.org/10.1016/j.neulet.2007.04.049
https://doi.org/10.1016/j.ajp.2023.103686
https://doi.org/10.1016/j.biopsych.2023.05.001
https://doi.org/10.1016/j.biopsych.2023.05.001
https://doi.org/10.1371/journal.pone.0286465
https://doi.org/10.3389/fpsyt.2022.825205
https://doi.org/10.1016/j.neuroimage.2009.07.010
https://doi.org/10.1016/j.neuroimage.2009.07.010
https://doi.org/10.1016/s0006-3223(01)01199-4
https://doi.org/10.1016/j.neuroimage.2017.02.062
https://doi.org/10.1016/j.neuroimage.2017.02.062
https://doi.org/10.1002/mrm.25535
https://doi.org/10.1016/j.biopsych.2007.01.018
https://doi.org/10.1007/s00221-021-06036-5
https://doi.org/10.1038/s41380-024-02468-x
https://doi.org/10.1093/brain/117.4.847
https://doi.org/10.1016/j.pscychresns.2007.05.002
https://doi.org/10.1016/j.pscychresns.2007.05.002
https://doi.org/10.1016/j.jpsychires.2005.09.001
https://doi.org/10.1016/j.neuroimage.2011.10.018
https://doi.org/10.1016/j.neuroimage.2011.10.018
https://doi.org/10.1523/ENEURO.0163-22.2022
https://doi.org/10.3389/fnhum.2022.1050605
https://doi.org/10.3389/fnhum.2022.1050605
https://doi.org/10.1038/s41598-023-49250-7
https://doi.org/10.1038/s41598-023-49250-7
https://doi.org/10.1016/0013-4694(94)90029-9
https://doi.org/10.1016/0013-4694(94)90029-9
https://doi.org/10.1162/jocn_a_01100
https://doi.org/10.1523/JNEUROSCI.1138-17.2019
https://doi.org/10.1523/JNEUROSCI.1138-17.2019
https://doi.org/10.1016/j.brs.2019.06.028
https://doi.org/10.1016/j.brs.2019.06.028
https://doi.org/10.1016/j.clinph.2022.04.022
https://doi.org/10.1016/j.clinph.2022.04.022
https://doi.org/10.1097/PRA.0000000000000611
https://doi.org/10.1097/PRA.0000000000000611
https://doi.org/10.1523/JNEUROSCI.21-15-j0003.2001
https://doi.org/10.1523/JNEUROSCI.21-15-j0003.2001
https://doi.org/10.1016/j.neuroimage.2023.120394
https://doi.org/10.1016/j.neuroimage.2023.120394
https://doi.org/10.1016/j.neuroimage.2022.119833
https://doi.org/10.1016/j.neuroimage.2022.119833
https://doi.org/10.1002/hbm.24307
https://doi.org/10.1016/j.brs.2024.12.1474
https://doi.org/10.1016/S0304-3940(98)00437-6
https://doi.org/10.1016/S0304-3940(98)00437-6
https://doi.org/10.1016/j.neuroimage.2024.120618

	Contralateral prefrontal and network engagement during left DLPFC 10 ​Hz rTMS: an interleaved TMS-fMRI study in healthy adults
	1 Introduction
	2 Methods and Materials
	2.1 Participants
	2.2 Experimental design
	2.3 TMS
	2.4 Image acquisition
	2.5 Data analysis
	2.5.1 Preprocessing
	2.5.2 Whole-brain BOLD-fMRI
	2.5.3 Regions-of-interest


	3 Results
	3.1 Interleaved 10 ​Hz rTMS-fMRI
	3.2 DLPFC ROI analysis
	3.3 Temporal dynamics of whole-brain BOLD response

	4 Discussion
	4.1 rTMS-evoked brain activity patterns
	4.2 High and low intensity of 10 ​Hz rTMS
	4.3 Comparing outcomes of 10 ​Hz rTMS and iTBS with interleaved TMS-fMRI
	4.4 Limitations & future directions

	5 Conclusions
	Funding information
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Disclosures
	Appendix A Supplementary data
	Data availability
	References


