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ABSTRACT
BACKGROUND: Intermittent theta burst stimulation (iTBS) of the dorsolateral prefrontal cortex (DLPFC) is widely
applied as a therapeutic intervention in mental health; however, the understanding of its mechanisms is still
incomplete. Prior magnetic resonance imaging (MRI) studies have mainly used offline iTBS or short sequences in
concurrent transcranial magnetic stimulation (TMS)–functional MRI (fMRI). This study investigated a full 600-stimuli
iTBS protocol using interleaved TMS-fMRI in comparison with 2 control conditions in healthy subjects.
METHODS: In a crossover design, 18 participants underwent 3 sessions of interleaved iTBS-fMRI: 1) the left DLPFC
at 40% resting motor threshold (rMT) intensity, 2) the left DLPFC at 80% rMT intensity, and 3) the left primary motor
cortex (M1) at 80% rMT intensity. We compared immediate blood oxygen level–dependent (BOLD) responses during
interleaved iTBS-fMRI across these conditions including correlations between individual fMRI BOLD activation and
iTBS-induced electric field strength at the target sites.
RESULTS: Whole-brain analysis showed increased activation in several regions following iTBS. Specifically, the left
DLPFC, as well as the bilateral M1, anterior cingulate cortex, and insula, showed increased activation during 80% rMT
left DLPFC stimulation. Increased BOLD activity in the left DLPFC was observed with neither 40% rMT left DLPFC
stimulation nor left M1 80% rMT iTBS, whereas activation in other regions was found to overlap between conditions.
Of note, BOLD activation and electric field intensities were only correlated for M1 stimulation and not for the DLPFC
conditions.
CONCLUSIONS: This interleaved TMS-fMRI study showed dosage- and target-specific BOLD activation during a
600-stimuli iTBS protocol in healthy individuals. Future studies may use our approach for investigating target
engagement in clinical samples.

https://doi.org/10.1016/j.bpsc.2024.08.009
Theta burst stimulation (TBS) is a repetitive transcranial mag-
netic stimulation (rTMS) protocol and is frequently applied to
treat psychiatric disorders due to its shorter duration as
compared to standard clinical rTMS protocols. TBS was
initially developed by translating burst-patterned stimulation,
known to induce long-term potentiation and long-term
depression in animal brain slices (1–3), into rTMS protocols
in humans to identify protocols that more effectively modulate
cortical excitability (4,5). Based on a milestone study by Huang
et al. (5), 2 main TBS protocols emerged early in the field, i.e.,
intermittent TBS (iTBS) and continuous TBS, and both pro-
tocols originally used 50-Hz rTMS bursts at 5 Hz (theta) fre-
quency with up to 600 total pulses and an intensity of 80% of
the active motor threshold (MT). Interestingly, these protocols
differ primarily in the intervals for iTBS (i.e., 2 seconds on and 8
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seconds off), leading to a facilitation of motor evoked poten-
tials (MEPs) and a reduction of short intracortical inhibition,
whereas continuous TBS has the opposite effects. Compre-
hensive studies in animals and humans suggest that these
effects are mediated by the differential interaction of TBS
protocols with various neuronal subpopulations including
modulation of GABAergic (gamma-aminobutyric acidergic)
circuits and glutamatergic neurotransmission (6–12).

Current therapeutic TBS variants are essentially based on
the original TBS protocols. For clinical use, these protocols are
often extended (e.g., up to 1800 stimuli per session) or are
applied as accelerated iTBS with multiple iTBS sessions per
day (13). Stimulation intensities have similarly varied across
clinical iTBS studies. For instance, major depressive disorder is
the most common application of iTBS in psychiatry to date
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(14), with intensities ranging from 80% resting MT (rMT) to
120% rMT across studies (15–19). In contrast to the rapid
spread of iTBS in clinical applications, there is comparably
scarce preclinical research on specific protocols, their mech-
anistic understanding is limited, and dose-response relation-
ships need to be established. Moreover, therapeutic effects
vary largely among individuals, partially influenced by differ-
ences in their structural and functional brain connectivity
(20–22).

One method to study the acute effects of rTMS protocols
is interleaved (or concurrent) TMS–functional magnetic
resonance imaging (TMS-fMRI) in which the blood oxygen
level–dependent (BOLD) response is measured during rTMS
in an MRI scanner. Most interleaved TMS-fMRI studies have
focused on the primary motor cortex (M1) (23–28), while
fewer studies investigated its effects on the dorsolateral
prefrontal cortex (DLPFC) (29–34). Generally, interleaved
TMS-fMRI paradigms have typically used short rTMS bursts
or single pulses, rather than full rTMS protocols (27–34). To
investigate clinical iTBS protocols in terms of their mecha-
nistic action, we have recently implemented a full 600-stimuli
iTBS of the left DLPFC in the interleaved TMS-fMRI approach
and have shown its feasibility in healthy individuals and a
patient with bipolar depression (35). To extend these findings
and to test the dose and target specificity of acute iTBS ef-
fects in healthy subjects, we investigated the BOLD effects of
600-stimuli iTBS of the left DLPFC in comparison with a 40%
rMT iTBS of the left DLPFC and an 80% rMT intensity iTBS of
the M1 region in the interleaved TMS-fMRI paradigm. We
expected a maximum BOLD effect in the iTBS target region
and connected brain areas. To assess the iTBS neural
response in specific regions across subjects, we reported the
hemodynamic response function (HRF) beta values to indi-
cate the strength of the BOLD responses to TMS. A larger
fMRI-BOLD response, evoked by neural activity, is reflected
by a higher beta value estimate. The beta value is widely
reported in the concurrent TMS-fMRI field as a method for
quantifying the HRF induced by TMS (32,36,37). In addition,
we used computational modeling of TMS-induced electric
field (E-field) to explore E-field intensity as a further proxy for
iTBS dosing (38). In sum, this interleaved TMS-fMRI study
investigates first-level hypotheses (i.e., dose and target
specificity) on the acute effects of left DLPFC iTBS to
establish more specific hypotheses regarding the action of
iTBS on brain connectivity, modulation, and function.

METHODS AND MATERIALS

Healthy Participants

The recruitment criteria of healthy adult participants and the
detailed procedures are described in the Supplement. A total
of 19 healthy participants (8 female, 11 male; ages 21–36
years, average age = 26.4 years, SD = 3.2 years) completed
all sessions in this study. One subject was excluded from the
group-level analysis due to excessive motion exceeding 3 mm
even after motion correction, leaving 18 subjects included in
the fMRI analysis. All subjects signed informed consent as
approved by the LMU Munich ethical committee prior to
participation, and all procedures adhere to the principles out-
lined in the Declaration of Helsinki.
Biological Psychiatry: Cognitive Neuroscience and Neu
Experimental Setup

Participants completed 4 experimental sessions, comprising a
baseline session without TMS and 3 interleaved iTBS-fMRI
sessions. Each subject underwent interleaved iTBS-fMRI
sessions with a randomized order of stimulated conditions,
including 80% rMT left DLPFC, 40% rMT left DLPFC, and 80%
rMT left M1. There was a minimum of 1 week between each
session (Figure 1A). The baseline session was performed using
a 64-channel standard head coil. In the TMS-fMRI sessions
(Figure 1B), we utilized 2 TMS-compatible 7-channel MR coils
(39) to cover the whole brain. Neuronavigation (Localite GmbH)
was precisely employed to target the predefined anatomical
region over the left DLPFC, based on a previous study (16) and
individual measured M1 hotspot (Figure 1D). The detailed
baseline MRI sequences and neuronavigation setup are
described in the Supplement.

Transcranial Magnetic Stimulation. All TMS procedures
were conducted inside the MRI scanner room using an MRi-
B91 MR-compatible TMS coil and MagProX100 stimulator
(MagVenture A/S). A 7-channel surface radiofrequency coil (39)
was affixed between the scalp and the MR-compatible TMS
coil during MT determination to ensure a matching intensity
during interleaved iTBS-fMRI sessions. MT determination was
measured exclusively during the baseline session. Participants
were lying down with their hands relaxed on the MR scanner
bed. An MR-compatible electromyography recorder (Brain
Products) was used, with electromyography electrodes placed
over the right abductor pollicis brevis, while a ground electrode
was positioned over the right ankle. MEPs were identified as
responses with amplitudes exceeding 50 mV within 15 to 35 ms
following each TMS pulse. The rMT was determined at the
optimal coil position for eliciting MEPs in the right abductor
pollicis brevis using the standard method (40).

Concurrent TMS-fMRI. The concurrent TMS-fMRI ses-
sions utilized two 7-channel surface radiofrequency coils (39).
Structural imaging was performed using a magnetization-
prepared 2 rapid acquisition gradient-echo sequence (repeti-
tion time = 4000 ms, echo time = 2.98 ms, inversion time
1/inversion time 2 = 700 ms/2500 ms, flip angle 1/flip angle
2 = 4�/5�, 160 slices, 1-mm slice thickness) (41). Interleaved
iTBS-fMRI was performed continuously for 3 minutes and 32
seconds (including a 12-second dummy scan) using a multi-
band accelerated echo-planar imaging sequence (multiband
factor of 4, repetition time = 2000 ms, echo time = 30 ms, 40
slices, and voxel size of 3.3 3 3.3 3 3 mm) (Figure 1C).

MRI Data Preprocessing and Statistical Analyses. The
detailed preprocessing steps of MRI data are described in the
Supplement. Additionally, we used independent component
analysis (ICA) to regress out potential coil artifacts caused by
eddy/leakage currents or mechanical vibrations in the fMRI data.
We applied FSL’s MELODIC algorithm (42) to run a single-subject
ICA, constraining the output to 15 components. We then
manually classified and removed ICs related to noise or artifacts
(see Figure S2 for examples of ICA classification). After removing
noise ICs, we conducted group analysis using an established
block-design analysis pipeline (35).
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Figure 1. (A) The experimental design
involved a baseline visit, followed by a ran-
domized 3-way crossover design for interleaved
intermittent theta burst stimulation–functional
magnetic resonance imaging (iTBS-fMRI) ses-
sions, with a minimum of 1 week washout be-
tween each session. (B) The MRI scan protocol
was consistently used throughout transcranial
magnetic stimulation–fMRI (TMS-fMRI) ses-
sions. (C) Interleaved iTBS-fMRI sequence,
which repeats 20 times, for a total of 3 minutes
20 seconds in the standard iTBS protocol. (D)
Concurrent TMS-fMRI setup with two 7-channel
radiofrequency coils. The MR-compatible TMS
coil was mounted on the left radiofrequency coil.
The images show (left panel) TMS-MRI coils
targeting the left dorsolateral prefrontal cortex
(DLPFC) and (right panel) primary motor cortex
(M1). EPI, echo-planar imaging; rMT, resting
motor threshold; rsfMRI, resting-state fMRI.
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Correlation E-Field and BOLD Activation

To test for correlation between the simulated E-field strength
and fMRI BOLD activation in each subject in the left DLPFC
and left M1, we adopted predefined targets for the left DLPFC
(238, 44, 26 mm Montreal Neurological Institute [MNI]), in
which we did the stimulation (16), and M1 (237, 221, 58 mm
MNI) (43). Data from only 16 subjects were included in the
DLPFC 80% rMT condition, while 15 subjects were included in
the DLPFC 40% rMT and M1 80% rMT conditions due to
missing TMS trigger recordings. Subsequently, we calculated
the mean E-field magnitude using SimNIBS 4.0 (https://
simnibs.github.io/simnibs/build/html/index.html) and the
mean HRF beta value from fMRI data within a 10-mm radius of
our predefined targets as region of interest. Finally, the cor-
relation coefficient was used to determine the relationship
between the E-field magnitude and the fMRI beta value for the
M1 and DLPFC conditions.
RESULTS

Immediate BOLD Changes During Interleaved iTBS-
fMRI in Healthy Subjects

The 80% rMT iTBS over the left DLPFC represented the main
focus of the experiment. The 40% rMT iTBS over the left
DLPFC served as a low-intensity control condition, and the
80% rMT iTBS over the left M1 served as an active control
condition at a different target region.

Effects of 40% rMT iTBS Over the Left DLPFC. The
40% rMT iTBS-DLPFC (Table 1) did not activate the underlying
cortex but instead resulted in BOLD activity in the contralateral,
806 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging A
right DLPFC (right superior frontal gyrus, t17 = 5.23) (Figure 2A).
Similar to the 80% rMT left DLPFC data (see the following), we
observed consistent peak BOLD activations in the bilateral
auditory cortex (left superior temporal gyrus, t17 = 6.68; right
superior temporal gyrus, t17 = 5.79) and anterior cingulate
cortex (ACC) (right ACC, t17 = 4.13).

Effects of 80% rMT iTBS Over the Left DLPFC. In the
80% rMT iTBS-DLPFC condition (Table 1), significantly
increased BOLD activation was observed locally under the
TMS coil in the targeted region, with a focal cluster of BOLD
activity localized at the stimulated left DLPFC (left superior
frontal gyrus, t17= 5.85) (Figure 2B). The BOLD activation also
spread to the bilateral M1 (left precentral gyrus, t17 = 4.59; right
precentral gyrus, t17 = 4.35) and ACC (left ACC, t17 = 4.84; right
ACC, t17 = 4.06). Subcortically, BOLD activation was found in
the anterior insula (left anterior insula, t17 = 4.66; right anterior
insula, t17 = 4.72). Furthermore, significant BOLD activity peaks
were also observed in the bilateral auditory cortex (left superior
temporal gyrus, t17 = 6.64; right superior temporal gyrus, t17 =
3.85).

Effects of 80% rMT iTBS Over the Left M1. The 80%
rMT iTBS-M1 (Table 1) elicited significant BOLD activity in the
bilateral M1 (left precentral gyrus, t17 = 5.83; right precentral
gyrus, t17 = 5.7) (Figure 2C), right DLPFC (right middle frontal
gyrus, t17 = 6.22), right auditory cortex (right superior temporal
gyrus, t17 = 8), and bilateral primary somatosensory cortex (left
postcentral gyrus, t17 = 7.3; right postcentral gyrus, t17= 5.83).
In the subcortex, BOLD activations were found in the bilateral
putamen (right putamen, t17 = 5.89; left putamen, t17 = 4.76)
and left caudate (t17 = 4.45).
ugust 2025; 10:804–813 www.sobp.org/BPCNNI
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Table 1. Peak BOLD Activation in Interleaved iTBS-fMRI

Condition Area Peak MNI Coordinates, mma Cluster Size t Valueb z

40% rMT Left DLPFC Right superior frontal gyrus 22, 50, 28 354 5.23 3.98

Right anterior cingulate gyrus 12, 36, 16 127 4.13 3.86

Left superior temporal gyrus 258, 212, 14 81 6.68 4.62

Right superior temporal gyrus 68, 226, 14 72 5.79 4.91

80% rMT Left DLPFC Left superior frontal gyrus 222, 60, 24 388 5.85 4.27

Left precentral gyrus 260, 10, 28 57 4.59 3.65

Right precentral gyrus 60, 8, 12 191 4.35 4.75

Left anterior cingulate gyrus 22, 30, 16 91 4.84 4.78

Right anterior cingulate gyrus 4, 32, 16 41 4.06 4.21

Left anterior insula 232, 16, 24 45 4.66 3.69

Right anterior insula 30, 18, 6 60 4.72 3.72

Left superior temporal gyrus 264, 218, 8 49 6.64 4.83

Right superior temporal gyrus 68, 218, 8 40 3.85 4.44

80% rMT Left M1 Right middle frontal gyrus 26, 42, 26 203 6.22 4.43

Left precentral gyrus 232, 28, 52 130 5.83 4.26

Right precentral gyrus 50, 2, 50 164 5.7 4.21

Right superior temporal gyrus 62, 232, 20 75 8 5.59

Left postcentral gyrus 262, 218, 26 81 7.3 4.85

Right postcentral gyrus 62, 216, 42 71 5.83 4.26

Left putamen region 224, 10, 2 44 4.76 3.74

Right putamen region 26, 14, 2 73 5.89 4.29

Left caudate region 210, 4, 14 32 4.45 3.58

The 3 conditions were cluster corrected and thresholded at FWE p , .05.
BOLD, blood oxygen level–dependent; DLPFC, dorsolateral prefrontal cortex; fMRI, functional magnetic resonance imaging; FWE, familywise error; iTBS, intermittent

theta burst stimulation; M1, primary motor cortex; MNI, Montreal Neurological Institute; rMT, resting motor threshold.
aReported as x, y, z.
bdf = 17.
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Correlation of Mean E-Field Magnitude With fMRI in
M1 and DLPFC iTBS

This correlation analysis aimed to estimate the relationship
between E-field magnitude and fMRI beta values under 3
conditions (Figure 3). No correlation was observed in the 80%
rMT or 40% rMT DLPFC condition, with correlation coefficients
of r = 0.30 (p = .24) and r = 20.14 (p = .6), respectively.
Strikingly, in the M1 condition, a strong positive correlation
emerged with an r = 0.65 (p = .008). This suggests that the E-
field magnitude was a good indicator of the BOLD response in
M1, but no such relationship was observed in the DLPFC.

Individual Variability in Response to Low and High
iTBS Intensity Over Bilateral DLPFC

To characterize the iTBS intensity response over the DLPFC in
both the stimulated and remote DLPFC regions, and to investi-
gate individual variability due to iTBS, we examined the HRF
beta values in each interleaved iTBS-fMRI scan. Remarkably,
high-intensity 80% rMT iTBS exhibited a significantly higher
beta value in the left DLPFC than low-intensity 40% rMT iTBS
(t17 = 2.44, p = .03). Additionally, in the 80% rMT DLPFC con-
dition, the beta value in the left DLPFC was significantly higher
than in the right DLPFC (t17 = 2.57, p = .02) (Figure 4B). At the
same time, individual variability was apparent (Figure 4C), as
some subjects did not demonstrate a strong difference in beta
values between high-intensity and low-intensity iTBS. The
remote effect of iTBS in the right DLPFC region exhibited
considerable individual variability, with no clear evidence that
Biological Psychiatry: Cognitive Neuroscience and Neu
higher intensity leads to a higher beta response in the remote
DLPFC region.

DISCUSSION

This interleaved TMS-fMRI study investigated the effects of a
full 600-stimuli iTBS protocol at 80% rMT intensity over the left
DLPFC in healthy individuals. The iTBS form corresponds to
the original iTBS protocol by Huang et al. (5), with the only
difference that 80% rMT instead of 80% active MT intensity
was applied. In the current study, iTBS of the left DLPFC at
80% rMT was compared intraindividually with 40% rMT in-
tensity iTBS to show dose dependency and with 80% rMT M1
iTBS to demonstrate target specificity. We found that 80% rMT
DLPFC iTBS led to a BOLD activation within the left DLPFC,
with activation extending to a network including the M1 and
other connected regions but not the contralateral DLPFC. In
contrast, 40% rMT DLPFC iTBS did not show BOLD activation
of the underlying cortex but did activate the contralateral
prefrontal cortex. M1 iTBS was associated with bilateral BOLD
activation in the M1 and extended networks but not in the left
DLPFC. Interestingly, BOLD activation of the M1 was corre-
lated with individual E-field strength, whereas this correlation
was not observed for the left DLPFC target.

Main Effects of 80% rMT iTBS of the Left DLPFC:
Left DLPFC TMS Affects the Left DLPFC

The 80% rMT iTBS left DLPFC condition (Figure 2B) showed
BOLD activation of the cortical region at the target site. This
roimaging August 2025; 10:804–813 www.sobp.org/BPCNNI 807
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Figure 2. (A) Immediate blood oxygen level–dependent (BOLD) changes during 40% resting motor threshold (rMT) left dorsolateral prefrontal cortex (DLPFC)
interleaved intermittent theta burst stimulation–functional magnetic resonance imaging (iTBS-fMRI) in healthy subjects. The peak activation in the prefrontal region
was found at the right superior frontal gyrus, with t17 = 5.23. (B) Immediate BOLD changes during 80% rMT left DLPFC interleaved iTBS-fMRI in healthy subjects.
The peak activation in the prefrontal region was found at the left superior frontal gyrus, with t17 = 5.85. (C) Immediate BOLD changes during 80% rMT left primary
motor cortex (M1) interleaved iTBS-fMRI in healthy subjects. The peak BOLD activation was found at the right superior temporal gyrus, with t17 = 8. FWE,
familywise error.

Dose-Dependent Target Engagement of iTBS
Biological
Psychiatry:
CNNI
finding aligns with previous concurrent TMS-fMRI studies
targeting the DLPFC with various rTMS protocols (31,32). Of
note, our data also confirm that TMS not only modulates local
neural activity, but also affects distant brain regions, as shown
in many prior studies (31,32,36,44,45). We observed increased
BOLD signals also in the M1, ACC, anterior insula, and auditory
regions. Notably, activation in the ACC and anterior insula is
indicative of salience network activity, consistent with Hawco
et al. (36), who found that targeting the DLPFC with rTMS
activates salience nodes, potentially leading to improved
treatment outcomes (46). Importantly, while previous studies
observed effects through functional connectivity analysis, our
study detected effects using a block-design analysis.
Comparison With Low-Intensity and M1 Control
Conditions: Target and Dose Specificity

Due to the technical and methodological limitations of iTBS
sham conditions (47,48), rather than including a suboptimal
Beta
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Figure 3. Correlation analysis of electric field magnitude (Magn E) and function
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correlation, with r = 20.14 (p = .6), and neither did the 80% rMT DLPFC condition
was observed, with r = 0.65 (p = .008). **p , .01.
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sham control condition, our study used 2 well-established
active control conditions: 1) low-intensity iTBS at 40% rMT
and 2) a second target site, i.e., the M1 region, a target
investigated in the majority of previous interleaved TMS-fMRI
studies (23,24,26–28,39,49–53).

Applying 40% rMT iTBS to the left DLPFC, we observed
fewer voxels showing BOLD activation throughout the brain
(Figure 2A). Notably, no significant neural activation was
observed at the primary target region, but significant BOLD
activation was observed in the contralateral DLPFC. This
observation may suggest a potential compensatory mecha-
nism, a phenomenon consistent with findings observed when
TMS was applied to other targets and only affected distal sites
(51,54). BOLD activation of ACC and auditory regions was
weaker than that observed with 80% rMT stimulation, which
could be explained by reduced levels of noise and pain during
iTBS at 40% intensity. This aligns with our subjects’ pain rat-
ings during interleaved iTBS-fMRI (Figure S1); 80% rMT iTBS-
DLPFC induced significantly greater pain compared with the
 value
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al magnetic resonance imaging beta values in 40% resting motor threshold
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, with r = 0.3 (p = .24), while in the M1 condition, a strong positive correlation
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Figure 4. (A) For 80% resting motor threshold (rMT) stimulation intensity, there was a stronger activation in the left (L) dorsolateral prefrontal cortex (DLPFC)
and a slightly stronger activation in auditory regions compared to 40% rMT stimulation intensity. (B) Average hemodynamic response function (HRF) beta
values in the left and right (R) DLPFC regions of interest, demonstrating significant differences between low and high stimulation intensities in the left DLPFC.
(C) Individual variability of HRF beta values for 40% and 80% rMT stimulation intensity over the left and right DLPFC regions of interest, respectively. The green
lines indicate individuals who showed a stronger activation with 80% rMT intensity, while the red lines indicate individuals who showed a stronger activation
with 40% rMT intensity. FWE, familywise error.
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other two conditions. Recent findings in a sham condition by
Tik et al. (31) showed intensity-dependent effects on somato-
sensory and auditory cortex regions but no effects on the ACC.
Overall, our findings support the hypotheses that decreasing
the strength of stimulation results in changes in remote areas
as well (36,55,56). While demonstrating dose-dependent ef-
fects of iTBS, there is no established lower threshold for
neurophysiological effects of iTBS. Thus, iTBS protocols with
intensities below 80% rMT may depolarize subpopulations of
interneurons and modulate cortex excitability (9).

As a second control condition, we included 80% rMT iTBS-
M1 to identify regions that are activated by iTBS of the left
DLPFC but not activated by 80% rMT iTBS of M1. As ex-
pected, we observed activation in the bilateral M1 and so-
matosensory cortex regions during iTBS-M1, consistent with
previous research (57,58). However, we observed that the
iTBS-M1 neural activity extended widely to the right DLPFC,
contradicting a prior study that suggested that the effects of
iTBS-M1 do not spread rostrally to the PFC (37). Nonetheless,
our results align with previous findings indicating that M1 TMS
Biological Psychiatry: Cognitive Neuroscience and Neu
can indeed propagate through anatomical projections to affect
more distant regions such as the putamen (37,44,57).
Dose-Dependent Target Engagement and
Interindividual Variability of E-Field With fMRI

To compare the interindividual dose-response relationship
between M1 and DLPFC iTBS, MR-based E-field modeling
was applied for both target sites and tested for a correlation
with the fMRI beta value during iTBS. Only for the M1 was a
significant positive correlation between fMRI BOLD activation
and E-field magnitude found across subjects, while we did not
observe such a correlation in the DLPFC conditions at either
intensity. This finding was even more surprising because iTBS
intensities are already personalized to the individual rMT. The
most likely explanation for the difference between the M1 and
left DLPFC targets in this respect is that the M1 target is
functionally established (i.e., as a hotspot with the largest MEP
amplitudes for the contralateral abductor pollicis brevis mus-
cle), whereas the TMS coil position over the left DLPFC
roimaging August 2025; 10:804–813 www.sobp.org/BPCNNI 809
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followed anatomical landmarks (i.e., predefined MNI target).
Thus, both factors, i.e., more variable positioning in relation to
individual cortical structures and higher variability of functional
connectivity in prefrontal as compared with motor networks
(59), may contribute to the larger variation of BOLD activation
in relation to E-field intensities for the 80% rMT iTBS-DLPFC
condition. To reduce this variance in DLPFC targeting pro-
cedures, it is crucial to identify common biomarkers for rTMS
therapeutic protocols and optimize personalized DLPFC tar-
geting for clinical treatment. Several studies have shown that
using fMRI to localize the DLPFC target region based on its
anticorrelation with the subgenual ACC may represent an
individualized target site for rTMS, resulting in improved psy-
chiatric treatment outcomes (60–62). In addition, previous
research has highlighted the variation in brain area depths (63),
which our data also indicate with differences in coil-to-cortex
distance between the DLPFC and M1 (see Figure S7). This
underscores the importance of employing E-field modeling to
adjust the TMS intensity across different brain regions, thereby
ensuring stimulation of brain areas with equivalent effective
strength as estimated for the M1 (38,64,65).

Furthermore, our findings suggest a dose-response rela-
tionship in the left DLPFC between 40% rMT and 80% rMT
iTBS, in which higher stimulation intensity correlates with
higher beta values. However, this pattern was not found for
distant effects in the right DLPFC. In addition, we observed
interindividual variability for the left DLPFC effect, with acti-
vation patterns differing among subjects at both 80% rMT and
40% rMT TMS intensities. For instance, not all subjects
demonstrated consistently higher beta values with increased
TMS intensity (Figure 4C). Such variability may offer insights
into the varied responses to prefrontal TMS, but the current
sample was too small for further analyzing this variability to
reach meaningful conclusions.
Current and Previous Findings With Interleaved
TMS-fMRI

In the study, 3 conditions featuring different stimulation loca-
tions and intensities showed widespread BOLD activation
across multiple brain regions. This concurs with previous
interleaved TMS-fMRI studies, with single pulses of TMS over
the DLPFC leading to changes in BOLD signal across multiple
brain areas, including the stimulated target and its contralateral
region, subcortical regions, and auditory cortex (66,67).
Furthermore, previous interleaved TMS-fMRI studies have also
demonstrated a dose-response relationship between stimula-
tion intensity and BOLD signals for M1 and DLPFC targets
(26,32,44,51), aligning with our findings.

In addition, we assessed the feasibility of an ICA denoising
strategy and compared it with our previous study without ICA
denoising (35). Our observations revealed that 80% rMT iTBS-
DLPFC had less extensive BOLD activation in stimulated and
remote regions after implementing ICA denoising. ICA
denoising has also been recommended as an essential step in
concurrent TMS-fMRI (37). Various potential MRI artifacts can
arise during data acquisition due to interactions with concur-
rent TMS. These artifacts may be attributed to factors such as
magnetic susceptibility, vibration, thermal drift, leakage current
originating from the TMS coil, coupling effects between the
810 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging A
TMS device and the MRI hardware, and the echo-planar im-
aging sequence (27,28,68). These effects can be apparent as a
reduced signal-to-noise ratio under the TMS coil. In some
cases, image artifacts can occur, affecting data quality for
durations ranging from milliseconds to minutes, and in extreme
cases, even permanently (37). Here, we highlight a significant
concern within the concurrent TMS-fMRI field that the potential
data analysis method may induce a high type II error (false
negatives), primarily attributable to factors such as motion
artifacts or interaction between TMS and fMRI acquisition.

Limitations

We are aware that the current study has limitations: First, our
findings may not be generalizable to other iTBS protocols, e.g.,
the Food and Drug Administration–cleared protocol for major
depressive disorder, in which 120% rMT intensity (16) or longer
iTBS sessions with 1800 stimuli were used. Second, the
sample is small, and the study has limited power for con-
ducting further secondary analyses. Thus, we may regard
many of our findings as preliminary and hypothesis-generating.
Third, it would be extremely challenging to disentangle direct
neural activation by iTBS versus activation by sensory stimu-
lation (e.g., noise from TMS and MRI or somatosensory arti-
facts and pain), novelty experience, or expectation, which
might result, e.g., in large-scale activation observed in the
ACC, putamen, and insula. Fourth, other potential sources of
interindividual variability in our results may arise from biological
differences between our healthy participants, such as gender,
age, and brain state and structure, and furthermore, technical
variability during the TMS-fMRI setup, e.g., TMS targeting,
coil-to-cortex distance, and artificial induction between TMS
and MRI. Additionally, heterogeneity in brain anatomy might be
relevant as well, as indicated by interindividual differences in
the coil-to-cortex distance (see Figure S7). At the analysis
level, the inclusion of ICA denoising may introduce bias in
removing ICs, potentially leading to variability in the sources
detected. However, we still emphasize the importance of
establishing an appropriate fMRI data preprocessing and
analysis pipeline for future concurrent TMS-fMRI studies. Our
study underscores the distinctive challenges presented by
concurrent TMS-fMRI, e.g., the use of low-channel birdcage or
thin-film surface coils during concurrent TMS-fMRI imaging
sessions can lead to inferior MR image quality and incomplete
coverage of the brain. Moreover, the interaction between TMS
pulses and the MRI coil, particularly the high magnetic field
and current leakage from TMS coil, can cause image distortion
in milliseconds to seconds. This requires thorough attention to
configuring concurrent TMS-fMRI sequences and during both
pre- and postprocessing stages of data analysis.

Future Directions and Perspectives

The common challenges encountered in concurrent TMS-fMRI
studies, including target engagement, complex setups, tech-
nical constraints, and the absence of an optimal sham condi-
tion, are also applicable to our study, as highlighted previously
(28,35). At all levels, there is space for refining current inter-
leaved TMS-fMRI methodology. The findings of the current
study may therefore guide future development of experimental
TMS-fMRI setups to investigate clinical iTBS protocols in
ugust 2025; 10:804–813 www.sobp.org/BPCNNI
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transdiagnostic samples and healthy subjects, with the over-
arching goal to better understand effects and mechanisms of
therapeutic iTBS in relation to the individual brain connectivity
and function. Concurrent TMS-fMRI represents a promising
research area, as it holds the potential to identify biomarkers
for therapeutic rTMS protocols and to leverage personalized
treatment approaches.

Conclusions

This interleaved TMS-fMRI study revealed acute BOLD acti-
vation in DLPFC and M1 regions during a 600-stimuli iTBS
session in healthy subjects, which was target and dose spe-
cific. Compared with iTBS over the M1, in which BOLD acti-
vation and iTBS E-field intensity were correlated, high
interindividual variability was observed in this respect for iTBS
of the left DLPFC. In addition, large-scale BOLD effects were
found across all iTBS conditions, which not only may be due to
nonspecific activation within the complex experimental setup,
but also may be partially due to remote effects of the iTBS
protocol. However, the differential impact of these factors
cannot be further disentangled with the current study design.
Our findings provide guidance for future studies to develop the
TMS-fMRI approach toward a paradigm that enables mecha-
nistic research on therapeutic rTMS protocols and a deeper
understanding of the rTMS-brain interplay.
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