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1. Candidate’s contribution to the publications

1.1 Paper | — Neural response during prefrontal theta burst
stimulation: Interleaved TMS-fMRI of full iTBS protocols

This publication represents a significant milestone for our research group as it showcases our
first concurrent TMS-fMRI study (MRstim). The candidate led the initial technical setup and the
progressive establishment of concurrent TMS-fMRI for this study, which involved configuring MR-
compatible neuronavigation and EMG systems. In collaboration with MT from the University of
Vienna, the candidate established the first interleaved iTBS-fMRI sequence at the Department of
Psychiatry, University Hospital LMU. Furthermore, the candidate collaborated with YM-T to de-
sign the study and collect the pioneering MRstim data using interleaved iTBS-fMRI.

Subsequently, the candidate undertook the preprocessing and analysis of fMRI data, utilizing
MT'’s established automated pipelines for concurrent TMS-fMRI analysis. Additionally, the candi-
date independently structured the dataset according to the Brain Imaging Data Structure (BIDS)
standard, conducted comprehensive MRI quality control, assessed motion and tSNR, and per-
formed visual inspections through various software packages such as SPM, FSL, and MRIQC.
Moreover, the candidate also performed E-field simulation analyses using SIMNIBS 4.0, compar-

ing the results with fMRI findings for the final publication.

While preparing the first publication, the candidate regularly discussed the conception and find-
ings of fMRI analysis with MT, FP, LB, and DK. The candidate then drafted the manuscript, cre-
ated all tables and figures, and incorporated revisions from co-authors. Additionally, the candidate

led the submission process and ensured the manuscript complied with all relevant guidelines.

Authorship was shared among the candidate, MT, FP, and DK, acknowledging their significant
contributions and intellectual input. The candidate also presented the results of this study at var-
ious international and national conferences, sharing and communicating the findings within the

scientific community.

1.2 Paper Il - Dose-dependent target engagement of a clinical
iTBS protocol: An interleaved TMS-fMRI study in healthy
subjects

This study expands upon the MRstim dataset by analyzing additional experimental conditions.
The candidate developed a novel analysis pipeline by incorporating ICA denoising into the fMRI

preprocessing, building upon MT's established TMS-fMRI preprocessing pipelines.
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In addition to analyzing each interleaved iTBS-fMRI condition and investigating activation in sev-
eral ROls, the candidate also performed correlation analyses between simulated E-field magni-
tudes and fMRI HRF beta values. This investigation aimed to determine whether E-field magni-

tude could be a reliable indicator of the BOLD response during TMS.

Throughout the preparation of this second publication, the candidate regularly discussed the con-
ception, interpretation, and analysis of fMRI results with FP, LB, and DK. Subsequently, the can-
didate independently drafted the manuscript, created all tables and figures with TH, and incorpo-
rated co-author revisions. Furthermore, the candidate handled the submission process, ensuring
compliance with all relevant guidelines. All authors contributed to revising the manuscript, provid-
ing essential intellectual content, and approving the final version. Finally, the candidate presented
study results at various international and national conferences, fostering communication within

the scientific community.

1.3 Paper lll (Appendix) — Concurrent TMS-fMRI: Technical
Challenges, Developments, and Overview of Previous
Studies

This systematic review offers insights into the methodologies in concurrent TMS-fMRI studies,
focusing on the techniques summarized in the first and second MRstim papers. The candidate,
AS and YM-T contributed significantly by collecting a complete list of previous concurrent TMS-
fMRI studies and categorizing each publication for further discussion and writing.

Moreover, the candidate was pivotal in establishing the first concurrent TMS-fMRI setup at the
Department of Psychiatry, University Hospital LMU. Although the significant efforts for this publi-
cation were led by YM-T, the candidate's contributions were critical to successfully implementing

the study's methodology and subsequent writing.
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2. Introductory summary

21 Background

2.1.1 Transcranial Magnetic Stimulation (TMS)

Transcranial magnetic stimulation (TMS) stands out as one of the most promising non-invasive
brain stimulation techniques, offering safe and well-tolerated treatment options for psychiatric dis-
orders, particularly major depressive disorder (MDD) (O’Reardon et al., 2007). The earliest doc-
umentation of electrical stimulation in medical practice dates back to 46 AD when a physician
observed the potential pain-relieving effects of electric eels on gout (Tsoucalas et al., 2014). In
the 18th century, an Italian scientist observed that a frog's leg twitched when applied to electric
stimulation (Cajavilca et al., 2009). Later, Michael Faraday discovered electromagnetic induction,
the phenomenon wherein an electric current can be induced in a circuit by changing the magnetic
field (Vidal-Dourado et al., 2014). Based on these findings, an English physicist, Anthony Barker,
introduced the first modern TMS application in 1985. This breakthrough technology could gener-
ate a sufficiently powerful magnetic field to stimulate the human cortex in a contactless and non-
invasive manner, thereby inducing contractions in hand muscles through motor cortex stimulation
(Barker et al., 1985). Since the end of the 20th century, significant growth has been made in
utilizing TMS applications. This expansion results from the increasing number of laboratories us-
ing TMS for neuroscientific or therapeutic purposes, aiming to identify optimal paradigms for clin-
ical applications and the potential neural circuit why TMS could improve neuropsychiatry symp-
toms. Today, standardized application guidelines regarding stimulation parameters, localization
of stimulation targets, and subject/patient inclusion and exclusion criteria have been set to ensure

the safe use of TMS in both clinical practice and research (Rossi et al., 2009).

There are various significant parameters for TMS, and one of them is the motor threshold (MT),
defined as the minimal intensity needed to provoke a response in the hand muscle during stimu-
lation of the primary motor cortex (M1). This measurement assumes that excitability in the non-
motor target cortex, such as the dorsolateral prefrontal cortex (DLPFC), is similar to that meas-
ured in M1 (Westin et al., 2014); however, there is still insufficient evidence to support this as-
sumption. Nevertheless, MT determination has become the standard method for determining
TMS dosage due to its reproducibility and ease of measurement in M1 (Westin et al., 2014). MT
can be defined through visual observations or electromyograph (EMG) recording. The former
method is popular in clinical settings as it is simpler to measure. It involves determining the mini-
mum TMS intensity at which more than 5 out of 10 stimuli result in observable hand movement
(Pridmore et al., 1998). In the EMG method, electrodes are commonly attached over the abductor
pollicis brevis (APB) or first dorsal interosseous (FDI) muscle during relaxation, with motor-evoked
potentials (MEPs) defined as responses with amplitudes greater than 50 pV and at least 5 out of
10 MEPs surpassing the threshold (Rossini et al., 1994; Boroojerdi et al., 2001; Rossi et al., 2009).
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Depending on the research interests, this MT intensity is applied over the DLPFC or other regions,

with adjustments normally ranging from 80% to 120% of MT.

Another crucial parameter, the frequency of TMS protocols, is also widely discussed in research
and clinical applications. It includes single and paired-pulse TMS, as well as various types of
repetitive TMS (rTMS). For instance, the MT measurement mentioned earlier is based on single-
pulse TMS, commonly used to investigate brain functioning in time and space (Robertson et al.,
2003; Lee et al., 2006; Hoogendam et al., 2010; Klomjai et al., 2015). Conversely, rTMS is be-
lieved to induce long-lasting after-effects on brain activity. It is supported by the concept that it
can induce plasticity, such as long-term potentiation (LTP) and long-term depression (LTD), with
different rTMS protocols (Hoogendam et al., 2010; Klomjai et al., 2015). Consequently, TMS has

emerged as an ideal therapy for certain neurological and psychiatric disorders.

2.1.2 rTMS for the treatment of depression

High-frequency 10 Hz rTMS and intermittent theta burst stimulation (iTBS) protocols have been
categorized as effective treatments for MDD (Brunoni et al., 2017; Blumberger et al., 2018). ITBS
offers the advantage of shorter treatment duration, with a session lasting only 3 minutes and 20
seconds (Huang et al., 2005; Suppa et al., 2016). Our study focuses on the standard clinical iTBS
protocol (Figure 1A) with 600 pulses cleared by the FDA for depressive treatment. This protocol
involves high-frequency stimulation with 3 pulses at 50 Hz, constituting a theta burst. Each theta
burst is repeated with an inter-stimulus interval of 200 ms and delivered for 2 seconds (10 theta
bursts with 30 stimuli each), followed by an 8-second pause and repeated 20 times (Huang et al.,
2005; Klomjai et al., 2015; Blumberger et al., 2018). On the other hand, 10 Hz rTMS has various
protocol paradigms, but the most conventional FDA-approved parameters involve a 4-second
stimulus at 10 Hz frequency (Figure 1B), followed by a 26-second pause, repeated 75 times. Each
session involves 3000 pulses, with a total duration of 37.5 minutes (O’'Reardon et al., 2007;
George et al., 2010).

(A) iTBS 50 Hz
| | | | | 600 pulses/ session
500 ms Total 3 min 20 sec
(LA ER (AL Em R LAAAMANAND |
: 2 sec " 8 sec " 2 sec " 8 sec " 2 sec !
(B) 10 Hz rTMS 3000 pulses/ session
Total 37 min 30 sec
4 sec " 26 sec " 4 sec g

Figure 1. (A) The iTBS protocol consists of high-frequency stimulation with 3 pulses at 50 Hz,

forming a theta burst. Each theta burst is repeated every 200 ms and delivered for 2 seconds (30
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stimuli), followed by an 8-second pause, and repeated 20 times. Each session includes 600
pulses, with a total duration of 3 minutes and 20 seconds. (B) The FDA-approved 10 Hz rTMS
protocol involves 4 seconds of stimulation at 10 Hz, followed by a 26-second pause, repeated 75

times. Each session delivers 3000 pulses, lasting 37 minutes 30 seconds.

Most rTMS treatments for depression have focused on targeting the left DLPFC for treating MDD,
as it has been demonstrated to be an effective target for eliciting antidepressant therapeutic ef-
fects (George et al., 2010; Fox et al., 2012; Blumberger et al., 2018). Initially, clinical trial studies
demonstrated that the 10 Hz rTMS protocol significantly improves symptoms in patients with med-
ication-resistant depression (George et al., 1995; O'Reardon et al., 2007; Padberg & George,
2009). Subsequently, several pilot studies have evaluated the iTBS protocol in MDD and have
noted it as a safe and well-tolerated treatment with antidepressant properties (Holzer & Padberg,
2010; Di Lazzaro et al., 2011; Chistyakov et al., 2015). In 2018, Blumberger and colleagues per-
formed a large randomized, multicenter, non-inferiority clinical trial aimed at demonstrating the
clinical effectiveness, tolerability, and safety of iTBS compared to the conventional FDA-approved
10 Hz rTMS protocol in adults with medication-resistant depression. Their findings provide evi-
dence that iTBS was non-inferior to 10 Hz rTMS in terms of depressive treatment efficacy, with
similar numbers of dropouts and side-effects observed in both groups. Moreover, implementing
the shorter iTBS protocol increased efficiency without compromising clinical effectiveness, allow-

ing more patients to be treated daily with current TMS devices (Blumberger et al., 2018).

To enhance TMS treatment efficacy, scientists have sought an optimal neuroimaging biomarker
based on resting-state functional connectivity within and between networks to refine TMS target-
ing. Numerous studies have indicated that symptom reduction of rTMS may be associated with
the individual functional connectivity between the prefrontal cortex regions and subgenual anterior
cingulate cortex (sgACC) (Baeken et al., 2014, 2017; Liston et al., 2014; Salomons et al., 2014;
Tik et al., 2017; Vink et al., 2018; Weigand et al., 2018; Ge et al., 2020; Tura & Goya-Maldonado,
2023). Building upon these findings, a recent accelerated iTBS protocol, Stanford Accelerated
Intelligent Neuromodulation Therapy (SAINT), has been developed. SAINT is based on high-dose
iTBS and defines individual left DLPFC targeting as selected based on its anticorrelation in func-
tional connectivity with the sgACC region. They delivered a full 5-day course of 90% rMT iTBS,
with 10 sessions per day, each consisting of 1800 pulses (3 times of standard iTBS protocol) for a
total of 18000 pulses daily, with an inter-session interval of 50 minutes. With this high dose iTBS
protocol and DLPFC-sgACC functional connectivity targeting, the SAINT protocol had a remission
rate of approximately 90% after 5 days of treatment. Importantly, this protocol was also found to

be more effective than the sham stimulation condition (Cole et al., 2020, 2022).

Previous studies have demonstrated the effectiveness of rTMS as a treatment for MDD, but the
neural activity mechanisms underlying its therapeutic action remain unclear. The following section
will introduce the combination of TMS with neuroimaging, specifically MRI, to investigate brain

activity during TMS.



13

2.1.3 Concurrent TMS-fMRI

Concurrent or interleaved TMS-fMRI (Figure 2) is a promising method for studying the immediate
effects of TMS on brain activation and connectivity. The first concurrent TMS-fMRI study, which
demonstrated the feasibility of combining TMS and fMRI inside an MR scanner, dates back to
1998. In this study, Bohning and colleagues detected significant blood-oxygen-level-dependent
(BOLD) fMRI changes under the TMS coil during M1 stimulation, compared to rest (Bohning et
al., 1998). However, since then, the field of concurrent TMS-fMRI has experienced relatively slow
growth, with studies often using single TMS pulses, limited rTMS pulses, or low-frequencies (e.g.,
1 Hz) rTMS (Nahas et al., 2001; Li et al., 2004; Dowdle et al., 2018; Eshel et al., 2020; Bergmann
et al., 2021; Mizutani-Tiebel et al., 2022; Tik, Vasileiadi, et al., 2023; Tik, Woletz, et al., 2023).

Interleaved TMS-fMRI studies have shown that TMS pulses over the DLPFC can induce BOLD
signal changes not only in the targeted area but also in contralateral regions, subcortical struc-
tures, and the auditory cortex (Hanlon et al., 2013; Dowdle et al., 2018). Previous studies have
also established a dose-response relationship between stimulation intensity and BOLD signal
changes for both M1 and DLPFC targets (Bestmann et al., 2003, 2004; Navarro de Lara et al.,
2017; Tik, Vasileiadi, et al., 2023). They found that using suprathreshold TMS intensities generally
leads to higher BOLD activation patterns in the stimulated region and its connected networks
(Bohning et al., 1999; Nahas et al., 2001; Navarro de Lara et al., 2017; Tik, Vasileiadi, et al.,
2023). In addition, most studies have focused on healthy participants and primarily investigated
the M1 (Bergmann et al., 2021; Mizutani-Tiebel et al., 2022). Data from patient cohorts or targeting
the DLPFC to investigate the effects of TMS treatment are limited. However, these studies have
yet to explore the acute brain response to complete therapeutic rTMS protocols with concurrent
TMS-fMRI, presumably due to the restricted numbers of TMS pulses that the MR-compatible TMS
coil can deliver. It was not until Chang et al., 2024, that a complete therapeutic rTMS protocol,
such as iTBS, was established inside the MRI scanner and investigated across different targets

and dosages (Chang, Tik, Mizutani-Tiebel, Taylor, et al., 2024).

One of the primary reasons for this slow progress is the high methodological demands associated
with concurrent TMS-fMRI. Specifically, it requires specialized TMS equipment that can be safely
used inside the MR scanner and a specially designed multi-channel MR radio frequency (RF) coll
to enhance the signal-to-noise ratio (SNR) and provide flexibility in TMS positioning (Navarro de
Lara et al., 2015, 2017). Previous studies have frequently faced challenges associated with low
temporal SNR due to limitations in the number of channels of bird-cage MR receive coils, various
sources of artifacts during TMS-fMRI data acquisition, and a lack of standardized data analysis
methods for preprocessing concurrent TMS-fMRI data (Bergmann et al., 2021; Mizutani-Tiebel et
al., 2022; Riddle et al., 2022). Despite numerous difficulties in establishing concurrent TMS-fMRI
over the past two decades, the progressive maturing of TMS-fMRI technology has attracted many
scientists to implement it in clinical research and cognitive neuroscience. Concurrent TMS-fMRI
offers several advantages for investigating complex neural connectivity, such as capturing imme-

diate BOLD responses during TMS and assessing functional engagement through cortico-cortical



14

or cortico-subcortical pathways to remote brain areas (Bergmann et al., 2021). Furthermore, clin-
ical research can gain unique insights by investigating different TMS parameters with concurrent
TMS-fMRI, such as TMS targeting, coil orientation, stimulation frequency and intensities. This
approach can determine whether target selection or stimulation intensities effectively elicit neural
responses at local stimulation sites and remote networks, thereby enhancing the understanding
of therapeutic rTMS mechanisms.

(A) (B)

RRRRRRRRRR

TBS (50 Hz)
EPI slices

2 seconds 8 seconds

Figure 2. (A) Concurrent TMS-fMRI set-up with a MR-compatible TMS coil, two 7-channel RF
coils, and neuronavigation trackers. The MR-compatible TMS coil was mounted on the left RF
coil with a holder and vacuum cushion to stabilize two sides of coils. (B) The interleaved iTBS-
fMRI sequence consisted of a standard 600 stimuli. A train of iTBS comprised 50 Hz triplets re-
peated 10 times at 5 Hz over 2 seconds, followed by 8 seconds of rest. This train was repeated
20 times for 3 minutes and 20 seconds, with multiband EPI acquired continuously throughout the

stimulation paradigm.

2.2 Hypotheses
Targeting the DLPFC for TMS treatment of MDD has yielded promising outcomes. However, the

therapeutic application of TMS involves numerous parameters such as stimulation target, inten-
sity, frequency, and duration. The optimal parameters configuration tailored to each individual for
effective treatment still needs to be completed.

Therefore, our study focuses on investigating a specific rTMS protocol — iTBS, which has gained
widespread application as an accelerated rTMS protocol (Cole et al., 2020) and has demonstrated
efficacy in ameliorating MDD symptoms (Holzer & Padberg, 2010; Blumberger et al., 2018). Given
that this was the first investigation of the full 600 pulses iTBS protocol conducted inside an MRI
scanner, our goal was to examine the immediate effects of iTBS on cortical activity during stimu-
lation in healthy individuals and a long-term patient with bipolar depression, providing test-retest
reliability to assess its potential clinical applicability. In addition, we included three interleaved
iTBS-fMRI conditions: 80% rMT iTBS over the left DLPFC, serving as the standard therapeutic
protocol; 40% rMT iTBS over the left DLPFC as a low-intensity control; and 80% rMT iTBS over
left M1 as an active control at a different target region.
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In this project, our primary aim was to assess the feasibility of interleaved TMS-fMRI using full
600 pulses iTBS protocols. Secondly, we aimed to investigate whether varying the intensities and
targets of iTBS would induce different patterns of acute changes in neural activation within the
stimulated regions and interconnected distant target areas. Thirdly, we sought to explore individ-
ual variability in the bilateral DLPFCs in response to low and high iTBS intensities. Lastly, we
correlated simulated E-field magnitude with fMRI HRF beta values to assess its potential as an

indicator for predicting motor threshold measurement on M1 and transferring it to the DLPFC.

We hypothesized that iTBS would induce acute activation in both the stimulated regions and in-
terconnected distant target areas, with variations based on different intensities and stimulation
targets. However, due to various potential sources of inter-individual variability, including factors
such as gender, age, brain-state, and technical variability during the TMS-fMRI setup, we ex-
pected to experience some degree of variability in BOLD responses among individuals receiving
iTBS. Additionally, considering the structural and functional complexity disparities between M1
and DLPFC (Frith & Dolan, 1996; Anderson et al., 2013), it is conceivable that the correlation
between the E-field magnitude and fMRI might exhibit different patterns.

2.3 Conclusions

This Ph.D. project aims to demonstrate the feasibility of performing the standard clinical 600 stim-
uli iTBS with concurrent TMS-fMRI methodology and to understand its immediate neural effects.
We observed different neural response patterns in both healthy subjects and a patient undergoing
long-term iTBS treatment for bipolar depression. Specifically, in healthy subjects, increased
BOLD activation during iTBS was localized to the stimulated target left DLPFC and spread to
various connected regions. In the low-intensity 40% rMT DLPFC condition, less BOLD activation
was observed in both cortical and subcortical regions, suggesting that decreasing the strength of
TMS may influence not only the stimulation target but also remote areas. To delve deeper, we
further explored the target effects between M1 and DLPFC using E-field simulations and their
correlation with fMRI beta values during iTBS. As expected, only M1 showed a positive correlation
between simulation E-field magnitude and fMRI BOLD activation, while no such correlation was
observed in the DLPFC conditions, regardless of intensity. Although we noticed a positive trend
suggesting that higher stimulation intensity induces higher beta values in the left DLPFC region
of interest (ROI), there was significant inter-individual variability in DLPFC responses. Not all

healthy subjects demonstrated higher beta values with increased TMS intensity.

The patient with long-term bipolar depression showed considerable intra-individual variability
across the four interleaved iTBS-fMRI sessions. The brain regions responding to therapeutic iTBS
varied, but a consistent pattern of reduced neural activity during iTBS was observed in all sessions.
Several factors, including varying brain states, slight differences in TMS coil positioning, and med-
ication adjustments, likely contributed to these variations. Moreover, our patient differed from our
young, healthy control group in age, extensive TMS experience, and long-term pharmacological

treatments, which may have influenced neural activity during iTBS. Therefore, further research is
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needed to investigate the generalizability of these findings to broader healthy and clinical popu-

lations, which is crucial for future studies.

2.4 Perspectives

Our study demonstrated the feasibility of conducting a complete therapeutic iTBS protocol with
concurrent TMS-fMRI despite the typical technical challenges in this field. While there is room for
improvement in current methodologies, our findings offer valuable insights to guide the future

development of clinical rTMS protocols within the scanner.

We also highlighted various inter- and intra-individual variability sources that may influence out-
comes in concurrent TMS-fMRI research. Overall, we showed that this approach can enhance
understanding of the acute effects of iTBS treatment, revealing dose-dependent target engage-
ment. This methodology holds the potential for identifying neuroimaging biomarkers linked to iTBS

therapeutic protocols, laying the groundwork for more personalized treatment strategies.
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ARTICLE INFO ABSTRACT

Keywords: Background: Left prefrontal intermittent theta-burst stimulation (iTBS) has emerged as a safe and effective
Functional MRI (fMRI) transcranial magnetic stimulation (TMS) treatment protocol in depression. Though network effects after iTBS

Transcranial magnetic stimulation (TMS)
Concurrent TMS-fMRI

Interleaved iTBS-fMRI

Non-invasive brain stimulation
Neuromodulation

have been widely studied, the deeper mechanistic understanding of target engagement is still at its beginning.
Here, we investigate the feasibility of a novel integrated TMS-fMRI setup and accelerated echo planar imaging
protocol to directly observe the immediate effects of full iTBS treatment sessions.

Objective/hypothesis: In our effort to explore interleaved iTBS-fMRI feasibility, we hypothesize that TMS will
induce acute BOLD signal changes in both the stimulated area and interconnected neural regions.

Methods: Concurrent TMS-fMRI with full sessions of neuronavigated iTBS (i.e. 600 pulses) of the left dorsolateral
prefrontal cortex (DLPFC) was investigated in 18 healthy participants. In addition, we conducted four TMS-fMRI
sessions in a single patient on long-term maintenance iTBS for bipolar depression to test the transfer to clinical
cases.

Results: Concurrent TMS-fMRI was feasible for iTBS sequences with 600 pulses. During interleaved iTBS-fMRI, an
increase of the BOLD signal was observed in a network including bilateral DLPFC regions. In the clinical case, a
reduced BOLD response was found in the left DLPFC and the subgenual anterior cingulate cortex, with high
variability across individual sessions.

Conclusions: Full iTBS sessions as applied for the treatment of depressive disorders can be established in the
interleaved iTBS-fMRI paradigm. In the future, this experimental approach could be valuable in clinical samples,
for demonstrating target engagement by iTBS protocols and investigating their mechanisms of therapeutic action.

1. Introduction Intermittent theta-burst stimulation (iTBS) is a variant of rTMS and was
originally introduced for motor cortex stimulation based on its capacity

In the field of non-invasive brain stimulation (NIBS) techniques, re- for inducing long-term potentiation-like plasticity effects through a
petitive transcranial magnetic stimulation (rTMS) of the dorsolateral coupling between gamma (circa 50 Hz) and theta rhythms (circa 5 Hz).
prefrontal cortex (DLPFC) has been developed into an effective treat- More recently, iTBS has been applied over prefrontal cortex regions and
ment for depressive disorders (Brunoni et al., 2017; Kan et al., 2023). established as therapeutic intervention for people with depressive
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disorders (Grossheinrich et al., ; Huang et al., 2005; Suppa et al., 2016).
Besides its potential superiority in inducing plasticity effects (Hermiller
et al., 2020), iTBS has the clear advantage of shorter treatment duration,
i.e. 3 min and 20 s as compared to 37.5 min for the standard 10 Hz
protocol (Blumberger et al., 2018), and can easily be repeated in
accelerated iTBS protocols (Cole et al., 2020).

Previous rTMS studies have shown changes in functional MRI con-
nectivity within and between brain networks in MDD, and symptom
reduction has been associated with individual connectivity patterns, e.g.
with functional connectivity between subgenual anterior cingulate
cortex (sgACC) and prefrontal cortex regions (Salomons et al., 2014;
Liston et al., 2014; Baeken et al., 2014; Baeken et al., 2017; Tik et al.,
2017; Vink et al., 2018; Weigand et al., 2018; Ge et al., 2020; Tura and
Goya-Maldonado, 2023). However, disentangling mechanistic effects of
r'TMS protocols at the cortex level from non-specific network modula-
tion due to auditory and somatosensory artefacts as well as
intra-individual changes of brain states is challenging and demonstra-
tion of causality and target engagement difficult to achieve (Siebner
et al., 2022). To fill this knowledge gap, researchers have combined
magnetic resonance imaging (MRI) with TMS to investigate the imme-
diate blood-oxygen-level-dependent (BOLD) response caused by TMS, a
technique commonly known as combined or concurrent TMS-fMRI
(Bohning et al., 1998; Bergmann et al., 2021; Mizutani-Tiebel et al.,
2022). The first publication on combined TMS-fMRI was more than 20
years ago, but the field has shown relatively slow growth since (Bohning
etal., 1998; Bohning et al., 1999), which may have been due to technical
constraints. Early concurrent TMS-fMRI setups showed low
signal-to-noise-ratio (SNR) and TMS-induced artifacts during fMRI
acquisition (Bergmann et al., 2021; Mizutani-Tiebel et al., 2022; Riddle
et al., 2022). As a result, only a few prior studies have explored the ef-
fects of rTMS on the left DLPFC (Vink et al., 2018; Hanlon et al., 2013; Li
et al., 2004; Hawco et al., 2017; Oathes et al., 2021; Tik et al., 2023a,b;
Nahas et al., 2001). Importantly, previous concurrent TMS-fMRI studies
have investigated short rTMS sequences, but not full iTBS protocols (e.g.
600 pulses) as originally reported (Huang et al., 2005).

Given that iTBS protocols are used for clinical treatment of depres-
sive disorders and other psychiatric conditions (Kan et al., 2023), there
is a strong research interest in the acute effects of such protocols in
health and disease. Thus, the main focus of the current study was the
feasibility of interleaved iTBS-fMRI within an integrated TMS-fMRI
setup and accelerated echo planar imaging (EPI) protocol. Our hy-
pothesis was that iTBS leads to acute changes of BOLD signal in the iTBS
target area as well as in interconnected regions. In order to investigate
feasibility in a clinical context, we additionally applied our approach in
a patient with bipolar depression during long-term iTBS maintenance
treatment at four different time points.

2. Methods & materials
2.1. Samples

2.1.1. Healthy participants

We recruited 27 healthy right-handed adult participants who met the
usual MRI and TMS inclusion criteria (incl. no history of psychiatric or
neurological conditions). Six subjects dropped out after the baseline
session due to high resting motor thresholds (rMT), DLPFC stimulation
intolerance (after TMS test pulses), or incidental findings in the brain.
Additionally, 2 subjects dropped out during the interleaved TMS-fMRI
sessions due to either personal reasons and or the implantation of a
new medical device. Finally, 19 participants completed all four sessions
of the experiment (8 females, 11 males; ages 21-36 years, average age =
26.4 years, standard deviation = 3.2 years). All participants signed
written informed consent approved by the LMU ethical committee in
accordance with the Declaration of Helsinki.
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2.1.2. Patient with bipolar depression

We recruited a 59-year-old male patient who has been undergoing
long-term maintenance treatment at our department for recurrent major
depressive episodes in bipolar disorder. The patient was first admitted to
a psychiatric ward at the age of 24 (1986), and over the next 20 years, 5
further inpatient stays followed. He was finally diagnosed with bipolar
disorder with predominantly depressive episodes. In 2009, after most
available treatment options had failed, TMS treatment was offered to the
patient, within a series of the first clinical iTBS applications in patients
with depressive episodes (Holzer and Padberg, 2010). Following the
start of iTBS, in addition to the continuation of the patient’s medication
and regular outpatient visits, the severity of symptoms decreased and no
further inpatient treatment has been required since. However, minor to
medium, rarely severe, depressive and occasionally hypomanic symp-
toms have occurred over the years, so that the maintenance iTBS
treatment could not be phased out fully and was maintained at a varying
frequency of 1-3 times per week, adapted to patient condition. To date,
the patient has received almost 1500 rTMS sessions. He participated in 4
interleaved iTBS-fMRI treatment sessions, conceived as an initial
exploration into the topic of test-retest reliability in a single-subject. The
patient met the criteria for the TMS and MRI safety check and also
participated in a baseline session before undergoing the concurrent
TMS-fMRI. During the concurrent TMS-fMRI, the patient received 80%
rMT stimulation of the DLPFC.

2.2. Experimental setup

For this study, all participants were requested to complete at least
two experimental sessions. These sessions included a baseline assess-
ment and an interleaved iTBS-fMRI 80% rMT DLPFC session, with a
minimum of one week between each session. During the baseline ses-
sion, participants were required to provide written informed consent
and subsequently underwent structural and functional MRI scans for
neuronavigation, rMT measurement inside the MR scanner, and test
stimulation over the left DLPFC with 80% rMT intensity to assess their
ability to tolerate discomfort caused by TMS. The second session
involved a concurrent TMS-fMRI session. Photos illustrating an example
of our TMS-fMRI setup are available in Mizutani-Tiebel et al. (2022) and
Fig. 1C.

2.2.1. Magnetic resonance imaging

In the baseline session, we collected structural MRI and resting-state
functional MRI (rsfMRI) using a 3T Siemens PRISMA scanner (Siemens,
Erlangen, Germany) with a standard 64-channel head/neck coil. Struc-
tural images were acquired using a T1-weighted MPRAGE (Magnetiza-
tion-Prepared Rapid Acquisition with Gradient Echo) sequence (TR =
2300 ms; TE = 2.26 ms; TI = 900 ms; flip angle = 8°; voxel size 1 x 1 x 1
mm; 256 mm FOV; number of slices = 192; scan duration 5 min 21 s),
and a T2-weighted SPACE (Sampling Perfection with Application-
optimized Contrasts) sequence (TR = 5000 ms; TE = 383 ms; TI
=1800 ms; voxel size 1 x 1 x 1 mm; 256 mm FOV; number of slices =
176; scan duration 4 min 57 s).

2.2.2. Concurrent TMS-fMRI

For concurrent TMS-fMRI, an integrated system with two 7-channel
surface RF coils (Navarro de Lara et al., 2015) and an MR-compatible
TMS set-up (MagVenture A/S, Farum, Denmark). One RF coil was
mounted with the TMS coil, while the other was placed over the
contralateral hemisphere to ensure complete brain coverage. An
MP2RAGE sequence (TR = 4000 ms, TE = 2.98 ms, TI1/TI2 = 700/2500
ms, flip angle 1/flip angle 2 = 4° / 5°, 160 slices, 1 mm slice thickness),
was used to perform a structural scan in the concurrent TMS-fMRI ses-
sions (Marques et al., 2010).

Interleaved iTBS-fMRI was performed continuously for 3 min and 32
s (12 s dummy scan included), using a multiband EPI sequence with an
MB-factor of 4, TR = 2000 ms, TE = 30 ms, 40 slices, and voxel size of
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Fig. 1. (A)The experiment protocol on the baseline visit and concurrent TMS-fMRI session. (B)The interleaved iTBS-fMRI sequence. The standard clinical iTBS
consisted of 50 Hz triplets repeated 10 times at 5 Hz over 2 s, followed by 8 s of rest. The train was repeated 20 times. EPIs were acquired continuously throughout the
stimulation paradigm. (C)Concurrent TMS-fMRI set-up with two 7-channel surface RF coils positioned over the left and right anterior hemisphere. The MR-
compatible TMS coil was mounted on top of the left RF coil and positioned over the stimulation target (left DLPFC). The mask was exclusively worn during the

photo session.

3.3 x 3.3 x 3 mm. This protocol matches standard clinical iTBS pro-
tocols and consists of 50 Hz triplets repeated 10 times (at 5 Hz) within 2
s (Huang et al., 2005; Suppa et al., 2016), followed by 8 s inter train
interval.

2.2.3. Neuronavigation

T1-weighted images from the baseline session (see above) were used
for MR-compatible neuronavigation (Localite GmbH, Bonn, Germany)
with a Polaris Vega camera (NDI, Waterloo, Canada) to target the left
DLPFC. The left DLPFC target was determined using MNI (x,y,z) co-
ordinates of —38, 44, 26 with the coil rotated at a 45° angle to midline.
This targeting approach has been demonstrated to be clinically effective,
safe, and as well-tolerated in iTBS as standard 10 Hz rTMS treatment of
patients with treatment-resistant depression (Blumberger et al., 2018).
To replicate the typical clinical setting, the clinical case utilized an EEG
cap with 5 cm rules to locate the left DLPFC position (George et al.,
1995), and stimulation location was recorded with neuronavigation.

2.2.4. TMS

All TMS was performed inside the MRI scanner room using an MRi-
B91 MR-compatible TMS coil and MagProX100 stimulator (MagVenture
A/S, Farum, Denmark). Biphasic pulses were used with a duration of
approximately 290 ps. Maximum machine output is 180 A/ps (di/dt).

A 7-channel surface RF coil (Navarro de Lara et al., 2015) was
mounted to the TMS coil throughout our concurrent TMS-fMRI sessions
and motor threshold determination, which increased the distance be-
tween the TMS coil and skull, resulting in higher thresholds than usual.
For motor threshold determination, participants were positioned lying
down, and their hands relaxed on the MR scanner bed, using an
MR-compatible electromyography (EMG) recorder (Brain Product,
Gilching, Germany). EMG electrodes were attached over the right
abductor pollicis brevis (APB), and a ground electrode was placed over
the right ankle. Suprathreshold motor-evoked potentials (MEP) were
defined as responses with amplitudes greater than 50 uV within 15 and
35 ms after each TMS pulse. The TMS intensity was reduced in steps of
2% of the stimulator output until such MEP responses were absent in 5
out of 10 trials.
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2.2.5. MRI data preprocessing

Preprocessing was performed as described in Tik et al. (2023a) using
Matlab, SPM12, AFNI and ANTS transformation of EPIs into MNI space
(catl12) and spatial smoothing with a 6 mm FWHM Gaussian kernel
(SPM12).

2.2.6. Statistical analyses

Both single-subject and group-level analyses were performed using
SPM12. One subject was excluded due to showing excessive motion
(more than 3 mm). For single-subject (first-level) analysis linear
regression was performed on each voxel using generalized least squares
with a global approximate AR (Brunoni et al., 2017) autocorrelation
model and high-pass filter with a cutoff of 128 s. The regressors were
2-second blocks of theta burst volleys. The beta (§) map from first-level
(theta burst block) generalized linear model (GLM) analyses were used
for the group analysis in SPM12, performed with linear regression on
each voxel and one-sample t-tests. Resulting single-subject beta map
estimates of BOLD responses were used for group analyses. Linear
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regression was performed at each voxel, using generalized least squares
with a global repeated measures correlation model.

2.2.7. E-field simulation

We utilized SimNIBS 4.0 (https://simnibs.github.io/simnibs/bui
ld/html/index.html), a free software package designed for electric
field modeling in NIBS such as TMS. Prior to conducting the E-field
simulation, it was necessary to generate a volume conductor model of
each subject’s head. This was accomplished using “charm”, which uses
anatomical MRI images (T1-weighted & T2-weighted) acquired from the
baseline session. For the simulation of DLPFC TMS, we specified the
MRi-B91 TMS coil file and set the stimulation intensity to the di/dt value
recorded from the TMS stimulator during the iTBS protocol at 80% rMT
for each subject. The first TMS marker saved during neuronavigation
provided the location and orientation of the TMS coil.

The group-level analysis of peak electric field magnitude and focality
included a total of 16 subjects from the MRI data analysis, because two
subjects did not have TMS markers recorded during neuronavigation.

T value (p<0.05 FWE cluster-level)

Fig. 2. Acute BOLD changes during interleaved iTBS-fMRI in healthy subjects. A full iTBS protocol (i.e. 600 pulses) resulted in increased brain activation, bilaterally
in the DLPFC and auditory cortex regions as well as the right superior frontal gyrus.
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We visualized the group results by transforming the individual simula-
tion results from native space to MNI space in order to present the group
peak electric field (Saturnino et al., 2019).

3. Results
3.1. Healthy controls

Mean rMT was 83% (sd = 12%) of maximum stimulator output,
corresponding to the recorded dI/dt of 120 A/ps (sd = 19.1 A/ps). Note
that the effective stimulation intensity is lower in the TMS-fMRI set-up
compared to standard TMS settings because of several factors: (a) the
cable length, (b) the hardware for suppressing leakages, and (c) an
increased coil-to-brain distance due to the RF coil, where the TMS coil is
mounted on.

Subjects were asked to self-report their pain levels during and after
the TMS sessions (see Supplementary Fig. S1). This result suggests that
the interleaved iTBS-fMRI procedure was generally tolerable, as the
reported pain levels were tolerable, with a reasonable degree of vari-
ability among the participants.

3.1.1. Immediate BOLD changes during interleaved iTBS-fMRI in healthy
subjects

As shown in Fig. 2 and Table 1, iTBS resulted in increased brain
activation in the bilateral DLPFC (left DLPFC peak at —20, 68, 14 mm
MNI, t = 10.3; right DLPFC peak at 32, 42, 26 mm MNI, t = 7.74),
bilateral auditory cortex consistent with perception of the sound of TMS
(left temporal region peak at —56, —8, 8 mm MNI, t = 12.3; right tem-
poral region peak at 48, —12, 14 mm MNI, t = 12.3), and right superior
frontal gyrus (28, 62, 18 mm MNI, t = 6.87).

3.1.2. Group results of SimNIBS based e-field models

We compared the patterns of BOLD response to interleaved iTBS-
fMRI with the intensity and distribution of the iTBS induced electric
field (e-field) (Fig. 3). Although the e-field was distributed around the
primary target region, i.e. the left DLPFC, there was significant vari-
ability in positioning, attributable to variation in individual anatomy.
Note that this simulation only models the acute effect of TMS on tissue
and not any spreading across synapses to other brain areas.

3.2. Clinical case

3.2.1. Clinical information

During study participation, the patient continued his long-term
medication (i.e. 20 (mornings) / 0 (evenings) mg citalopram, 25 / 250
mg quetiapine IR, 0 / 200 mg quetiapine XR, 300 / 300 mg pregabalin,
and 100 / 200 mg lamotrigine daily, with additional 25 mg of quetiapine
and 0,25 mg lorazepam to be taken as needed, on average twice per
week). The interleaved iTBS-fMRI sessions were consistently conducted
in the early afternoon, ensuring a consistent time gap between MRI scans
and medication administration. Depression questionnaires (Hamilton
rating scale for depression, Montgomcry—ASbUg Depression Rating
Scale) are being collected as part of the standard care of the patient

Table 1
Peak BOLD activation results during interleaved iTBS-fMRI.

Peak activation during interleaved iTBS-fMRI

Area peak MNI (mm) cluster t- Z
size value

Left dorsolateral prefrontal -20 68 14 34,033 10.03 5.66
region

Left temporal region -56 -8 8 12.3 6.17

Right temporal region 48 12 14 14.52 6.52

Right dorsolateral prefrontal 32 42 26 1036 7.74 5.00
region

Right superior frontal region 28 62 18 6.87 4.69
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and suggested mild depressive symptoms during study participation
(HAMD 9-12, MADRS 9-10). While the clinical symptoms remained
stable at less severe levels throughout our investigations, the patient
underwent subtle mood changes from his bipolar disorder which resul-
ted in dosage adaptations by the patient himself (i.e. citalopram
increased at visit 4, lorazepam discontinued after visit 2). The patient
was able to participate in the TMS-fMRI experiment without any adverse
events.

3.2.2. Interleaved iTBS-fMRI: results of a clinical case study

MRI quality control (see Supplementary Fig. S3) and visual inspec-
tion were performed before data analysis, and we had to exclude the
results from the third session due to strong ghosting artifacts. We found
considerable variance in activation pattern over the three sessions:
During the first session, we found a statistically significant reduction of
BOLD response in the left DLPFC region (peak at —24, 44, 38 mm MNI, t
= —6.5) located at the stimulation site. In the second session, a signifi-
cant BOLD reduction was observed in the sgACC region (peak at 6, 16,
—14 mm MNI, t = —13.08). In the fourth session, we did not observe any
statistically significant BOLD changes in the left DLPFC or sgACC
regions.

4. Discussion
4.1. Feasibility of interleaved TMS-fMRI with full clinical iTBS protocols

This study shows that interleaved TMS-fMRI can be applied with 600
pulses of iTBS (Huang et al., 2005) as originally reported by Huang et al.
(Huang et al., 2005) and clinically used for the treatment of depressive
disorders (Holzer and Padberg, 2010; Blumberger et al., 2018). In
addition, test-retest TMS-fMRI sessions were conducted in a single pa-
tient with a bipolar depression in order to test the transfer of this
paradigm in a clinical case.

Previous concurrent TMS-fMRI studies have only used much shorter
sequences of rTMS, e.g. TBS with 30 pulses in 2 s (Hermiller et al., 2020),
but not full rTMS treatment protocols, due to restrictions from coil ca-
pacity and cooling in TMS-fMRI setting (see reviews by (Bergmann et al.,
2021; Mizutani-Tiebel et al., 2022)). However, concurrent TMS-fMRI
represents a promising approach in specialized settings for investi-
gating effects of iTBS and other protocols, and allows studying acute and
short-term effects of iTBS on regional BOLD activation and connectivity.
None of the participants reported any adverse effects during or after the
experiment, indicating a generally safe and well-tolerated procedure.

4.2. Neural response to iTBS in healthy individuals

In healthy subjects, we observed an increase in BOLD signals during
iTBS (600 pulses) of the left DLPFC in several regions, including the
bilateral DLPFC, bilateral auditory cortex, and contralateral frontal
areas beyond DLPFC regions (Fig. 2). In contrast, the majority of pre-
vious concurrent TMS-fMRI studies has primarily used low-frequency (e.
g., 1 Hz) rTMS, or single TMS pulses, or only applied high frequency
protocols with a low number of pulses delivered (Nahas et al., 2001; Li
et al., 2004; Dowdle et al., 2018; Eshel et al., 2020; M Tik et al., 2023; M
Tik et al., 2023). Furthermore, most of these studies used suprathreshold
intensity during TMS, and it has generally been observed that higher
TMS intensity result in greater BOLD activation underneath the coil
compared to subthreshold intensities (Bohning et al., 1999; M Tik et al.,
2023; Nahas et al., 2001; Navarro de Lara et al., 2017). Despite utilizing
an iTBS protocol at 80% rMT intensity, i.e. a protocol very close to the
original iTBS protocol by Huang et al. (Huang et al., 2005), our study
still yielded significant BOLD activations in both directly stimulated and
remote areas. However, it is important to note that we observed changes
in BOLD activation only in cortical, but not in subcortical regions. This
finding differs from those of other TMS-fMRI studies targeting the left
DLPFC, which also observed BOLD changes in subcortical regions, e.g.
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Fig. 3. (A) Acute BOLD changes during iTBS (i.e. 600 pulses) in the healthy control group. Auditory cortex activation is represented by the marked white dashed line.
(B) E-field simulation group average peak electric field magnitude and focality in 16 subjects. (C) E-field simulation group standard deviation in magnitude value in

16 subjects.

sgACC (Vink et al., 2018; Hanlon et al., 2013; Oathes et al., 2021);
however, Vink et al. (2018) noted that only half of their sample showed
this activation pattern. This heterogeneity in findings may be attributed
to several factors, such as different TMS and fMRI protocols, and the two
RF coils used in this study, which were attached at the left and right
frontal regions. This configuration may have resulted in limited tSNR in
the subcortical and occipital regions (Supplementary Fig. S4). We
believe that incorporating a third RF coil, particularly to cover the oc-
cipital region, could potentially enhance the tSNR across the whole
brain.

Moreover, it is important to highlight that changes in BOLD activa-
tion in healthy subjects were not confined to the iTBS target region (i.e.
the left DLPFC), but rather spread to other prefrontal areas. This dis-
tribution may be compared with our e-field modeling results, which also
indicated non-focal DLPFC stimulation, which may be influenced by
variability in DLPFC targeting. To analyze the change of BOLD activa-
tion over the course of an iTBS session, we conducted an investigation
wherein the complete 20 iTBS trains were divided into four blocks, each
consisting of 5 trains of iTBS (equivalent to 150 stimuli). Interestingly, in
the initial block, the left stimulated DLPFC did not exhibit strong BOLD
activation at the stimulated location, as the number of iTBS stimuli
increased, we observed a cumulative effect, resulting in stronger BOLD
activation in the left prefrontal region (see Supplementary Fig. S5).
Given that this is the first complete iTBS protocol conducted inside MRI,

our primary aim was to present the most straightforward and compre-
hensible analyses. We therefore provide fMRI results with minimal data
preprocessing. However, it is important to mention that previous
research has suggested the necessity of including independent compo-
nent analysis (ICA) denoising in the preprocessing pipeline for concur-
rent TMS-fMRI data. The rationale behind this recommendation is that
the TMS coil can induce vibrations and leakage currents, and these ef-
fects can persist for up to 8 s after TMS (Riddle et al., 2022). ICA analysis
may be better at eliminating these and other artifacts, but at the cost that
ICA may also eliminate biologically relevant information.

4.3. Neural response across three TMS-fMRI sessions in a single patient
with bipolar depression

In a further step, we applied the concurrent TMS-fMRI protocol with
full 600 pulse iTBS sessions in a patient who has undergone long-term
iTBS treatment for bipolar depression. In a clinical setting, this
approach allows monitoring the effects of iTBS on a patient during
maintenance treatment. Despite the patient’s prior experience with
TMS, remaining inside the MRI for over thirty minutes posed a challenge
and resulted in increased motion compared to healthy controls. We
initially conducted quality control measures on motion, temporal signal
to noise ratio (tSNR) calculation, and visual inspection (see supple-
mentary materials). We noted that the third session showed strong
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ghosting artifacts, and this dataset was consequently excluded from
further analysis. Across the remaining three sessions, we observed a high
degree of inter-session variability in BOLD effects. For example, we
found reduced neural activity in the stimulated area, the left DLPFC
(Fig. 4), during the first session. There are several possible reasons for
this variability, e.g. intra-individual variation of brain states or differ-
ences in coil position/orientation in relation to target regions, i.e. DLPFC
and interconnected sgACC areas (Fox et al., 2012; Fox et al., 2013;
Dunlop et al., 2017; Weigand et al., 2018; Cash et al., 2019). Impor-
tantly, the distance between the TMS coil and the cortex was variable
across sessions, which could have been due to differences in coil posi-
tioning; i.e. the coil-to-cortex distance was larger in the first (37 mm)
and second (38 mm) sessions, while it was reduced in the third (25 mm)
and fourth (28 mm) sessions. Taken together, we acknowledge that
there are (at least) four of sources of variability in the measurement of
target engagement with TMS-fMRI which are essential for future studies
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to investigate: (Brunoni et al., 2017) fluctuations in the tSNR; (Kan et al.,
2023) variations in the coil position and hence distance between TMS
coil and cortex; (Grossheinrich et al., ) intrinsic spontaneous fluctuation
in resting functional connectivity between sessions; and (Huang et al.,
2005) the subjects psychopathological status (i.e. healthy volunteers or
patient population).

4.4. Limitations

While piloting this approach, our study does not allow the inter-
pretation of BOLD signal changes as being specific to iTBS of the DLPFC,
as auditory and somatosensory effects were not controlled for in our
experiment, and could significantly contribute to large scale network
activation (Siebner et al., 2019), for example through activating audi-
tory cortex. Additionally, our experiment lacks sham iTBS or other
active sites for comparison. Including a sham or other active site

Fig. 4. Acute BOLD changes in a patient with bipolar depression. (A) First session: Negative BOLD response in the left DLPFC during iTBS. (B) Second session:
Negative BOLD response in the sgACC during iTBS (C) Fourth session: No statistically significant BOLD changes in the DLPFC or sgACC. The third session was not

included in the analysis due to strong ghosting artifacts.
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condition is crucial for disentangling the effects of cortex stimulation
from peripheral sensory or auditory effects of TMS and other
non-specific sources (e.g., parameters of the experimental setting)
(Siebner et al., 2022). It is essential to note that implementing a sham
control in concurrent TMS-fMRI studies poses inherent challenges.
Although future should always consider sham conditions as controls,
TMS sham controls are far from ideal (Duecker and Sack, 2015),
particularly in the concurrent TMS-fMRI field. To address this limitation,
we performed e-field simulations to simulate the potential TMS effect
over the left DLPFC, resulting in a similar pattern of the BOLD activation.
Thirdly, while our design notably deviates from the Food and Drug
Administration approved iTBS treatment protocol at 120% rMT
(Blumberger et al., 2018), several other trials suggest that iTBS at the
80% rMT poses an effective strategy for treating MDD (Bulteau et al.,
2022). Due to increased pain levels at higher stimulation intensities, we
decided to apply the lower intensity in this feasibility study. Fourthly,
MR imaging coils used for concurrent TMS-fMRI studies have fewer
channels (i.e. two 7-channel coils) than standard MR head coils (i.e.
64-channel coils), which may affect the accuracy and reliability of
TMS-fMRI BOLD signal measurements, especially in the deep subcortical
regions. Additionally, while facing challenges such as a complicated
technical setup, a large amount of experimental time, and personnel
requirements, the sample size of our TMS-fMRI study is small, and we
included only one clinical case. Finally, while we were able to show the
feasibility of this approach in one participant from the clinical popula-
tion, the generalizability of these findings to larger healthy and clinical
cohorts needs further investigation in future studies. In particular, this
patient is older than the young healthy control group and may differ
from the clinical population included in many TMS clinical trials, having
had previous TMS experience and having major depressive episodes
with high chronicity levels based on the diagnosis of bipolar disorder.
The patient has received pharmacological and rTMS treatment for many
years, thus potentially affecting neuronal responses to the acute in-
terventions applied in our study. Thus, future work is necessary to
investigate whether the high intraindividual variability of BOLD effects
we observed is representative of individuals with major depressive
episodes.

5. Conclusions

In conclusion, we were able to establish a full iTBS treatment pro-
tocol in the concurrent TMS-fMRI setting and could disentangle several
sources of variability relevant for this approach. We propose that this
experimental paradigm could reveal acute effects of clinical iTBS
treatment at the single session level, and may not only be used to
demonstrate the immediate target engagement, but could also provide
deeper insights into putative mechanisms of action.
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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

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

© 2024 Society of Biological Psychiatry. Published by Elsevier Inc. This is an open access article under the 1

ISSN: 2451-9022

CC BY license (http://creativecommons.org/licenses/by/4.0/).

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging m 2024; m:m—m www.sobp.org/BPCNNI



27

Biological

(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 electrical
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.

Dose-Dependent Target Engagement of iTBS

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 pV 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 X 3.3 X 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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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
(—38, 44, 26 mm Montreal Neurological Institute [MNI]), in
which we did the stimulation (16), and M1 (=37, —21, 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,

Session 4 B

I EPI slices
! RI==TBS (50 Hz)

Biological
Psychiatry:

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.

Single TMS-fMRI session

10 min

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, t;; = 6.68; right
superior temporal gyrus, t;; = 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, t; = 4.84; right
ACC, t;17 = 4.06). Subcortically, BOLD activation was found in
the anterior insula (left anterior insula, t7 = 4.66; right anterior
insula, t{7 = 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, t;7 =
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, t1; = 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, ti7 = 7.3; right postcentral gyrus, t17= 5.83).
In the subcortex, BOLD activations were found in the bilateral
putamen (right putamen, t;7 = 5.89; left putamen, t;7 = 4.76)
and left caudate (t;7 = 4.45).
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Table 1. Peak BOLD Activation in Interleaved iTBS-fMRI

Dose-Dependent Target Engagement of iTBS

Condition Area Peak MNI Coordinates, mm? Cluster Size t Value® 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 —58, —12, 14 81 6.68 4.62
Right superior temporal gyrus 68, —26, 14 72 5.79 4.91
80% rMT Left DLPFC Left superior frontal gyrus —22, 60, 24 388 5.85 4.27
Left precentral gyrus —60, 10, 28 57 4.59 3.65
Right precentral gyrus 60, 8, 12 191 4.35 4.75
Left anterior cingulate gyrus -2, 30, 16 91 4.84 4.78
Right anterior cingulate gyrus 4,32, 16 41 4.06 4.21
Left anterior insula -32, 16, -4 45 4.66 3.69
Right anterior insula 30, 18, 6 60 4.72 3.72
Left superior temporal gyrus —64, —18,8 49 6.64 4.83
Right superior temporal gyrus 68, —18, 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 -32, -8, 52 130 5.83 4.26
Right precentral gyrus 50, 2, 50 164 5.7 4.21
Right superior temporal gyrus 62, —32, 20 75 8 5.59
Left postcentral gyrus —-62, —18, 26 81 7.3 4.85
Right postcentral gyrus 62, —16, 42 7 5.83 4.26
Left putamen region —24,10, 2 44 4.76 3.74
Right putamen region 26, 14,2 73 5.89 4.29
Left caudate region -10, 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.

“Reported as X, Y, z.
bdf = 17.

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 = —0.14 (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

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
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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 t;7 = 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 t;7 = 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 t;; = 8. FWE,

familywise error.

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

Left DLPFC 40% rMT

Left DLPFC 80% rMT

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

Left M1 80% rMT

100 1001 . e« 1004
.‘
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S
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w e
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é" a{ * . 40 40
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0 2 4 6 8 0 2 4 6 8 0 2 4 6 8

Beta value

Figure 3. Correlation analysis of electric field magnitude (Magn E) and functional magnetic resonance imaging beta values in 40% resting motor threshold
(rMT) dorsolateral prefrontal cortex (DLPFC), 80% rMT DLPFC, and 80% rMT primary motor cortex (M1) conditions. The 40% rMT DLPFC condition showed no
correlation, with r = —0.14 (p = .6), and neither did the 80% rMT DLPFC condition, with r = 0.3 (p = .24), while in the M1 condition, a strong positive correlation

was observed, with r = 0.65 (p = .008). *p < .01.
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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.

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

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
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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
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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 Il 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
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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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Transcranial magnetic stimulation (TMS) is a promising treatment modality for psychiatric
and neurological disorders. Repetitive TMS (rTMS) is widely used for the treatment
of psychiatric and neurological diseases, such as depression, motor stroke, and
neuropathic pain. However, the underlying mechanisms of rTMS-mediated neuronal
modulation are not fully understood. In this respect, concurrent or simultaneous
TMS-fMRI, in which TMS is applied during functional magnetic resonance imaging (fMRI),
is a viable tool to gain insights, as it enables an investigation of the immediate effects
of TMS. Concurrent application of TMS during neuroimaging usually causes severe
artifacts due to magnetic field inhomogeneities induced by TMS. However, by carefully
interleaving the TMS pulses with MR signal acquisition in the way that these are far
enough apart, we can avoid any image distortions. While the very first feasibility studies
date back to the 1990s, recent developments in coil hardware and acquisition techniques
have boosted the number of TMS-fMRI applications. As such, a concurrent application
requires expertise in both TMS and MRI mechanisms and sequencing, and the hurdle of
initial technical set up and maintenance remains high. This review gives a comprehensive
overview of concurrent TMS-fMRI techniques by collecting (1) basic information, (2)
technical challenges and developments, (3) an overview of findings reported so far using
concurrent TMS-fMRI, and (4) current limitations and our suggestions for improvement.
By sharing this review, we hope to attract the interest of researchers from various
backgrounds and create an educational knowledge base.

Keywords: concurrent TMS-fMRI, interleaved TMS-fMRI, functional MRI (fMRI), transcranial magnetic stimulation
(TMS), review

BASIC INFORMATION
Why Should TMS Be Combined With FMRI?

Transcranial magnetic stimulation (TMS) is a non-invasive transcranial brain stimulation (NIBS)
technique, which modulates neuronal activity by applying electromagnetic pulses to the scalp. A
unique strength of TMS is that it allows for an experimental in-vivo investigation by depolarizing
neurons to induce action potentials. TMS can be applied either as single-pulse TMS (sTMS) or
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repetitive TMS (rTMS). sTMS is often used to investigate the
functional role of a particular region by interfering or otherwise
modulating specific cortical activities. Various rTMS protocols
can be administered; for example, low-frequency and high-
frequency rTMS, which are commonly used to induce inhibitory
or facilitatory effects, respectively (1). rTMS is frequently used
as a treatment for neurological and psychiatric patients (2). The
most recent guideline for the therapeutic usage of rTMS shows
level A evidence for depression, motor stroke, and neuropathic
pain, as well as level B evidence in fibromyalgia, Parkinson’s
disease, multiple sclerosis, and post-traumatic stress disorder (2).
The U.S. Food and Drug Administration (FDA) has approved
rTMS as a therapeutic intervention for pharmacotherapy-non-
responsive major depressive disorder (MDD) (3-5), obsessive-
compulsive disorder (OCD) (6), smoking cessation (7), and
migraine (8). Recently, intermittent theta-burst stimulation
(iTBS), an rTMS variant, has also been approved by the FDA for
depression therapy. Theta-burst stimulation (TBS) replicates a
typical firing pattern of hippocampal neurons during the learning
process. Among the TBS protocols, iTBS is a very short (e.g.,
3 min) and safe protocol that mimics hippocampal TBS patterns
to induce long-term potentiation (LTP) in basic neurophysiology
(9, 10), and exerts, presumably at least, equally robust post-
stimulation effects compared to longer standard protocols (3, 11).

Although rTMS is already used in therapy, the mechanism of
TMS-mediated neuronal modulation is not yet fully understood.
Over the last decades, various neuroimaging techniques have
been combined with TMS to investigate neuronal activation
changes due to stimulation: electroencephalography (EEG), near-
infrared spectroscopy (NIRS), positron emission tomography
(PET), and functional magnetic resonance imaging (fMRI) (12,
13). However, despite the importance of fMRI for mapping
neuronal activity, the majority of the studies to date involve
concurrent TMS-EEG (14, 15). Nonetheless, compared to
EEG, fMRI boasts superior spatial resolution, especially when
functional connectivity is of interest. A combination of TMS
and fMRI can provide us with meaningful information that
helps us elucidate the underlying mechanisms of TMS-mediated
neuronal modulation.

How Can TMS Be Concurrently Applied

With FMRI?

As fMRI data quality heavily depends on magnetic field
homogeneity, concurrent application of strong TMS pulses
during imaging would cause severe artifacts. Hence, TMS is often
applied offline, i.e., separately from the actual imaging procedure,
and cerebral activation after the TMS session is compared to
a pre-TMS baseline. Obviously, such approaches are limited
in their sensitivity for capturing post-stimulation effects, and
immediate stimulation effects are likely to be undetected.

To address this problem, MR-compatible TMS systems have
been developed which enable online TMS experiments, where
TMS is applied inside the MR-scanner during image acquisition.
Figure 1 shows an example of such a TMS-fMRI setting. The
TMS stimulator typically stays outside the MR room. A long
cable through the wall connects the TMS main unit with the

TMS coil in the scanner bore. The MR head coil can be set
up in various ways (discussed in section MR Head Coil and
TMS Positioning System), but in this specific example, the thin
MR coil is attached to the TMS coil. This TMS-fMRI setting
allows subjects to remain in the MR bore for the entire duration
of the MRI scan acquisition while receiving TMS inside the
scanner bore.

Furthermore, careful interleaving of TMS pulses with MR
signal acquisition enables continuous fMRI scanning. In the
field of TMS research, this technique is referred to as either
concurrent or simultaneous TMS-fMRI with off-/online block
or interleaved designs. The feasibility of the concurrent TMS-
fMRI method was first demonstrated in 1998 (17) when TMS
pulses were successfully applied during the gap time between
slice acquisitions. Currently, there are three possible methods of
concurrent TMS-fMRI approach (Figure 2).

Figure 2A illustrates how to interfere with echo-planar
imaging (EPI) slices using TMS. Perturbed EPI slices (indicated
by orange crosses in Figure 2A) are sacrificed and replaced by
interpolation of slices, typically from the volumes before and
after the volume of interest (indicated by orange EPI slices in
Figure 2A). The advantage of this method is the high flexibility
for stimulating at any time regardless of EPI timing, whereas the
disadvantage is that it requires a high level of post-processing
capabilities to detect the damaged EPI slices and replace them.

Figure 2B illustrates how to insert a gap time between EPI
slices and then apply TMS pulses during this time. The advantage
of this method is that no EPI slices are sacrificed, whereas the
disadvantage is that the number of stimulations is limited as it
needs to fit within the gap time. By virtue of these gap times, the
whole TMS-fMRI protocol tends to become longer.

Figure 2C illustrates how to interleave TMS pulses with
EPI slices. The advantage of this method is that it allows for
continuous stimulation, which is often used as a therapeutic
protocol. On the other hand, the disadvantage is that reliable
hardware and software are essential, as the pulses must be
controlled precisely.

TECHNICAL CONSIDERATIONS

One of the most critical considerations in concurrent TMS-
fMRI experiments concerns the TMS coil to be used in the MR
scanner, particularly the materials used in its manufacturing. This
is due to two reasons: (1) to guarantee the safety of the subjects
by avoiding any attraction forces of ferromagnetic material in
the magnetic field; (2) to withstand Lorentz forces during the
stimulation within the high magnetic field inside the MR scanner.
Therefore, coil composition is suggested to include a copper coil
and a robust plastic housing to make the coil safe, durable in the
magnetic field, and affordable (18, 19).

A further challenge with combining TMS and fMRI is to
avoid artifacts in the image induced by TMS. The source of
artifacts and noise caused by TMS can be categorized into three
domains: (1) magnetic field, (2) radio frequency (RF) noise, and
(3) leakage currents. These factors are critical for intra-individual
test-retest reliability of fMRI data in response to TMS (20). In the
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Cable
continues

FIGURE 1 | Example of TMS-fMRI set up. (A) This particular example of TMS-fMRI set up includes MR compatible TMS coils (Magventure, Farum, Denmark), MR
coails (16), neuronavigation system (Localite, Bonn, Germany), and a BrainAmp ExG MR amplifier (BrainProducts, Gilching, Germany) for electromyographic (EMG)
measurements to determine motor threshold (MT). (B) TMS coil is mounted on a holder which goes in the bore of the scanner. The holder system is attached to the

scanner bed so that it moves together. The MR head coil, in this example, is two thin and flat seven channel coils. One is attached below the TMS coil, and the
(Continued)

Frontiers in Psychiatry | www.frontiersin.org 3 April 2022 | Volume 13 | Article 825205



44

Concurrent TMS-fMRI Review

Mizutani-Tiebel et al.

FIGURE 1 | other is stabilized on the other side of the head using a vacuum pillow. Two trackers on the forehead and coil enable neuronavigation. (C) EMG amplifier
continues to record the motor evoked potential (VEP) and the neuronavigation system tracks the TMS coil location throughout the scanning session. (D) TMS device
remains in the technical room as it is ferromagnetic. The TMS coil is connected to the MRI room by a 6-m cable through a hole in the wall. The cable is covered with a
filter tube, and a filter box is installed along the cable. (E) Neuronavigation system shows the location of the stimulation. The red dot is calculated with a coordinate that
defines the target point. By defining the coil orientation, it calculates the entering point which is the green dot with the green bar showing the coil handle orientation.
The pink pins show the actual stimulation location, which is recorded each time a TMS pulse is applied during the TMS-fMRI session. These pink pins can be recorded
during the concurrent TMS-fMRI session and can be used for the post-analysis as far as the head and coil trackers are visible in the MR bore as shown in panel (C).
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FIGURE 2 | Example of concurrent TMS-fMRI protocols. There are three possible ways to apply TMS pulses during fMRI simultaneously. (A) A method enabling TMS
to interfere with EPI slices. Perturbed EPI slices (indicated by an orange cross) are sacrificed and replaced by slice interpolation, typically from the volumes before and
after the volume of interest (indicated by orange EPI slices). Advantages: High flexibility to stimulate at any time regardless of EPI timing. Disadvantages: It requires a
high level of post-processing capabilities to detect the damaged EPI slices and replace them. (B) A method to insert a gap time between EPI slices and apply TMS
pulses meanwhile. Advantages: No EPI slices are sacrificed. Disadvantages: The number of stimulations is limited as it needs to fit in the gap time. Hence, the whole
TMS-fMRI protocol tends to be longer. (C) A method to interleave TMS pulses with EPI slices. Advantages: It allows for continuous stimulation which is often used as

a therapeutic protocol. Disadvantages: Reliable hardware and software are essential as the pulses must be controlled precisely.

also to geometric distortions in the images acquired. Several

following, appropriate technical suggestions and developments

are discussed.

Controlling for Magnetic Field Interference

Data quality in functional MRI depends on a high homogeneity
of the static magnetic field. As TMS coils are heavy metallic
objects, field homogeneity is compromised by the TMS coil via
susceptibility-related field changes. Field inhomogeneities lead
not only to signal losses, via intra-voxel dephasing effects, but

recommendations have been made to control for these magnetic
field interferences.

A straightforward approach is to increase the distance
between the head and TMS coil. However, the effect of TMS
measured by motor threshold (MT) is known to decline as a
function of the coil-cortex distance (21, 22). Baudewig et al. (23)
showed severe signal loss and geometric distortions when TMS-
fMRI scans are performed on test objects, while no such artifacts
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were seen in subject scans. They concluded that the distance
between the head and cortical surface (typically 15-25mm) is
sufficient to minimize such artifacts. Hence, it is important to
consider the optimal coil-cortex distance to preserve the TMS
effect while minimizing artifacts.

Another essential factor to consider is the timing of the TMS
pulse relative to fMRI data acquisition. Bestmann et al. (24)
suggested that a period of at least 100 milliseconds (ms) before
EPI onset is sufficient. However, the actual timing is a matter
of the sequence and hardware used, and 100 ms spacing is not
always required. Recently, due to newly developed protocols and
the possibility of more precise timing, a shorter acquisition gap
is allowed which improves the scanning quality. The important
factors which could lead to a shorter delay include the sequence
trigger configuration, stimulator model, software version, and
any control units between scanner and stimulator, such as
scripts used to control the stimulator based on received scanner
triggers. Nevertheless, the most important factor for mitigating
EPI distortions is the optimal delay length, which depends on
various factors. Therefore, there is a degree of trial-and-error in
the beginning when establishing the interleaved protocol for each
TMS-fMRI setup.

It is also important to consider that the fMRI setting should
suit the protocols employed. Baudewig et al. (23) suggested
to keep the plane of the TMS coil parallel to the EPI section
for a better signal-to-noise ratio (SNR). Bestmann et al. (24)
recommended to keep it parallel to the frequency-encoding
gradient. These suggestions from previous studies should be
considered when planning the fMRI sequences. However, it is
worth noting that these suggestions are not always feasible.
For example, when the study protocol includes dorsolateral
prefrontal cortex (DLPFC) stimulation and whole brain imaging,
the above recommendations might not be advantageous. In
reality, they may necessitate large volumes and significantly
increase acquisition time. It is important to try different
phase/frequency encoding directions, as well as EPI orientation,
to see which configuration results in the best SNR and least
artifacts at the same time.

Controlling Radio Frequency Noise

Noise signals from the control room can penetrate the scanner
room via TMS coil cables. These coil cables can act as
transmitting antennas for RF noise which causes artifacts and
decreases the SNR (25). In principle, the best method to avoid
outside RF noise is to locate the TMS stimulator within the MR
scanner’s Faraday cage, fit the TMS cable in ferrite cable traps,
and channel the cable through an RF filter box (26-28). However,
these approaches have potential danger due to the attractive
forces of the scanner field on the stimulator and cable traps and
should thus be avoided, particularly when high field systems (3T
and above) are used (29). Instead, Bungert et al. (29) reported that
using in-line RF-filters is sufficient for avoiding artifacts (only 3%
SNR loss), though such a filter reduces the functional efficacy of
TMS by around 7%. In recent TMS-fMRI settings, it is common
to filter all the cables which are entering the MRI room to avoid
RF noise propagating.

Controlling Leakage Currents

A TMS stimulator typically uses high-voltage capacitors that
generate strong currents. These strong currents are delivered
through the TMS coil when capacitors are discharged. However,
small residual currents leak to the TMS coil even when the TMS
coil is not discharged. These small leakage currents can cause
magnetic field inhomogeneities resulting in spatial distortions
in the EPT (30). Leakage currents need particular attention in
TMS-fMRI experiments where TMS intensity is systematically
varied, as this causes changes in the level of capacitor charges
(31). To avoid these artifacts, Weiskopf et al. (31) suggested
inserting a relay with minimal resistance in parallel, as well as
two high-voltage diodes in series with the TMS coil. This relay-
diode combination allows leakage current to flow through the
relay and not through the TMS coil, thereby reducing artifacts
considerably. Most current installations use a similar approach
where a filter box is mounted at the filter plate. It includes a
relay that redirects the leaking currents through the shorting box
while the TMS coil is inactive, which mimics the effect of the
relay-diode combination.

MR Head Coil and TMS Positioning System
The choice of MR coil and TMS holder are fundamental to the
preparation of concurrent TMS-fMRI experiments. Regarding
the MR coil, several approaches have been used including 12-
channel head coils (32, 33), 8-channel head coils (34-36), 6-
channel flexible coils (37, 38), FLEX-L coils (2 circular RF
receive coils) (39, 40), standard circular-polarized (CP) head coils
(26, 31, 41-43) and simple surface coils (28, 44, 45). Typically,
excitation is accomplished with the standard transmitter body
coil. In all these setups, the TMS coil is placed inside the RF coil.
With birdcage coils, the flexibility of the TMS coil localization is
limited. With FLEX coils, the localization is easier, but the SNR
at the stimulation site tends to be poorer due to the increased
distance and artifacts introduced by the presence of the TMS coil.
Recently, a different approach has been suggested, where a thin
RF coil is mounted underneath the TMS coil thereby avoiding
signal loss at the stimulation site (16, 46). With this thin surface
coil array, regions further away from the coil array show lower
SNR. However, it can be compensated by using additional coil
arrays to cover other regions of the brain (47). The technical
feasibility of combining TMS and fMRI coils in a single element
has been established (48).

As for the TMS coil positioning system, Bohning et al. (49)
suggested a holder that can be used close to an MR scanner
and enables a manual positioning of the TMS coil based on
the anatomical scan. Moisa et al. (50) developed a new TMS
positioning system to reduce the set up time and improve
TMS coil positioning to accommodate subject movement. Other
research groups attempted to make their own TMS fixing
system (43, 45, 51, 52). Nowadays, the manufacturers of MR-
compatible TMS coils develop their own coil positioning systems
in collaboration with researchers (50). Therefore, this is no longer
a major concern for those starting to establish a concurrent
TMS-fMRI system.
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OVERVIEW OF PREVIOUS CONCURRENT
TMS-FMRI STUDIES

The literature search was conducted initially on April 23rd,
2020, followed by another search on April 16th, 2021, to cover
more recently published studies. Both searches were conducted
following the same method except that the time frame was
specified for the second search. The search was performed using
PubMed scientific database as well as MEDLINE and Embase via
Ovid. On both databases, the search keywords were as follows:
(“transcranial magnetic stimulation” OR “TMS” OR “rTMS”)
AND (“functional magnetic resonance imag*” OR “functional
MRI” OR “fMRI” OR “functional connectivity” OR “fcMRI” OR
“resting-state” OR “resting state” OR “rsMRI” OR “rsfMRI”).
After deduplication, we identified 4,158 articles from the initial
search and 715 articles from the second search. Through the
screening and eligibility checks, we identified 73 and 5 concurrent
TMS-fMRI articles with human subjects (sum of 78 articles)
from the initial and second search, respectively (excluding one
case study). This section focuses on providing an overview of
the previous studies. The stimulation intensity and frequency
(in the case of rTMS composed of more than 10 pulses per
train) are indicated in the brackets. However, the parameters are
very heterogeneous. For further detail of the study setup, it is
recommended to look up the original publications.

Concurrent TMS-fMRI Studies With

Healthy Subjects

Overview of Motor Cortex Studies

Does TMS Induce a BOLD Effect?

Motor cortex is the most often studied brain region because
the TMS response is easily assessable as a movement of a body
part, such as finger twitches. The first-ever interleaved TMS-
fMRI study was published in 1998 which showed a statistically
significant BOLD signal increase in the motor cortex (0.83 Hz,
110%MT) (17). A later follow-up study showed that TMS over the
motor cortex at 120%MT induces activations in the contralateral
motor cortex and the auditory cortex, with the latter caused by
the noise from TMS discharge (53). From the same group, it was
demonstrated that higher TMS intensity (1 Hz, 110%MT) caused
higher BOLD response amplitudes compared to low-intensity
TMS (1 Hz, 80%MT) (18).

For rTMS, a linear relationship between the number of stimuli
and the BOLD responses was reported for train lengths of up
to 24 pulses (1 Hz, 120%MT) using a simple impulse-response
model (54). Furthermore, it was shown that thumb movement
induced by suprathreshold rTMS (1Hz, 110%MT) over the
motor cortex generates a similar BOLD signal pattern as if the
thumb was moved volitionally (55, 56), and this result was
confirmed for high-frequency rTMS (10 Hz, 110%MT) as well
(57). Early studies on subthreshold rTMS [3-4 Hz, 90% active
MT (AMT)] in the motor cortex did not find motor cortex
activity (58, 59). Using a modified RF coil setup with increased
sensitivity at the cortical target, a recent study confirmed that
subthreshold stimulation (1Hz, 80, 90%AMT) does not yield
statistically significant increases in BOLD responses at the

primary motor cortex (M1) target site (46). Applying rTMS to
adjacent cortical areas of the M1 hand area (where no motor
response is provoked) showed no consistent signal changes under
the stimulated area (4 Hz, 150%AMT) (60). Therefore, it can
be concluded that BOLD signal changes observed in the M1
hand area is the re-afferent somatosensory feedback of TMS-
evoked movements, rather than any direct effects induced by
the stimulation itself (41, 58-60). In fact, Denslow et al. (61)
reported no significant difference between 100% MT TMS-
and volition-induced effects (1 Hz). Interestingly, however, the
authors showed qualitative differences in the BOLD signal time
courses between stimulation and volition trials. Shitara et al.
(41) conducted a more detailed examination of the time courses
and spatial distribution of sTMS-induced fMRI signal changes
and reported that neither the BOLD activity time courses nor
spatial distributions were distinguishable between TMS and
voluntary hand movements. However, the undershoot of the
usual hemodynamic response function (HRF) was not observed
with TMS-induced activities, except at the direct area (directly
under the TMS coil) when TMS was applied with subthreshold
intensity (randomized frequency, 90%AMT,). The TMS-induced
activity was more deeply investigated by Shitara et al. (42) by
subtracting the muscle twitch signal [by subtracting median
nerve stimulation [MNS] induced sensory-related signal from
MNS-induced muscle twitch signal] from the suprathreshold M1
TMS signal [randomized frequency, 120% of resting MT (RMT)].
As a result, a significant effect of TMS was still observed in M1,
which suggests that TMS-evoked neuronal activations are not
only sensory re-afferent related.

The Intensity and State Dependency of TMS-Induced BOLD
Signals
The intensity of the BOLD signal depends on the intensity
of the stimulation (46, 58, 59). A deeper investigation
into this relationship revealed that BOLD intensity increases
approximately linearly with subthreshold TMS intensity but
non-linearly with suprathreshold intensity [0.15Hz, 30-110%
of maximum output (MO)] (62). Additionally, remote effects
were found both with sub- and suprathreshold intensities, while
direct effects at the area under the coil are observed only with
suprathreshold intensity (58, 62). Shitara et al. (41) showed that
the HRF lacks the typical undershoot after the signal peak at
both direct and remote areas with suprathreshold single-pulse
stimulation (120%RMT), but with subthreshold stimulation
(90%AMT), the lack of undershooting was observed only at
remote areas. With the subthreshold stimulation, the standard
form of HRF was observed, but only at the direct area.
Moreover, the fMRI signal is not only stimulation intensity-
dependent but also state-dependent. When comparing the
neuronal activity induced by TMS at the dorsal premotor cortex
(PMd) and M1, the activity change was state-dependent between
the hand gripping task and resting state. During the hand
gripping task, TMS (5 pulses at 11 Hz, 110%RMT) increased
hemodynamic response in PMd and M1, but during the rest
period, it decreased activity in the same area (63). When 1 Hz M1
r'TMS is applied (100, 120%RMT), Jung et al. (64) reported that
deductions in motor network activity are state-dependent too;
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rTMS decreases activity in motor networks during hand gripping,
but it decreases even further during resting state. Furthermore,
activations in the networks related to bodily self-consciousness
were higher during resting state compared to task conditions.

The Network Effect of Motor Cortex TMS

TMS is known to produce a network effect—through the
stimulated area, the effect of TMS can be observed at connected
brain regions (65). This remote effect is observed with concurrent
TMS-fMRI settings as well, which means that the propagation
occurs immediately after the stimulation (61, 62, 66, 67). When
TMS is given at the pre-motor cortex, the network effect is
present with a subthreshold stimulation as well (3 Hz, 90%AMT),
though the effect is smaller than with suprathreshold stimulation
(3Hz, 110%RMT) (66). Furthermore, the remote effect is present
with both cortico-cortical and cortico-subcortical connections
(66). Therefore, motor cortex stimulation can be administered
to target deeper structures. For example, Hodkinson et al. (67)
showed that TMS to M1 region (1 Hz, 100%RMT) modulates the
connectivity between M1 and medial and lateral pain systems,
which includes the insular cortex, anterior cingulate cortex
(ACC), and parietal operculum cortex. This study presents
credence to use M1 TMS for chronic pain patients.

Overview of Prefrontal Cortex Studies

Compared to the primary motor cortex, the effects of TMS
over the prefrontal cortex are more difficult to observe. Despite
this challenge, several researchers have targeted the prefrontal
cortex with TMS to reveal the underlying mechanisms of
neuronal modulation.

Intensity Dependency and Spatial Relationship

Studying prefrontal TMS with fMRI started by investigating the
spatial relationship of prefrontal TMS with various intensities
(68). They reported that 1Hz rTMS to the prefrontal lobe
at an intensity of 80%MT induces no significant activation
except for the auditory cortex. At 100%MT stimulation,
contralateral prefrontal activation was observed, and with
120%MT stimulation, bilateral prefrontal activation was
observed with the contralateral side showing higher activation
levels. These results were reported during the time when the
motor cortex was heavily investigated and were in line with
the result from the motor cortex stimulation, which showed
BOLD signal reduction at the directly stimulated site (17).
Twenty years later, Dowdle et al. (32) showed that sTMS to
the dorsolateral prefrontal cortex (DLPFC) induces increased
neuronal activity in the middle frontal gyri, insula, thalamus,
and anterior cingulate cortex (ACC) with both active and sham
(3 cm foam under TMS coil) stimulation (randomized frequency,
90-120%RMT). However, BOLD signal increases with active
stimulation were greater in the ACC, caudate, and thalamus
compared to sham control. Vink et al. (40) showed that sTMS
to the DLPFC induces elevated activity in the prefrontal cortex,
premotor cortex, primary somatosensory cortex, and subgenual
ACC (sgACC), but not in the thalamus and insula (randomized
frequency, 115%RMT). Furthermore, when sTMS was applied
to the DLPFC, no linear relationship was observed between

TMS and BOLD signal intensity (randomized frequency,
90-120%RMT) (32).

Prefrontal TMS-fMRI and Memory Function

Prefrontal regions, especially the DLPFC, are known to
contribute to working memory (WM) function (69, 70). When
TMS is applied to the DLPFC during memory encoding, it
interferes with this function due to the virtual lesion effect
(71). Feredoes et al. (72) used concurrent TMS-fMRI to show
that DLPFC-TMS increases the activity in WM-related regions,
such as the fusiform face area (FFA), which is related to
face recognition, and the parahippocampal place area (PPA),
related to environmental scene recognition (3 pulses at 11 Hz,
110%RMT). This effect, however, was only present when a
distractor was present and was observed only in the region where
current stimuli are represented (e.g., the effect is present in FFA
only when a face is shown as a target and a house is shown as
a distractor). This result provides valuable causal evidence that
the DLPFC controls the stimuli-filtering function of the posterior
area, which is consistent with previous studies (73-75).

In another TMS-fMRI study targeting semantic memory,
Hawco et al. (76) showed that 10 Hz excitatory DLPFC-rTMS
effects differ depending on the TMS onset timing (200, 600, or
1,000 ms post-stimulus) (3 pulses at 10 Hz, 100%RMT). These
differences were observed at regions that are involved in higher-
level cognitive processing (lateral frontal and anterior cingulate
cortices) and semantic information processing (medial frontal
and mid-temporal cortices), as well as at the visual cortex. This
study provides another line of causal evidence that the DLPFC
interacts with other WM process-related regions to control
semantic memory encoding.

The Network Effect of Prefrontal TMS

Prefrontal TMS-fMRI studies also showed network effects.
Hanlon et al. (20) reported that prefrontal sTMS (DLPEC
and ventromedial PFC) activates the frontostriatal network,
specifically in the prefrontal cortex, striatum, and thalamus
(0.1 Hz, 100%RMT). This study showed that prefrontal TMS can
also induce both cortico-cortical and cortico-subcortical network
effects, as was the case for motor cortex stimulation (61, 62, 66).
Thus, this network effect can be used to target a deeper structure.
Oathes et al. (77) used a resting-state fMRI-guided sTMS system
(randomized frequency, 120%RMT) to target an individual
frontal area that is functionally connected with sgACC and
amygdala. This study demonstrated that individually targeted
TMS can modulate the sgACC distributed brain network, as well
as the activity in the amygdala itself.

The prefrontal cortex has main nodes in three relatively
well-studied networks that are known to be involved in higher
cognitive functions: the central executive network (CEN) and
the salience network (SN), which are less activated during the
resting state (78, 79), and the default-mode network (DMN),
which is reduced in activity whenever subjects attend to a specific
task (80).

In a more recent study, the modulatory mechanisms between
these networks were examined (51). It was shown that facilitatory
sTMS (single pulses at 0.4Hz, 120%RMT) to a CEN node
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(the posterior middle frontal gyrus) elicits negative connectivity
between the DMN and CEN, and between the DMN and SN.
On the other hand, inhibitory rTMS induced upregulation of
DMN activity, though this effect was observed with an offline
experiment where EPI was acquired immediately after 20 min of
1 Hz rTMS (120%RMT). Nevertheless, these results support the
causal relationship of CEN in regulating the DMN activity, as
has been suggested previously (79). Hawco et al. (81) showed
that when the DLPFC has a stronger interaction with the
SN, the correlation between intrinsic resting connectivity and
TMS-induced changes in neuronal activity become stronger
(randomized frequency, 100%RMT). From these applications, it
may be concluded that concurrent TMS-fMRI is not only useful
for investigating the direct effect of TMS in a certain functional
network but also for examining the relationship between different
functional networks.

Other Studies Within the Frontal Lobe

Frontal Eye Field

Frontal eye fields (FEF) are involved in controlling saccadic eye
movement which plays an important role in visual attention and
visuomotor control (82). Concurrent TMS-fMRI studies have
revealed a top-down effect of the FEF on the modulation of
the visual cortex. sSTMS to the right FEF induces BOLD signal
decreases in the central visual representation field, as well as
BOLD signal increases in the peripheral field in V1-V4 (note
that TMS to the left FEF induces effects only for central visual
representation) (5 pulses at 10 Hz, 40-85%MO) (45). Ruff et al.
(45) observed that FEF modulate activity in the retinotopic visual
cortex, regardless of the presence of visual stimuli. When visual
stimuli are present, right FEF-TMS elicits feature-specific effects;
when attending to moving dots, the visual motion area shows
an increase in cortical activity, whereas when attention is toward
a face, the increase is observed in the fusiform face area (FFA)
(3 pulses at 11 Hz, 110%RMT) (83). These findings support the
idea that visual saccade attention is modulated via FEF feature-
based functions.

Overview of Parietal Lobe Studies

The parietal lobe contributes to a wide range of complex
functions, such as visuospatial attention, sensory processing,
body awareness, language-related functions (such as writing,
recognition, and naming of objects), and arithmetic processing.
TMS to the parietal lobe can facilitate or inhibit these functions,
and researchers have attempted to understand the mechanisms
underlying these modulations. Furthermore, parietal stimulation
also shows a network effect.

Parietal TMS-fMRI and Visuospatial Function

The first parietal concurrent TMS-fMRI study was conducted
by Sack et al. (84) exploring visuospatial judgments. Sack and
his colleagues showed that right, but not left, parietal TMS
(randomized frequency, 100%MO) interferes with visuospatial
processing by modulating the right-hemispheric frontoparietal
network, indicating that the parietal cortex interacts with frontal
areas to regulate visuospatial attention. Consequently, Ricci et al.
(36) confirmed with three subjects that right suprathreshold

posterior parietal cortex (PPC) sTMS (115%RMT) induces
rightward bias with the line bisection task due to neglect-like
behavior produced in the left visual hemifield, and this effect was
observed in frontoparietal regions. Additionally, Blankenburg
et al. (44) found that the effect of the PPC stimulation intensity,
which was observed in the occipital visual cortex during a
visuospatial attention task, depends on the visually attended
side; when visual attention is toward the contralateral side, a
larger difference in BOLD signal between high (75%MO) and
low (35%MO) TMS intensity condition was observed compared
to ipsilateral visual attention (5 pulses at 10Hz). Regarding
visuospatial attention, the neuronal activity of the right angular
gyrus (AG) is considered to play a crucial role when reorientation
of visuospatial attention is required, for example, by receiving a
wrong cue. The right AG TMS (three pulses at 11 Hz, 120%RMT)
elicited a facilitatory effect when the target was on the right
hemifield following the invalid cue, meaning that right AG TMS
facilitates rightward spatial reorientation. The neuronal effect
was observed in the left AG and left visual area, suggesting that
there is interhemispheric interaction between the right AG and
remote connected areas in the left hemisphere. Moreover, this
study showed that the right AG also influences the neuronal
activity of the visual cortex, in addition to the right PPC (27).

Parietal TMS-fMRI With Visual Stimuli

With regards to the interaction with the visual cortex, the
intra-parietal sulcus (IPS) is a region that has been relatively
well-investigated with concurrent TMS-fMRI. IPS is known
to contribute to visual-motor coordination (such as saccade
preparation and grasping objects) (85). IPS TMS increases
activation in the parietal cortex during resting state without
any visual stimuli (10 Hz, 69%MO) (86). However, when visual
stimuli are present, IPS TMS increases cortical activation in the
cuneus, and this activation at the cuneus decreases when no
visual stimuli are shown (four pulses at 10 Hz, 66%MO) (87).
For moving visual stimuli, Ruff et al. (28) showed that TMS over
the right IPS interacts with the occipital visual cortex depending
on the visual context (five pulses at 9 Hz). With higher intensity
IPS TMS (tested with 40-85%MO), the BOLD signal increase
was observed in visual motion areas but only when stimuli were
present and moving. On the other hand, when stimuli were
absent, the effect was observed in V1-V4 visual retinotopic areas.
Furthermore, it was confirmed that TMS over the right IPS is
more effective than over the left IPS; right TMS induced stronger
BOLD signal modulation in the visual cortex but left TMS did not
induce any significant difference (45) (five pulses at 9 Hz, tested
with 40-85%MO).

As for low-salience visual stimuli, IPS TMS (four pulses
at 10 Hz, 69%MO) modulates neuronal activation. In the no-
TMS condition, detecting weak visual stimuli showed activation
increases in the anterior insula, which is a crucial node of the
ventral attentional network for salience detection, and decreases
in the ventral visual area. However, with IPS TMS, the activation
increased in the right temporoparietal junction (TPJ), which is
also a node of the ventral attentional network, and decreased in
the right fusiform area (86). This IPS function of low salience
stimuli detection is useful for the brain to decide which visual
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information is relevant from the sensorially noisy environment.
IPS TMS did not improve accuracy in finding low saliency stimuli
but did quicken response times following the error trials (88).
Furthermore, IPS TMS attenuated activity increases in the left
middle and superior frontal gyri, which was only observed in
the missed visual stimuli case but not when correctly seen (four
pulses at 10 Hz, 69%MO) (88). Hence, the IPS is considered to be
involved in the post-decisional process by reflecting the decision
accuracy and confidence (88).

Parietal TMS-fMRI and Sensorimotor Integration

Another important function of the parietal cortex is sensorimotor
integration, such as assisting hand movements in line with
the goal orientation (89). de Vries et al. (90) found that
impaired function of the superior parietal cortex, which is
related to the proprioceptive adjustment of spatial movement
control (91), leads to an increase in BOLD signal in remote
areas. Suprathreshold TMS at the frequency of 1 Hz (115%MT)
was given over the left superior parietal cortex prior to hand
movement execution. The result showed increased activity in
bilateral prefrontal, right temporo-parietal, and left posterior
parietal cortices. Therefore, these remote areas may compensate
for any functional impairments of the superior parietal
cortex (90).

Parietal TMS-fMRI With Somatosensory Function

TMS over the right parietal cortex was conducted to investigate
the neural association of somatosensory function. Blankenburg
et al. (43) demonstrated that TMS to the right parietal cortex
(five pulses at 10Hz, 110%RMT) modulates BOLD signals
in the left primary somatosensory cortex (SI), but that this
depends on whether the somatosensory input is present or
not; with somatosensory input (MNS to the right wrist in this
case), the neural activity in SI increases, whereas it decreases
without somatosensory input. A similar effect was observed in
the thalamus with the region of interest (ROI) analysis. This
study suggests that the right parietal cortex is involved in the
somatosensory processing in the left SI.

The Network Effect of Parietal Stimulation

Targeting the hippocampus enables us to investigate its role in
episodic memory. Hermiller et al. (92) applied TBS to the lateral
parietal cortex, which is a part of the hippocampal network,
and demonstrated that the left hippocampus shows increased
neuronal activity during scene encoding and the subsequent
recollection was significantly better when performed after the
TBS (80%RMT). This study suggests the ability of TBS to
influence hippocampal memory function.

Overall, these parietal concurrent TMS-fMRI studies suggest
heavy interaction between the parietal cortex and occipital visual
cortex. It is considered that high-level adaptive behavior is
processed as an integration of bottom-up sensory inputs and top-
down control signals to adjust the current action to meet the task
goal. In the case of visual control, the parietal cortex supports the
visual function of the occipital lobe to fine-tune its visual actions.
Moreover, these concurrent TMS-fMRI studies show that right

hemispheric structures induce stronger effects in the visual cortex
compared to the left.

Overview of Occipital Lobe Studies

Occipital TMS-fMRI and Phosphene

The occipital lobe is the central system of visual processing.
TMS to the primary visual cortex in the occipital lobe is
known to induce phosphenes, i.e., the perception of transient
light. This phosphene threshold (PT) is another method to
determine the TMS intensity. The neural correlates of the TMS-
induced phosphene have been mostly studied with EEG (93—
95), but also some have investigated this phenomenon with
fMRI. Since phosphenes are subjective, it is difficult to find
its neuronal correlates with small sample sizes. In fact, de
Graaf et al. (96) reported no meaningful observation in cortical
activity modulation associated with phosphenes, but this study
included only four subjects (randomized frequency, 80-120%
phosphene threshold; PT). However, consistent with previous
research (97), Caparelli et al. (98) employed a concurrent TMS-
fMRI paradigm and reported that considerable differences in
activity are observed in the visual network between those who
perceive phosphenes and those who do not (0.25Hz, 100%PT).
These studies imply that a functional distinction within visual
networks separates subjects who experience phosphenes from
those who do not, and this is possibly the origin of phosphene
generation (98).

Concurrent TMS-fMRI Studies With Clinical

Subjects

Psychiatric Disorders

DLPFC TMS-fMRI With Depression

In recent years, the number of concurrent TMS-fMRI studies
with psychiatric patients has increased. With MDD patients,
DLPFC stimulation has induced elevated local and global
network effects, both directly under the coil and in connected
subcortical regions, such as the thalamus, putamen, and insula
(1Hz, 100%MT) (99), which is in line with other studies
involving healthy subjects (32, 68). Following these studies,
Eshel et al. (100) conducted a DLPFC TMS-fMRI study with
MDD and healthy controls, specifically targeting the DLPFC
node of the frontoparietal control network. This study showed
that DLPFC stimulation activates the right DLPFC in patients
with MDD, but not in healthy controls. Eshel and colleagues
also report that DLPFC stimulation inhibits amygdala activity
in healthy controls, but not in patients with MDD (0.4 Hz,
120%RMT) (100).

DLPFC TMS-fMRI With PTSD

The efficacy of DLPFC stimulation for post-traumatic stress
disorder (PTSD) is another avenue for TMS research. A
concurrent TMS-fMRI study reported that right DLPFC
stimulation to PTSD patients induces an inhibitory effect in
the left amygdala. Furthermore, a positive correlation was
reported between the degree of inhibition and the outcome
of the typical exposure psychotherapy (101). Another study
investigated PTSD patients with frontopolar stimulation and
found that the ventromedial prefrontal cortex, which is related
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to emotion regulation and is usually downregulated via the
frontopolar cortex, can be deactivated with frontopolar TMS as
well (102) (both studies: 0.4 Hz, 120%RMT).

Prefrontal TMS-fMRI With Substance Abuse

As for cocaine users, left DLPFC stimulation did not evoke
a significant difference in BOLD signal compared to healthy
controls (33). However, TMS over the medial PFC led to lower
ventral striatal activation in cocaine users compared to healthy
controls (0.08 Hz, 110%RMT) (33). rTMS applied to the frontal
pole induces BOLD responses at the striatum and salience
network in cocaine users (randomized frequency, 100%RMT)
(103). Furthermore, Hanlon et al. (104) investigated the effects of
TMS on BOLD signals before and after frontal pole continuous
theta-burst stimulation (cTBS) with cocaine and alcohol users.
Compared to the pre-cTBS fMRI scan, the post-cTBS scan
revealed inhibition at the orbitofrontal cortex as well as at regions
that are related to salience regulation, which are known to be
activated by drug usage (0.1 Hz, 110%RMT).

Prefrontal TMS-fMRI With Schizophrenia

Guller et al. (105) showed that precentral gyrus TMS
administered to schizophrenia patients evokes decreased
BOLD responses in the thalamus and medial superior
frontal cortex compared to healthy controls. Additionally,
reduced connectivity between the thalamus and superior
frontal gyrus, as well as between the thalamus and insula,
was observed in this study (single pulse, 110%MR).
Webler et al. (106) stimulated the left frontal cortex
(Brodmann area 9; BA9) of schizophrenia patients with
10Hz triplet pulses (80-120%RMT; cortical distance
adjusted). This study reported stronger activity in left
BA9 and neighboring BA46 compared to healthy controls.
Furthermore, disrupted interhemispheric functional
connectivity between left and right BA9 was demonstrated
with schizophrenia patients.

Neurological Disorders

With neurological disorders, Bestmann et al. (26) conducted a
concurrent TMS-fMRI study with post-stroke patients. The study
showed a stronger BOLD signal effect in posterior regions of the
ipsilesional sensorimotor cortex induced by contralesional dorsal
premotor TMS during handgrip, which is associated with more
severe clinical and neurophysiological post-stroke impairment
(five pulses at 11 Hz, 110%RMT). With cervical dystonia patients,
1 Hz rTMS (115%RMT) to the left superior parietal cortex led to
significantly less activation in the right angular gyrus compared
to healthy controls (107).

As for epilepsy, no concurrent TMS-fMRI studies have
been conducted yet. However, a series of concurrent TMS-
fMRI studies from Li and colleagues investigated the
psychopharmacological effect of two anticonvulsant drugs,
lamotrigine and valproic acid, with healthy subjects. After
lamotrigine intake, TMS to the motor cortex inhibited
cortical activity overall compared to placebo (no detail
of frequency, 100, 120%RMT). However, prefrontal TMS
promoted activity in the orbitofrontal cortex and hippocampus,

which indicates an effect of lamotrigine in corticolimbic
circuits (108). With valproic acid, an inhibitory effect
was observed with motor cortex TMS (five pulses at 1Hz,
100,120%RMT). However, the facilitatory effect of prefrontal
TMS was not observed (35). Further investigation indicated
that both lamotrigine and valproic acid have an inhibitory
effect in the connectivity between the M1 and pre-motor
cortex, as well as between MI and the supplementary
motor area, after motor cortex TMS (five pulses at 1Hz,
100,120%RMT). Moreover, lamotrigine, but not valproic acid,
has a facilitatory effect in the network between the left DLPFC
and ACC (34).

LIMITATION AND FUTURE DIRECTION

Although concurrent TMS-fMRI has helped us to understand
the neural correlates of TMS in an unprecedented manner, there
are still some technical limitations that should be considered.
One of them is the temporal resolution of concurrent TMS-
fMRI. For example, with the inter-volume protocol, where the
TMS is applied during the gap time between EPI volumes,
the stimulation protocol is limited to the length of the
repetition time (TR) of the fMRI sequence, which is typically
around 2s. With the inter-slice protocols, where TMS pulses
are interleaved with EPI slices, continuous image acquisition
is possible with frequencies up to 10Hz (109). However, a
precise interleaving of EPI sequences and timing of TMS pulses
remains complex.

Other challenges that need to be addressed in concurrent
TMS-fMRI are (1) restricted spatial selection of the stimulation
target due to spatial constraints within the MR coils, (2) subject
movements that increase the distance between the TMS coil and
stimulation target, (3) sham conditions. To overcome spatial
constraints, recent approaches sometimes use flex-coils that
can be dynamically placed around an area of interest (40),
or a thin RF receiver coil on which the TMS coil can be
mounted (16, 46).

Minimizing the subject’s motion during a TMS-fMRI session
is critical to ensure. Head movement can affect not only scanning
quality but also TMS efficacy by accidentally increasing the
coil-head distance. The spatial flexibility of coil localization
and motion minimization are often inversely related, i.e., the
birdcage MR coil is less flexible with TMS coil localization
but easier to fixate the head [pictures of the actual setup
can be found in Bestmann et al. (59) and Hodkinson et al.
(67)]. When flexible MR coils are used, the head fixation
becomes difficult as there is no frame where sponges can
be inserted. It is recommended to create a wall around
the head to minimize the head movement [for example,
Figure 1B uses a deflatable pillow. For another example, see
Vink et al. (40)]. Regarding the motion tracking in the
scanner, it has recently been proposed to extract subject
motion information from alignment parameters obtained from
EPIs (110). However, this method is limited by spatial (about
1mm) and temporal resolution (typically 1-2s, defined by
the TR). To control the motion effect, online visual feedback
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procedures and online dose adjustment have also been proposed
(111). The idea is to track the head and coil locations
using a neuro-navigation camera throughout the TMS-fMRI
sessions (Figures 1C,E). It requires a system that is both MR-
compatible and detectable within the narrow scanner bore.
Further development of motion minimization and tracking
systems are required.

Regarding sham conditions, the recent approach is to increase
the distance between the coil and the scalp by placing a
plastic block between the TMS coil and the scalp, thereby
avoiding effective stimulation (32, 40, 112), or between the MR
receiver coil and the TMS stimulation coil when a 7-channel
concurrent TMS-fMRI coil array is used (113). Tik et al. (113)
showed that this approach resulted in an activation increase in
somatosensory areas during sham and verum stimulation, with
only the latter resulting in an increase in DLPFC activity during
verum stimulation.

As the number of studies increases, the technical aspects
of concurrent TMS-fMRI have dramatically improved over the
past decades. However, setting up the concurrent TMS-fMRI
environment still requires a considerable amount of time and
knowledge. Due to its complexity, it often requires the study
participants to stay still for a long time, which makes it even
more difficult to employ patients. As shown in this review,
most studies have been conducted with healthy subjects, while
clinical populations are underrepresented. To lower the barrier
of the TMS-fMRI system implementation for clinical researchers,
knowledge should be pooled and shared for technical solutions.
A systematic review of concurrent TMS-fMRI should be also
referred to when a new study design is developed (114).

Furthermore, previous concurrent TMS-fMRI studies mainly
investigated the effect of the motor cortex, while other brain
regions are still underrepresented—especially posterior regions,
such as the occipital cortex, where it is difficult to stimulate
subjects in the supine position on the scanner bed. To date,
~80% of concurrent TMS-fMRI studies have investigated the
motor cortex. With the help of novel developments in TMS-fMRI
hardware, future studies may extend TMS-fMRI research to other
areas of the brain.
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